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Abstract—The effect of core infiltration in the birefringence of
Photonic Crystal Fiber (PCF) is investigated. An elliptical soft
glass rod infiltration is introduced in the core region of the fiber
as it provides greater refractive index contrast between the core
and the cladding. This modification also creates asymmetry in
the core of the fiber which results in a resilient birefringence.
Four structures (Hexagonal, Octagonal, Decagonal and Elliptical)
are investigated and a comparative study is made to observe the
change in birefringence due to the infiltration. It is observed that,
by introducing this infiltration the birefringence is improved up
to the order of 10", The birefringence is increased 4.82 x 10°
times in the hexagonal PCF, 5.38 x 10° times in octagonal
PCF, 546 times in decagonal PCF and about 8 times in the
elliptical PCF at operating wavelength due to the core infiltration.
The numerical investigation of the structure is conducted using
full vector finite element method. The fabrication imperfection
possibility is considered by analyzing +2% tolerance in fiber
dimension.

Index Terms—Photonic crystal fiber; Core infiltration; Bire-
fringence; Refractive index contrast; Full vector finite element
method;

I. INTRODUCTION

Photonic Crystal Fiber, aims to address the challenge of
higher channel capacity with increased data rate [1], has
developed into being a well established area of research and
commercialization. The main reason behind its growth is its
ability to provide extra degrees of freedom in manipulating the
optical properties of fiber such as high birefringence [2], ultra
flattened dispersion [3], high nonlinearity [4], low confinement
loss [5], endlessly single mode [6]. This is achieved by
adjusting its structural parameters like pitch (A), air hole
diameter (d) and shape, air filling ratio (d/A). This control over
the optical properties of the fiber allows it to use in a wide
range of application [7] instead of being limited to optical
communication. One of the major fields of application is its
uses as polarization maintaining fiber.

Polarization maintaining (PM) fibers play a very impor-
tant role in high bit-rate optical transmission [8], fiber optic
sensing [9], interferometry [10] and quantum key distribution
systems [11]. It is also used in telecommunications for the
connection between a source laser and a modulator [12].
Recently, PANDA (Polarization Maintaining and Absorption
Reducing Fibers) [13], bow-tie [14] and elliptical jacket fibers
[15] are used for polarization maintaining applications. These
fibers operate by applying stress in the core region. Their
modal birefringence is due to stress in the core region is up
to 5 x 107% [16]. These stresses impose unpredictable and
uncontrolled birefringence on the fiber [17]. On the other
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hand, a controllable birefringence can be obtained by using
polarization maintaining photonic crystal fibers [18].

To improve this highly growing technology, researchers are
now introducing newer concepts in the design of photonic
crystal fibers like creating various defects in the core or
cladding , use of liquid or gaseous materials and materials with
greater refractive index or lower refractive index than silica
in the core or cladding respectively. In this article, we have
modified the typical photonic crystal fibers with an elliptical
soft glass rod in the core region. The material of this elliptical
glad rod is selected as SF57 as it has greater refractive index
than silica which provides a greater index contrast between the
core and the cladding resulting in asymmetry in the core and
cladding and thus the birefringence is increased significantly.

II. DESIGN AND THEORY

An elliptical soft glass (SF57) rod is proposed in the core
of four typical structures of PCF with circular air holes in the
cladding. The cladding assembles multiple air hole rings. The
background material is fused silica. For hexagonal structured
PCF, the air hole diameters of 15¢, 274, 374 4t" 5th rings are
giVCIl as, d1=d2=d3=d4=d5=0.5 um Where, dl, dg, d3, d4, d5
are the diameter of 1%¢, 274, 37 4h 5" ring respectively.
The pitch, A of the structure is 1 pm and the air filling ratio,
d/A is 0.5. The major and minor axis of the elliptical glass rod
is 0.8 pum and 0.2 pm respectively. For octagonal structured
PCF, the air hole diameters of 1%¢, 274, 374 4th 5th ringg
are given as, di=do=d3=d4=d5=0.665 pm. The pitch, A of
the structure is 0.95 pm and the air filling ratio, d/A is 0.7.
The major and minor axis of the elliptical glass rod is 0.6 um
and 0.2 pm respectively. For decagonal structured PCF, the
air hole diameters of 1%¢, 27¢, 37 4th 5th rings are given
as, di=dso=d3=d4=d5=0.5 pm. The pitch, A of the structure
is 1 um and the air filling ratio, d/A is 0.5. The major and
minor axis of the elliptical glass rod is 0.9 ym and 0.2 pym
respectively. For elliptical PCF, the air hole diameters of 15¢,
ond 3rd_gth 5th gth rings are given as, d,=0.28 um, d2=0.30
um, dz=0.32 ym, dy=0.34 pym, dg=0.36 um, dg=0.4 pwm. The
major axis of the glass rod is 0.8 pm and minor axis is 0.2
pm. In all four cases the central elliptical portion of the core
is filled with SF57 glass rod. Since SF57 has higher refractive
index than silica, this modification improvises the performance
of the fiber by creating asymmetry which leads to an ultra high
birefringence. It also enhances the overall field confinement.
Fig. 1 represents the cross sectional view of the investigated
structures.

The full vector finite element method with perfectly matched
layer is used to solve Maxwell’s equation. The refractive index
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Fig. 1: Cross sectional view of (a) hexagonal PCF (b) octagonal PCF, (c) decagonal PCF, (d) elliptical PCF with proposed infiltration where,

d1, da, ds, d4, ds, dg are air hole diameters.

of the material is investigated over wavelength range from 1.3
pm to 1.7 um covering E, S, C, L, U bands. The wavelength
dependent refractive index of background material silica [19]
and infiltration SF57 found by Sellmeier equation is included
in simulation. The equation is given in (1)
9 B;\?
nW_HZi:(/\LCi) (1)

Here, n = refractive index; A = wavelength; B; (i=1,2,3) and C;
(i=1,2,3) are Sellmeier coefficients for specific material. Solv-
ing the eigenvalue problem by simulation, effective refractive
index n.s; and effective area A,y are obtained. Birefringence
is obtained from the difference between effective refractive
index of both x and y mode using (2)

B = |nefre — negfyl 2)

Here, nesr, and neyyp, are the effective refractive index for
x-mode and y-mode respectively.

The single modeness of the fiber is verified by using Vs
parameter. The parameter is calculated by (3)

(kx Ax+/(A.F)) 5 2

Vv@ff = Y X (neff - nair) (3)

Where, K=27’T; A=Wavelength; A=pitch; A.F=Air filling ratio;
nesr=Real part of effective refractive index; n;.= Refractive
index of air.

It is known that, the fiber is considered as single mode
if the value of Vs is lesser than 2.40 [20]. In this paper,
the proposed four structures satisfy this condition so they are
considered as single mode fiber. The calculated value of Vs
over the wavelength 1.3 pum to 1.7 um is plotted in the Fig.
2
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Fig. 2: V-parameter versus wavelength of the proposed structures
with infiltration.
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Fig. 3: FEM mesh and boundary condition of (a) hexagonal infiltrated core PCF, (b) octagonal infiltrated core PCF, (c) decagonal infiltrated

core PCF, (d) elliptical infiltrated core PCF.

III. RESULTS AND DISCUSSION

The simulation is performed using COMSOL Multiphysics.
The fibers are divided into 53570 triangular elements with
401505 degree of freedom. Fig. 3 shows the corresponding
mesh formation of the simulation.

Investigations were performed on some structures of PCF.
Analysis shows that these structures exerts poor optical prop-
erties and are not suitable for any practical application. It is
found that, if an elliptical soft glass rod of higher refractive
index than silica is inserted in the core region of the fiber,
due to increase of index contrast, light is propagated in a
more confined way through the core. Besides it also introduces
an asymmetry which leads to a higher birefringence. This
enhances the polarization maintenance capability of the fiber
so the fiber can be used in various polarization maintaining
applications. The effect of this core infiltration on birefrin-
gence of different structures of photonic crystal fiber has been
discussed here.

Electric and magnetic fields are distributed in the x-y plane
and the wave propagates in the z direction. Electric field vector
distribution of the two fundamental modes is transversely
related. The difference of effective refractive index between
two fundamental modes is defined as birefingence.

Fig. 4, Fig. 5, Fig. 6, Fig. 7 show the change of birefringence
with wavelength of the investigated structures and the modified
structures. It can be shown from the figures that birefringence
increases gradually when the wavelength increases from 1.3
pm to 1.7 pum as the modal effective area increases with
increasing wavelength. By investigating Fig. 4a, Fig. Sa, Fig.
6a, Fig. 7a it can be observed that the structures without the
infiltration exert very low value of birefringence.

On the other hand, when infiltration is added, the value
of birefringence is increased considerably since electric field
distribution is dominated highly due to addition of the slot
effect as shown in the Fig. 4b, Fig. 5b, Fig. 6b, Fig. 7b.

Birefringence of the hexagonal structured PCF with and
without infiltration is shown in Fig. 4. At operating wave-
length, 1.55 pm, birefringence of the structure without infil-
tration is found to be 5.517 x 10~® and that of with infiltration
is 2.67 x 107! which is about 4.82 x 107% times greater
than before. Birefringence of the octagonal structured PCF
with and without infiltration is shown in Fig. 5. At operating
wavelength, 1.55 pm, birefringence of the structure without
infiltration is found to be 7.779 x 10~ and that of with infil-
tration is 4.0185 x 102 which is about 537987 times greater
than before. Birefringence of the decagonal structured PCF
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Fig. 4: Wavelength response of birefringence with +2%
variation of hexagonal PCF (a) without infiltration, (b) with
infiltration.

with and without infiltration is shown in Fig. 6. At operating
wavelength birefringence of the fiber without infiltration is
found to be 9.16 x 10~° and that of with infiltration is 5 x 1072
which is about 546 times greater than before. Birefringence of
the elliptical PCF with and without infiltration is shown in Fig.
7. At operating wavelength the value of birefringence without
infiltration is reported 6.828 x 103 and that of with infiltration
is 5.244 x 10~2 which is about 8 times greater than before.
It can be observed from these figures that the introduction of
infiltration in the core region highly improve the birefringence.
Since +1% variation may occur while fabrication [21], £2%
tolerance has been taken under consideration for the fibers.
Table I summarizes the birefringence of the four investigated
structures before and after adding the proposed modification.
The comparison table clearly shows that the insertion of
elliptical glass rod of the material SF-57 in the core region
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Fig. 5: Wavelength response of birefringence with +2%
variation of octagonal PCF (a) without infiltration, (b) with

infiltration.
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Fig. 6: Wavelength response of birefringence with +2%
variation of decagonal PCF (a) without infiltration, (b) with

infiltration.
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Fig. 7: Wavelength response of birefringence with +2%
variation of elliptical PCF (a) without infiltration, (b) with

infiltration.

increases all the birefringence significantly.

Fabrication is a challenging issue when we are designing a
PCF. PCF is fabricated using stack and draw process. Preform
is made by stacking silica capillaries and a silica rod into a
silica jacketing tube [22]. The preform is then drawn into fiber.
Recently, significant development of the fabrication process
permits fabrication of various complex structures [23] with
reduced air hole diameter up to 110 nm [24]. Since smallest

TABLE I: Comparison of birefringence of different photonic
crystal fiber without and with infiltration

Birefringence
Structure Without With Increment
Infiltration Infiltration factor
hexagonal 5.517 x 10~8 2.67 x 10~1 4.82 x 108
Octagonal 7.779 x 1078 | 4.0185 x 102 5.38 x 10°
Decagonal 9.16 x 10~° 5x 1072 546
Elliptical 6.828 x 10~3 5.244 x 10~2 8

TABLE II: Comparison of birefringence of different reported
photonic crystal fiber and that of proposed ones

Structures Characteristics | Birefringence Comparison

Reported [27] 1.168 x 102 23 times

Hexagonal — .
Proposed 2.67 x 10 higher
Reported [28] 2.04 x 1072 2 times

Octagonal — .
Proposed 4.0185 x 10 higher

—2 .
Decagonal Reported [29] 1.02 x 192 5 .t1mes
Proposed 5% 10 higher

—2 .
elliptical Reported [30] 10 ; 5 'tlmes
Proposed 5.244 x 10~ higher




diameter used in the proposed design is 280 nm, this structure
can be easily fabricated.

Here SF57 glass is used in the core. A number of works on
the fabrication of a single mode SF57 glass fiber were reported
in the early 2000 [25], [26]. So it is totally feasible to fabricate
the proposed SF57 infiltrated fiber.

Adding this modification in the core not only improves
the birefringence of the investigated fiber but also provides a
higher value than any other reported structure. A comparative
study has been made in Table II with the birefringence reported
in very recent structures with that of proposed ones. The table
helps to conclude that a multiple times higher birefringence
can be ensured with this modification than the current reported
configurations. Not only this, the configuration required to
obtain such high value is comparatively much simpler than
those of reported structures in [27], [28], [29], [30].

All the values in the table are considered at operating
wavelength of 1550 nm.

IV. CONCLUSION

The effect of elliptical glass rod in the core region of a
photonic crystal fiber on birefringence has been demonstrated.
Four basic structures have been investigated by adding this
modification which increases the birefringence of the fiber
considerably. This investigation led to the conclusion that the
birefringence of any fiber can be improved for any polarization
maintaining application. This insertion enhances the polariza-
tion property of the fiber by creating a greater difference
between the two fundamental modes thus birefringence is
increased notably. The birefringence can be improved upto
the order of 1071
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Abstract—Novel triangular lattice photonic crystal fiber (PCF)
having vastly negative trodden chromatic dispersion over the
S+C+L bands with a very high birefringence has been presented
in this paper. To investigate different optical and electrical
properties associated with the proposed fiber, finite element
method (FEM) is deployed. The fiber presents a flattened negative
dispersion of —698.5 £+ 5 ps/(nm-km) over the wavelength of 1440
nm to 1600 nm. Besides, the proposed PCF displays a high
birefringence of 1.886x1072 at 1550 nm wavelength. Furthermore,
the nonlinearity, single modeness, effective area etc. of the
proposed PCF are thoroughly discussed. The fiber would have
important applications in broadband residual dispersion
compensation as well as polarization maintaining applications

Index terms—Finite element method, chromatic dispersion,
Dphotonic crystal fiber, and birefringence.

I. INTRODUCTION

Recently high and ultra-high bit data are being transported by
using dense wavelength division multiplexed (DWDM) and
wavelength division multiplexed (WDM) systems [1]. In WDM
system, bit rate of 40 Gb/s has been widely used [2]. Due to
rapid grow of demand, 100 Gb/s [3] and 400 Gb/s [4] bit rate
are employed to transport data for long haul communication.
Standard single mode fibers (SMFs) are deployed in the
transmission line which cause a huge stockpiled chromatic
dispersion along the fiber optic line. Dispersion compensating
fibers (DCFs) are used to recompense the accumulated
dispersion of the SMFs. However, after compensation there
exist some dispersion, known as residual dispersion due to
slope mismatch arisen from the positive dispersion slope of
SMFs. Therefore, residual dispersion compensating fibers
(RDCFs) are indispensable to recompense the residual
dispersion of the conventional DCFs. Besides, RDCFs exhibit
very large negative and flattened dispersion, concurrently.
There are many tunable properties of PCFs which are
controllable and flexible. Therefore, PCFs have become very
reasonable to design RDCFs.

Lately, PCFs with high negative flattened dispersion as well as
large birefringence have been suggested by many authors. For
instance, RDCF presented in [5] exhibits average negative
dispersion of —457.4 ps/(nm-km) covering from 1360 nm to
1690 nm wavelength band. However, there is no information
regarding birefringence and loss of the suggested PCF. In [6],
Habib et al. proposed an octagonal shaped PCF. It shows a
negative dispersion of —465.5 ps/(nm-km) and an out-and-out
variation of 10.5 ps/(nm-km). Though, the design displays a
high birefringence of 2.68x1072, the chromatic dispersion is

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

small and the variation is high. Besides, the structure is hybrid
which is difficult to fabricate. A PCF is suggested for residual
dispersion purpose in [7] showing average negative dispersion
of —138 ps/(nm-km) in the wavelength extending from 980 nm
to 1580 nm with an out-and-out deviation of 12 ps/(nm-km).
However, birefringence issue is ignored and flattened negative
dispersion is very low. Ani et al. [8] proposed a RDCF
exhibiting a flattened dispersion of —124 ps/(nm-km) covering
the wavelength of 1350 to 1700 nm. Besides, fiber displays a
dispersion deviation of + 0.1252 ps/(nm-km). However,
birefringence issue was disregarded. Li et al. [9] proposed a
design, displaying a dispersion of —=611.9 ps/(nm-km) in 1460
nm to 1625 nm wavelength bands. It also exhibits dispersion of
—474 ps/(nm-km) over 1425 nm to 1675 nm wavelength. Hasan
et al. [10] proposed photonic crystal fiber of spiral shape for
broadband remaining dispersion reparation. The fiber shows
flattened dispersion of —526.99 ps/(nm-km) over 1050 nm to
1700 nm with an absolute variation of +3.7 ps/(nm-km) and
birefringence of 2.26x1072. In [11], Hasan et al. proposed a
photonic crystal fiber having high nonlinearity and high
birefringent for dispersion purpose. Design fiber shows very
high negative dispersion varying from —388.72 to —723.1
ps/(nm-km) in the wavelength array of 1460 to 1625 nm.
However, transmission of data will be affected due to high
nonlinearity of the suggested fiber.

In our article, we numerically investigated a triangular frame
photonic crystal fiber for residual dispersion purpose. The fiber
demonstrates a very high trodden dispersion of —698.5 ps/(nm-
km) with a total variation of 5 ps/(nm-km) in S+C+L
wavelength bands. To our knowledge, this is the utmost
average negative dispersion than all recently printed articles.
Moreover, the fiber exhibits a high birefringence of 1.885x107
at the communication band, which will have important
applications in sensor designs. Furthermore, the value of V-
parameter recommends that fiber will operate only in
fundamental mode.

II. FIBER DESIGN

The geometric view of the designed PCF is demonstrated in
Fig. 1. The fiber comprises of 7 rings of circular air holes,
divided into two regions, i.e., core and cladding. The cladding
comprises of 5 air hole rings and core has two air hole rings
without any doping to keep the design simple. The outer
cladding has a pitch value of A= 0.671pm and at the core
region, the pitch value is A;= 0.667pum. The diameter of the air
hole, both in core and cladding profile is di = 0.58um. The air
filling fractions at core and cladding are 0.87 and 0.864,
respectively. Three air holes are removed from the center which



breaks the symmetry in the core. Asymmetric core is the
prerequisite to obtain high birefringence. In the design, we used
silica (Si0») as background material which is accessible in fiber
industry.

Fig. 1. Geometric view of the proposed PCF

III. SIMULATION AND RESULT

Different belongings of the suggested fiber are tailored by using
finite element method (FEM) and as a design simulator,
COMSOL MULTIPHYSICS 5.0 is used. Perfectly matched
layer (PML) is used to make simulation window compact and
it produces no reflection. PML layer is placed nearby the
outmost ring. Eigen value problems of Maxwell curl equation
are solved to obtain the operative refractive index of the
recommended fiber. Once 7.is obtained, other parameters; i.e.,
chromatic dispersion D(4), birefringence B, non-linear co-
efficient y, loss L, effective area 4.y can be tailored from their
respective equations [12]-[17]
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Where, Re [y ] and Im [5er ] are the real and imaginary
fragment of the effective refractive index, respectively; ngs ¢
and ) 75 are the effective refractive indices alongside the x and

y-polarization mode, respectively; c is the speed of light in
void, Z is the functional wavelength, E is the electric field, ky =

2w . .
- is the wave number in vacuum; 7. and ngsy are the

refractive indices of the basic mode and basic space filling
mode, respectively. The three termed Sellmeier principle is
straightly included in simulation.

Fundamental mode profiles (x and y) of the suggested PCF is
illustrated in Fig. 2 using parameters d; = 0.58 um, A; = 0.667
pm and A= 0.671 um at wavelength of 1550 nm. Since higher
refractive index is realized in core, optical fields are well
restrained in core than cladding. From Fig. 2, it is enlightened
that mode field spreads along the y-direction due to missing
holes compared to x, which results in high birefringence.

y-polarization

x-polarization

Fig. 2. Basic mode profile of the suggested PCF for x and y-polarization mode
at 1550 nm.

In Fig. 3 chromatic dispersion of presented PCF is
demonstrated as a function of wavelength for both x and y-
polarization mode. Since, in highly birefringent PCF two
polarization modes (x and y) exhibit unlike dispersion
characteristics, we limit our discussion only for y-polarization
mode which displays a large negative flattened dispersion
compared to x-polarization mode. Proposed PCF shows a large
dispersion of —698.5 + 5 ps/(nm-km) in the wavelength band
of 1440 nm to 1600 nm. The dispersion of the suggested PCF
at 1550 nm is -700 ps/(nm-km) which is clearly depicted in Fig.
3.
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Fig. 3. Dispersion of proposed PCF as a function of wavelength alongside x
and y polarization mode for the parameters d, = 0.58 pm, A; = 0.667 pm, A, =
0.671 um.

To study, the effect of altering the diameter of the hole around
the core region, we changed d; by taking the values of 0.57 um,
0.58 pm and 0.59 pm and the corresponding chromatic



dispersion is illustrated in Fig. 4. It is seen form the Fig. 4, when
di=0.58 pm, a large negative flattened dispersion is obtained.

The effect of altering pitch, both inner core and outer cladding
is demonstrated in Fig. 5 and Fig. 6, respectively. It is clearly
seen form Fig. 5 and Fig. 6 that when A; = 0.667 pm and A, =
0.671 um, we have attained a very large negative flattened
dispersion from the bands of wavelength, 1440 nm to 1600 nm.
Therefore, the optimum parameters of the proposed design are
di =0.58 pm, A; =0.667 pum and A>=0.671 pm.
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Fig. 4. Chromatic dispersion of the proposed PCF as function of wavelength
altering d, keeping other parameters unaltered.
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Fig. 5. Chromatic dispersion as a function of wavelength altering A, keeping
other parameters unchanged.

The dispersion slope which is the variation of dispersion due to
corresponding variation of wavelength, of the suggested PCF is
demonstrated in Fig. 7 at optimum parameters. The dispersion
slope is 0.35 ps/(nm?>-km) at communication band.
Confinement loss of suggested PCF is also depicted in the same
figure. In ¢ band, confinement loss is 4x10”° dB/m, which is
very low.

We carefully scrutinized birefringence, which is the variation
between x and y-polarization mode, of the proposed fiber. To
obtain birefringence, some air holes are intentionally removed
from core to introduce asymmetry. Fig. 8 presents the
birefringence of suggested PCF for finest factors d; = 0.58 um,
A1=0.667 um and A, = 0.671 um. Form the Fig. 8, it is seen
that, birefringence at 1550 nm wavelength is 1.885x1072, which
is high enough compared to conventional polarization
maintaining fibers.

The dependence of effective area on wavelength at finest
parameters di, A; and A is demonstrated in Fig. 9. The
effective area of the suggested PCF is 4.2 pm? at 1550 nm
wavelength and it decreases with the increment of the

wavelength, due to guided mode of the fiber increases at longer
wavelength. The nonlinear property of the proposed PCF is
depicted in the same figure. The nonlinear co-efficient is 24.2
Wkm™ at the exciting wavelength of 1550 nm. Since
nonlinear co-efficient is low and it covers the wavelength of
concern, the proposed fiber could be a proper choice for
dispersion compensation.
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Fig. 6. Chromatic dispersion dependence on wavelength changing A,, keeping

other parameters constant.
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Fig. 7. Dispersion slope and loss as dependent on wavelength with parameters,
d;=0.58 pm, A; =0.667 um, A, =0.671 pm.
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Fig. 8. Birefringence of the suggested fiber as a function of wavelength with
parameters, d; = 0.58 um, A; = 0.667 um, A, = 0.671 pm.

The single modeness of the proposed PCF is carefully explored
as discrepancy might happen because of different size of cores.
The V- parameter assistances to verify whether the proposed
fiber operates in single mode or not. The PCF will act as single
mode fiber (SMF) if the V-parameter, Voy <n. The V-parameter
of the suggested PCF is showed in Fig. 10. From Fig. 10, it is
realized that the V-parameter, V< m in wavelength band from
1440 nm to 1600 nm. Therefore, it guarantees that suggested
PCF will operate in single mode only.
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Fig. 9. Effective area and nonlinear co-efficient vs. wavelength with the finest
parameters, d; = 0.58 pm, A; = 0.667 pm, A, = 0.671 pm.
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Fig. 10. V-parameter, V. as a function of wavelength with optimum
parameters, d; = 0.58 pm, A; = 0.667 pm, A, = 0.671 pm.

IV. CONCLUSION

In this article, we demonstrated a novel PCF which shows a vast
negative flattened dispersion over the wavelength S+C+L
bands. The fiber exhibits large flattened dispersion of -698.5
ps/(nm-km) with a total variation of 5 ps/(nm-km). Therefore,
fiber will be appropriate for dispersion compensation in optical
transmission. Additionally, the proposed fiber exhibits large
birefringence of 1.885x1072 at 1550 nm wavelength, which has
probable  applications in  polarization = maintenance.
Furthermore, the nonlinear co-efficient is 24.2 W 'km™ at the
wavelength of 1550 nm confirming that transmission of data
won’t be much affected by the nonlinearity of the suggested
PCF. To our awareness, the suggested PCF exhibits the largest
negative dispersion of all formerly published articles.

REFERENCES

[1] M. L. Loeb and G. R. Stilwell, “High-speed data transmission on an
optical fiber using a byte-wide WDM system,” J. Light. Technol.,
vol. 6, no. 8, pp. 1306-1311, 1988.

[2] K. Fukuchi et al., “10.92-Tb/s (273/spl times/40-Gb/s) triple-
band/ultra-dense WDM optical-repeatered transmission
experiment,” Opt. Fiber Commun. Conf. Exhib. 2001. OFC 2001,
vol. 4, p. PD24-PD24, 2001.

[3] A. Sano et al., “No-Guard-Interval Coherent Optical OFDM for 100-
Gb/s Long-Haul WDM Transmission,” J. Light. Technol. Vol. 27,
Issue 16, pp. 3705-3713, vol. 27, no. 16, pp. 3705-3713, Aug. 2009.

[4] “High spectral efficiency 400 Gb/s transmission using PDM time-
domain hybrid 32-64 QAM and training-assisted carrier recovery,”
Technology, 2013.

[5] D. Tee, M. Bakar, and N. Tamchek, “Photonic Crystal Fiber in
Photonic Crystal Fiber for Residual Dispersion Compensation Over

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Wavelength Bands,” IEEE Photonics, 2013.

M. Samiul Habib, R. Ahmad, M. Selim Habib, and M. Imran Hasan,
“Residual dispersion compensation over the S + C + L + U
wavelength bands using highly birefringent octagonal photonic
crystal fiber,” Appl. Opt., vol. 53, no. 14, p. 3057, May 2014.

M. Samiul Habib, M. Selim Habib, M. I. Hasan, and S. M. A. Razzak,
“A single mode ultra flat high negative residual dispersion
compensating photonic crystal fiber,” Opt. Fiber Technol., vol. 20,
no. 4, pp. 328-332, Aug. 2014.

A. B. Ani and M. Faisal, “Ultra-flattened broadband dispersion
compensating photonic crystal fiber with ultra-low confinement
loss,” in 2016 9th International Conference on Electrical and
Computer Engineering (ICECE), 2016, pp. 243-246.

X. Li, P. Liu, Z. Xu, and Z. Zhang, “Design of a pentagonal photonic
crystal fiber with high birefringence and large flattened negative
dispersion,” Appl. Opt., vol. 54, no. 24, p. 7350, Aug. 2015.

M. 1. Hasan, R. R. Mahmud, M. Morshed, and M. R. Hasan, “Ultra-
flattened negative dispersion for residual dispersion compensation
using soft glass equiangular spiral photonic crystal fiber,” J. Mod.
Opt., vol. 63, no. 17, pp. 1681-1687, Sep. 2016.

M. 1. Hasan, M. Selim Habib, M. Samiul Habib, and S. M. Abdur
Razzak, “Highly nonlinear and highly birefringent dispersion
compensating photonic crystal fiber,” Opt. Fiber Technol., vol. 20,
no. 1, pp. 32-38, Jan. 2014.

A. Agrawal, N. Kejalakshmy, J. Chen, B. M. Rahman, and K. T.
Grattan, “Golden spiral photonic crystal fiber: polarization and
dispersion properties,” Opt. Lett., vol. 33, no. 22, p. 2716, Nov. 2008.

K. Saitoh and M. Koshiba, “Leakage loss and group velocity
dispersion in air-core photonic bandgap fibers,” Opt. Express, vol.
11, no. 23, p. 3100, Nov. 2003.

K. Suzuki, H. Kubota, S. Kawanishi, M. Tanaka, and M. Fujita,
“Optical properties of a low-loss polarization-maintaining photonic
crystal fiber.,” Opt. Express, vol. 9, no. 13, pp. 676-680, Dec. 2001.

A. Bala, K. R. Chowdhury, M. B. Mia, and M. Faisal, “Highly
birefringent, highly negative dispersion compensating photonic
crystal fiber,” Appl. Opt., vol. 56, no. 25, p. 7256, Sep. 2017.

M. B. Mia, A. Bala, K. R. Chowdhury, and M. Faisal, “Highly
Nonlinear and Low Confinement Loss Photonic Crystal Fiber Using
GaP Slot Core,” Oct. 2017.

M. B. Mia, M. Faisal, S. . Naz, A. Bala, and K. R. Chowdhury,
“Heptagonal Photonic Crystal Fiber for Dispersion Compensation
with a Very Low Confinement Loss,” Sep. 2017.



2017 IEEE International Conference on Telecommunications and Photonics (ICTP)

26-28 December, 2017, Dhaka, Bangladesh

Highly Nonlinear and Low Confinement Loss
Photonic Crystal Fiber Using GaP Slot Core

Md Borhan Mia,!" Animesh Bala Ani,! Kanan Roy Chowdhury? and Mohammad Faisal!
'Bangladesh University of Engineering and Technology, Dhaka, Bangladesh
2Chittagong University of Engineering and Technology, Chittagong, Bangladesh
*mborhanml 110@gmail.com

Abstract—This paper presents a triangular lattice photonic
crystal fiber (PCF) with very high nonlinear coefficient. Finite
element method is wused to scrutinize different optical
characteristics of proposed highly nonlinear PCF (HNL-PCF).
The HNL-PCF exhibits a high nonlinearity up to 10x10* W'km™!
over the wavelength band of 1500 nm to 1700 nm. Moreover,
proposed fiber shows a very low confinement loss of 1073 dB/km
and chromatic dispersion of —9000 ps/(nm-km) at 1550 nm
wavelength. Furthermore, dispersion slope, effective area are also
analyzed thoroughly. The proposed fiber will be a suitable
candidate for sensing applications, dispersion compensation,
nonlinear signal processing and supercontinuum generation.

Index terms—Chromatic dispersion, Finite element method,
nonlinear coefficient, photonic crystal fiber, and birefiingence.

I. INTRODUCTION

Photonic crystal fibers or microstructure holey fibers exhibit
diversified properties which furnish some new applications
such as supercontinuum generation, fiber sensors and ability to
uphold high polarization, broadband dispersion controlling etc.
Nonlinearity is one of the indispensable belongings of photonic
crystal fibers for many useful applications including optical
switching, optical regeneration, supercontinuum generation,
optical parameter magnification, and optical wavelength
transformation [1], [2]. Compared to standard single mode
fibers (SMFs), PCFs have many tunable properties, for
example; air hole diameter, pitch, cladding, background
material, doped core etc. These flexibilities provide better
control over nonlinearity, dispersion slope, birefringence,
splice loss and confinement loss etc. These are only possible in
PCF which are unachievable in SMFs. PCFs are classified into
two groups, index guiding and photonic band gap PCFs. In
these two types of PCFs, high refractive index difference is
upheld in the middle of core and cladding.

To attain high nonlinearity researchers have studied the
behavior of PCFs by using nanostructure with large refractive
index in the core section. Using pure silica core, nonlinear
coefficient is only about 100 W 'km™' due to very small
nonlinear refractive index of silica, nominally 29.6 x107%!
m?/W. Therefore, higher nonlinear refractive index materials
are used in the core to improve nonlinearity. Recently, Liao et
al. [3] suggested a PCF of high nonlinearity using nano scale
slot core. The PCF exhibits a very high nonlinearity up to
3.5739 x 10* W'km™!. However, confinement loss issue is
ignored. Huang et al. proposed a slot coiled silicon PCF having
a high nonlinear coefficient up to 1068 W'm™' [4]. Li and Zhao
used nano wires of gold in core and attained boosted
polarization reliant coupling and transmission [5]. Liao et al.
[6] suggested a spiral PCF of high nonlinearity exhibiting
nonlinear coefficient of 226 W!m™' at the communication
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band. Amin et al. [7] proposed a spiral high nonlinear photonic
crystal fiber using GaP strips in the core. The fiber shows a high
nonlinearity of 10* W 'km™'. Nevertheless, fiber exhibits
confinement loss of 10° and 107" dB/km for x and y
polarization modes, respectively at 1550 nm wavelength. To
fabricate fibers having large nonlinearity with nanoscale slot
core, recently article [8] is published.

In our article, a triangular lattice photonic crystal fiber is being
suggested which shows a very high nonlinearity up to 8 x 10*
W lkm™! at wavelength of 1550 nm. It exhibits nonlinearity of
10 x 10* to 2 x 10* W'km™ in wavelength array of 1550 nm
to 1770 nm. Additionally, it shows a very minute confinement
loss of 1073 dB/km at communication band. To our knowledge
this is the best result compared to recently published articles.
Moreover, HNL-PCF shows a very high dispersion up to —9000
ps/(nm-km) at 1550 nm wavelength. Therefore, suggested fiber
can be useful supercontinuum generation, optical parameter
amplification and broadband dispersion compensation.

II. FIBER DESIGN

The geometric view of the proposed HNL-PCF with magnified
sight of slot core is demonstrated in Fig. 1. The design is kept
as simple as possible. The cladding region comprises of six air
hole rings. The air hole diameter in cladding region, d = 0.58
pm with the pitch value of A = 0.75 um. Air filling fraction in
cladding is d/A = 0.77 which is fabrication feasible. Two alike
rectangular strips of GaP are familiarized in core with a space
of Ly =0.12 pm. The length and width of the strips are dx = 0.58
pm and dy = 0.096 pm, respectively. The amplified view of the
core in Fig. 1(a) exhibits dy, dy and L. The background material
is silica (SiO2) which is industrially accessible.
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(b)

Fig. 1 (a) Geometric view of the suggested HNL- PCF (b) magnified view of
core.

III. SIMULATION AND RESULT

Finite Element Method (FEM) is used to study different optical
and electrical characteristics of the proposed design. COMSOL
MULTIPHYSICS 5.0 is used to simulate the full design. Modal
analysis has been studied by solving the Eigen value problems
drawn from Maxwell’s equations. A perfectly matched layer
(PML) is placed at the outmost ring to avert reflection [9]. Since
refractive indices depend on wavelength, Sellmeier’s constants
for silica (Si0,) and GaP are directly employed in simulation to
improve the accuracy. Once modal refractive index, #qy is
obtained, other parameters like chromatic dispersion D(4),
nonlinear coefficient y, confinement loss L. and effective area
Acpbe able to be tailored from their equations [11]-[14].
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Where, Re [#¢y] and Im [y ] are the real and imaginary part of
the effective refractive index, respectively; c is the velocity of
light in void, 4 is the operating wavelength, E is the field vector,

ko = = ,is the wave number in vacuum; n,is the Kerr constant.
For GaP the n, = 6.63 x 107'®* m*W ! [10]. Three termed

Sellmeier formula for silica (SiO;) and GaP are directly
included in simulation.

Fig. 2 Poynting vector profile of the proposed HNL-PCF.

Fundamental mode field distribution of the proposed fiber with
parameters A = 0.75 pm, d = 0.58 um, dx= 0.5 pm, dy= 0.096
pm and Lg= 0.12 pum is depicted in Fig. 2. It is seeming that
fundamental mode field is well restrained in slot section of GaP
meaning lesser effective mode be able to be achieved from the
proposed fiber. Dependence of the effective mode on
wavelength of the proposed fiber is explained in Fig. 3. From
Fig 3, it is understood that effective area at 1550 nm wavelength
is 0.3 um?, which is very small. This small area of the effective
mode gives rise of huge nonlinearity.
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Fig. 3 Effective area vs. wavelength of the proposed HNL-PCF with parameters

A=0.75pm, d=0.58 um, dy= 0.5 pum, dy=0.096 um and Ly=0.12 um.
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Fig. 4 (a) shows the effects of variation in length of GaP strip
on nonlinearity. It is apparent that increasing strip length dx
results in decreasing nonlinearity from 1500 nm to 1700 nm. At
1500 nm, nonlinearity is up to 10 x 10* W 'km! whereas it
would be up to 4 x 10* Wlkm! at 1700 nm wavelength.
Almost alike outcomes are deduced for increasing strip width
dy in Fig. 4 (b). For lower strip width, HNL-PCF has higher
nonlinearity. This is because, by decreasing the strip length or
width improves the light confinement in HNL-PCF which
reduces the effective area and enhances the nonlinear
coefficient.
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Fig. 4 Nonlinear coefficient vs. wavelength for variation of (a) strip length dy,
with dy=0.096 pm, Ly=0.12 pm, A =0.75 pm and d = 0.58 pm; (b) strip width
dy, with dy=0.50 um, Ly =0.12 pm, A =0.75 pm and d = 0.58 um and (c) slot
width L, with dy=0.50 um, dy=0.096 um, Ly = 0.12 pm, A = 0.75 pm and d
=0.58 um.

Fig. 4 (c) exhibits the effects of changing slot width on
nonlinearity. It is clear that, increasing Ls reduces nonlinearity.
At 1550 nm wavelength nonlinearity is 9.8 x 10* W 'km™!
when Ly = 0.12 um. However when L = 0.18, nonlinear
coefficient reduces to 8.4 x 10* W 'km™!. Since the slot width
effective area increases, results in subsequent decrease in
nonlinearity.

Chromatic dispersion of the suggested HNL-PCF is
demonstrated in Fig 5(a), 5(b) and 5(c) by altering the
parameters of dy, dy and L, respectively. In Fig 5(a), chromatic
dispersion decreases with the increment of strip length dy. At
the communication band dispersion reaches up to —9000
ps/(nm-km). In Fig 5(b), strip width dy is altered to see the effect
of it. With the increment of strip width dy, chromatic dispersion
also increases and reaches up to —7500 ps/(nm-km) at 1550 nm
wavelength. The effect of slot width Ls is explored in Fig. 5(c).
From Fig. 5(c), it is clear that with the maximum slot width, we
obtain the less dispersion. When the slot width Ly = 0.12 pm,
we acquire maximum dispersion of —8000 ps/(nm-km) at
communication band.

Confinement loss of the suggested HNL-PCF is depicted in Fig
6. In Fig 6(a), strip length of GaP is varied keeping other
parameters constant. With the increment of strip length dy,
confinement loss decreases. Similar effect is shown for the
increment of strip width dy. In both, case confinement loss can
be as low as 1073 dB/km. However, slot width has opposite
effect. With the slot width Ls, confinement loss increases.

In simulation, we varied the slot width L, strip length dyx and
strip width dy keeping other parameters unaltered; i.e., pitch A
= 0.75 pm and air holes have diameter of d = 0.58 pm due to
core length and width provided major effect on nonlinearity
than cladding. Moreover, chromatic dispersion of the suggested
HNL-PCF mainly depends on the Ly, dx and dy and these are
justified by varying the core diameter which has less effect than
strip width, length and slot width.
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width L, with dy=0.50 pm, dy=0.096 pm, Ly = 0.12 pm, A = 0.75 um and d
=0.58 um.

IV. CONCLUSION

In our paper, we numerically examined different optical
properties of HNL-PCF wusing FEM and COMSOL
MULTIPHYSICS as simulator. The proposed HNL-PCF
shows a very high nonlinearity up to 10 x 10* W'km! and a
very low confinement loss of 107 dB/km at 1550 nm
wavelength. The fiber can have potential application in
supercontinuum generation, optical parameter amplification
and broadband dispersion compensation. To our best
knowledge, nonlinearity that HNL-PCF shows is the highest
compared to recently published articles.
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Abstract— A 2.05 m long linear dispersion decreasing fiber
(LDDF) has been proposed for higher-order ultrashort soliton
compression for nm-pm range soliton generation. We have
obtained numerically ultrashort soliton of 63 fs after
compression in LDDF. The spatial dimension has been found as
523.5 pm. Nonlinear Schrodinger equation (NLSE) has been
solved using split-step Fourier (SSF) method for numerical
analysis of ultrashort soliton propagation and compression. Such
compressed pulse may have extensive applications in cancer cell
treatment for creating smaller beam spot.

Keywords— Liner dispersion decreasing fiber, split-step Fourier
method, optical soliton

I. INTRODUCTION

Soliton pulse has become a subject of tremendous
investigation. Ultrashort optical pulses with soliton nature
possess vast applications in different fields like nonlinear
optics, high speed communications [1], material science and
processing (e.g., femtosecond laser ablation), attosecond
physics etc. In recent years femtosecond pulse has become
multifunctional surgery means for surgery by refraction [2],
inner ear surgery [3], dental [4, 5], cardiovascular surgery [6]
and so forth. At the same time, ultrashort soliton has become
prominent in removal of tissue as well as cancer cell treatment
[7, 8]. Side effects associated with radiation therapy [9] in
treatment of cancer occur because of high doses of radiation
(which has spatial dispersion in mm range) used to destroy
cancer cells. As spatial dispersion of radiation is in mm range
it affects healthy tissues and cells located near the treatment
area. However, the ultrashort soliton maintains spatial
dimension (nm or pm range [10]) lower than that of cancer
cell, hence it may causes no side effect other than removing
the specific affected tissue. To get this ultrashort pulse,
compression is one of the techniques [11-16].

Although soliton of width 115 fs [17] and 100 fs [18] has
been obtained using compression technique in DDF, however,
the impact of the higher-order effects upon such pulse are not
considered in those studies. At the same time most works use
long length of DDF. In our study, higher-order effects like
third-order dispersion (TOD), intrapulse Raman scattering
(IRS) and self-steepening (SS) have been considered. The

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

pulse width has been calculated as 63 fs after compression in
our proposed LDDF with length of 2.05 m.

In this paper considering higher-order linear and nonlinear
effects we have analyzed the soliton compression in LDDF
according to nonlinear Schrodinger equation (NLSE). Sect. 2
describes basic physics of ultrashort soliton propagation.
Compression of ultrashort fundamental soliton has been
explored with the designed dispersion profile of LDDF in Sect.
3. Sect. 4 comprises LDDF based higher-order soliton
compression up to Sth order.

II. THEORETICAL ANALYSIS

Ultrashort (pulse width < 1ps) optical pulse propagation
through single-mode fiber can be given by the generalized
NLSE considering higher-order effects as [19]

. 2 3 ; 2
JE _oF ’ﬂzaE—ﬂ3aE—iy[E\E|2+iiE|E\2—TEa‘E‘]

2 2 201" 60T @, T *ar
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where E stands for the complex envelop of the optical pulse,

z describes the pulse propagation distance, T is for time, a

gives the coefficient of fiber loss, P> and B; explains the

second-order dispersion and TOD respectively. Tr is the time

related to Raman gain, the factor 1/mo stands for the self-

steepening effect and y is the nonlinearity. The normalized
amplitude U can be given as

E(z,7)= B [Jexp(C0.502) U (2. 7)
)

Where incident pulse peak power is given by Po. In Eq. (2)
fiber loss is denoted by the exponential factor. Hence the Eq.
(1) takes the form
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=
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Where Lp and L'p explains second-order and third-order
dispersive length respectively and L. explains nonlinear
length defined as
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In Eq. (3) self-steepening effect and intrapulse Raman
scattering are followed by the factor s and tr respectively, and
are given by

A
S =
27T,

T,
T, =%
T,

)

Where Ty defines the input pulse width. Although the two
effects are quite negligible for picoseconds pulses but for
ultrashort pulses (pulse width To<1 ps) should be considered.
Considering normalized amplitude (U), distance (Z) and time
(7) the Eq. (3) can be written as

W 13U 10U ., o , is d , AUP
it iC S = iNe U U P +—=—ZU|U P -1 U
oz 297 6o € ( Ul @, 0T UT =, or
(6)
Here [, _ A4 T ,_z (N
NI PR N
For soliton pulse, Ty is as follows
=TFWHM (8)
* 1763
Here N stands for the soliton order and is expressed as
v o Lo _AT ©)
Ly |B)

We have observed compression of ultrashort fundamental
and higher-order soliton and explored our analysis solving Eq.
(3) using SSF method. The time-bandwidth product for sech
pulse is always 0.32. With temporal and spectral evolution of
both fundamental and higher-order ultrashort soliton, the time-
bandwidth product has also been checked.

III. FUNDAMENTAL SOLITON DYNAMICS IN LDDF
Soliton dynamics has been investigated for N = 1 using
NLSE. Compression of fundamental soliton has been
observed in LDDF. We have observed the temporal and
spectral evolution of compressed soliton in an LDDF with
following dispersion profile [20]:
ﬂZn :ﬂzp[l"'

z_z (10)
pL L

Where Ban, B2p are the changing group velocity dispersion
(GVD) and starting GVD respectively. Here B = Bop/PoL, Por =
final GVD and L is the total fiber length. We have explored
fundamental soliton compression in LDDF with parameters as
full width half maximum (FWHM) pulse width, Trwum = 2ps
(initial pulse is chirp free), peak power, Po = 1.6W, Bp = —10
ps? /km, Bar = —1 ps¥km, B3 = 0.029 ps’/km, y =5, s = 0.29,
and tr = 0.02. Although the GVD is decreasing along the

length of DDF, TOD has been considered constant. The time-
bandwidth product of the soliton pulse has been checked as
0.32 that means adiabatic compression has been happened
during the propagation. Fig.1 (a) gives the temporal evolution
whereas Fig.1 (b) shows the spectral evolution of ultrashort
fundamental soliton compression in LDDF.

15

(b)

Fig. 1: Compression of fundamental soliton in LDDF, (a) Temporal Evolution
and (b) Spectral Evolution.

Higher-order effects are not observed since pulse width is
more than Ips. The 2ps pulse has been compressed up to
200fs using LDDF with 0.9 km length. Fig. 2 shows pulse
width (FWHM) vs. distance curve for fundamental soliton in
LDDF. In LDDF, dispersion decreases with distance, so
nonlinearity dominates gradually and consequently the pulse
width decreases. With decrease of pulse width, the peak power
increases, so we have to take care of that power to keep it
below the capacity of fiber.
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Fig. 2: Pulse width (FWHM) vs. distance curve for fundamental soliton
in LDDF.



IV.HIGHER ORDER SOLITON DYNAMICS IN LDDF

Here we will see the compression of higher-order soliton in
LDDF. Using LDDF the compression of second order soliton
has been shown in Fig. 3 (a) with parameters used as Trwum =
500fs (initial pulse is chirp free), Po = 100W, Bap = —10 ps*/km,
Ba=—1 ps*km, B3 = 0.029 ps’km, y = 5, s = 0.29, 1r = 0.02,
N = 2. What we have observed is that broadening of pulse is
happened within first 10m of LDDF and then compression
occurs in next 15m. The pulse width increases from 500fs to
800fs in first 10m and then decreases from 800fs to 340fs in
next 15m through LDDF. This is because initially dispersive
effect dominates and hence pulse broadening occurs (first 10m
of LDDF in Fig. 3 (a)). With increase in fiber length
dispersion decreases and nonlinear effect dominates here and
we get pulse compression (next 15m of LDDF). The input and
output pulse shape has been shown in Fig. 3 (b).
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Fig. 3: (a) Pulse width (FWHM) vs. distance curve for second - order soliton
in LDDF, (b) Input pulse and compressed output pulse after propagation of
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Fig. 4: (a) Pulse width (FWHM) vs. distance curve for third - order soliton in
LDDF, (b) Input pulse and compressed output pulse after propagation of
8.5m.

Fig. 4 shows the third-order soliton compression in LDDF.
A smooth curve has been observed in LDDF that indicates
compression of third-order soliton into 300fs from 500fs
which is clear from Fig. 4 (a). The input/output pulse shape
after compression has been shown in Fig. 4 (b).
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Fig. 5: (a) Pulse width (FWHM) vs. distance curve for fourth - order soliton
in LDDF, (b) Input pulse and compressed output pulse after propagation of
2.5m.

Let us see fourth-order sub-picosecond soliton
compression shown in Fig. 5 for LDDF. We have found a very
good compression of 500fs pulse into 150fs in LDDF briefed
by Fig. 5 (a). Input pulse and output pulse after compression
has been shown in Fig. 5 (b). For fifth-order soliton, the best
compression has been found using LDDF where 500fs pulse is
compressed to 63fs for 2.05m of fiber as shown in Fig. 6.
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Fig. 6: (a) Pulse width (FWHM) vs. distance curve for fifth - order soliton in
LDDF, (b) Input pulse and output pulse after compression through
propagation of 2.05 m.

It is evident that with the more the soliton order increases,
pulse width decreases at the end of LDDF. However, the peak
power increases with increase of soliton order which could be
so high and go beyond the tolerable limit of fiber. Even it may
damage the fiber. Furthermore, higher-order dispersive and
nonlinear effects will also be enhanced and pulse distortion
may occur. The order of soliton and optimum length of LDDF
for compression will be regulated by these factors.

V. RESULT AND DISCUSSION

All the data for ultrashort soliton compression in LDDF are
given in Table .

TABLE 1
PULSE WIDTH AFTER COMPRESSION AND SPATIAL SOLITON DIMENSION FOR
500Fs INPUT PULSE
Soliton Pulse width Spatial dimension | Length
order (post-compression) | of soliton in LDDF | of LDDF
in LDDF

2nd 340fs 2.72nm 25m

3 300fs 2.408nm 9m

4th 150fs 1.2nm 3m

5th 63fs 523.5pm 2.05m

We can summarize the results for ultrashort fundamental and
higher-order soliton compression in LDDF as follows. For 2ps
input pulse, the compressed soliton FWHM has been found
200fs in LDDF. Second-order soliton compression has been
explored with 500fs input pulse width. The compressed pulse
width has been found about 340fs in LDDF. Again in fourth-
order soliton compression, LDDF causes compression upto

150fs. Finally in fifth-order soliton compression, the best
output has been observed in LDDF. The compressed pulse
width is as low as 63fs. The spatial dimension has also been
calculated which maintains nm range for second, third and
fourth order soliton and the last one occupies 523.5pm.

From all of the above comparison and outcomes for
ultrashort optical soliton compression for fundamental and
higher-order soliton up to fifth order, we can say that LDDF
has performed compression with excellence which has been
shown in Table I.

VI. CONCLUSIONS

Considering higher order dispersive effects i.e. TOD and
higher order nonlinear effects i.e. SS and IRS, the
compression of ultrashort optical soliton in LDDF has been
investigated. LDDF of smaller length has been proposed for
higher-order ultrashort soliton compression for formation of
soliton in nm-pm range. Employing a small length of 2.05 m
LDDF, we have obtained ultrashort soliton of 63 fs after
compression. The spatial dimension has been found as
523.5pm.
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Abstract— Linear dispersion decreasing fiber (LDDF) profiles
has been found nearly optimum in regards to the pulse width
(63fs) of the compressed pulse. Based on ultrashort soliton
compression a comparative study has been carried out among
dispersion compensating fiber (DCF), fiber Bragg grating (FBG)
and LDDF. Considering higher order effects compression of
higher-order solitons, produces high-quality compressed pulses
in femtosecond regime. Nonlinear Schrodinger equation (NLSE)
has been solved using split-step Fourier (SSF) method for
numerical analysis of ultrashort soliton propagation and
compression.

Keywords—Linear dispersion decreasing fiber,
Raman scattering, optical soliton

intrapulse

L INTRODUCTION

For a few decades soliton pulse has become a subject of
tremendous investigation as it offers the dynamic balance
between self-phase modulation (SPM) and group-velocity
dispersion (GVD). Extreme and single-cycle nonlinear optics,
light-matter interactions, attosecond physics, higher-order
harmonic generation, femtosecond laser ablation etc. are the
extensive applications of ultrashort optical pulses with soliton
nature. In recent years femtosecond pulse is tremendously used
in applications like ultra-speed communications [1] refractive
surgery [2], ear surgery [3] and cardiovascular surgery [4].
Again ultrashort soliton has become prominent in tissue
removal for cancer cell treatment [5, 6]. To get this ultrashort
pulse, compression is one of the techniques [7-10]. DCF based
soliton compression was previously studied [11]. Compression
using FBG was also observed [12, 13]. As a compressor DDF
is of great interest [14, 15] also.

Although soliton of width 115fs [15] and 100fs [16] has
been obtained using compression technique in DDF, however,
the impact of the higher-order effects upon such pulse are not
considered in those studies. At the same time most works use
long length of DDF. In our study, higher-order effects like
third-order dispersion (TOD) as higher-order dispersive effects
and self-steepening (SS) and intrapulse Raman scattering (IRS)
as higher-order nonlinear effects have been taken into

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

consideration. The pulse width has been calculated as 63fs after
compression in our proposed LDDF of 2.05m length. In this
paper, comparative study among different fibers (DCF, LDDF
and FBG) has been carried out for ultrashort optical soliton
compression using fundamental and higher order soliton up to
5th order. Among these three fibers, DDF with linear
decreasing dispersion profile has been proposed as the best
soliton compressor whereas the compressed pulse width has
been demonstrated about 63fs and spatially 523.5pm. For
numerical analysis, Nonlinear Schrodinger equation (NLSE)
has been solved using split-step Fourier (SSF) method.

In this paper considering higher-order linear and nonlinear
effects we have analyzed NLSE governed by which ultrashort
soliton propagates. Section 2 describes the basic physics of
ultrashort soliton propagation. Section 3 comprises LDDF
based higher-order soliton compression up to 5th order and a
comparison based on soliton compression among LDDF, DCF
and FBG.

II. ULTRASHORT SOLITON DYNAMICS

Ultrashort optical pulse (pulse width <Ips) through a
single-mode fiber can be described by the generalized NLSE
considering higher-order nonlinear and dispersive effects as
[17]

)E E iE _13E . , 19, ., A|EF
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(1)
Here E is the complex envelop of the optical pulse, z is
propagated distance by the pulse and 7 is the time, ¢ stands
for the fiber loss coefficient, g, and g are the second-order

and third-order dispersion respectively. yis the nonlinearity
coefficient, T, stands as time related to the slope of the Raman
gain [17], the term with the factor 1/4, is related to the self-

steepening effect [17]. Normalized amplitude U of the pulse
can be written as

E(z,7)= P,\Jexp(=0.502)U(z, 7). (2)



Here F, denotes the peak power of the incident pulse. The
exponential factor in (2) accounts for fiber loss. Hence the (1)
takes the form

U iB, 0V _ B, 83U_ie’”‘z[
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Where Lp, L'p and Ly are the second-order dispersive length,
third-order dispersive length and nonlinear length respectively
defined as
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The parameters s and tr govern the effects of self-steepening
and intrapulse Raman scattering respectively, and are given as
A T )

“)

Where Ty is the input pulse width. Both of these effects must
be considered for ultrashort pulses (To <1 ps). In terms of
normalized amplitude U with normalized distance Z and
normalized time t the (3) can be written as
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Here , _ 2z ,_ 4 T )
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For soliton pulse, Ty is as follows
T, = Trwim ) (8)
1.763

Parameter N is the soliton order that provides the measure of
the strength of the nonlinear response compared to the fiber
dispersion, and is defined as
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We have observed compression of ultrashort fundamental
and higher-order soliton and explored our analysis with return
to zero hyperbolic secant pulse of 50% duty cycle. (3) has been

solved using SSF method to simulate the compression
characteristics of soliton.

III. HIGHER-ORDER SOLITON DYNAMICS IN LDDF, DCF
AND FBG

Compression of higher-order soliton has been observed in
LDDF, DCF and FBG. At first we have observed the temporal
and spectral evolution of compressed soliton in an LDDF with
following dispersion profile [18]:

B =Btz (10)
Where Pon, B2y are the changing group velocity dispersion
(GVD) and starting GVD respectively. Here B = Bap/Bar, Bor =
final GVD and L is the total fiber length. Using LDDF the
compression of second order soliton has been shown in Fig.
1(a) with parameters used as Trwam=500fs, Po=100W, [,
=—10 ps? /km, BoL =—1 ps?km, B3= 0.029 ps’/km, y =5, s =
0.29, and 1R = 0.02, N=2. What we have observed is that
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expansion happened within first 10m of LDDF and then
compression occurs in rest 15m. The pulse turns its shape
from 500fs to 800fs for first 10m and 800fs to 340fs after
compression and propagation within next 15m through LDDF.
Fig. 1(b) shows second-order soliton pulse compression as
well as reduction in FWHM of pulse width with respect to
fiber length in DCF. The fiber shows compression and
expansion alternatively. Finally a 500fs input pulse has been
compressed up to 480fs by DCF of 2m length. Fig. 1(c) shows
second order soliton compression using FBG with fiber
parameters of TABLE I, where expansion has observed
beyond 3ps and then compression happened up to 2.5ps.
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Fig. 1: Pulse width (FWHM) vs. distance curve for second - order soliton

in (a) LDDF, (b) DCF and (c) FBG.



In comparison among LDDF, DCF and FBG for second order

soliton compression, LDDF has performed best by
compressing 500fs pulse into a 340fs pulse.
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Fig. 2: Pulse width (FWHM) vs. distance curve for third - order soliton in
(a) LDDF, (b) DCF and (c) FBG.

Fig. 2(a), 2(b) and 2(c) explore the third order soliton
compression in LDDF, DCF and FBG respectively. A smooth
curve has observed in LDDF that indicates compression of
third order soliton into 300fs shown in Fig. 2(a). DCF based
compression can be seen from Fig. 2(b) and an alternative
compression and expansion has been observed. Finally a 350fs
pulse has been obtained in DCF. FBG based compression has
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shown in Fig. 2(c). In comparison among LDDF, DCF and
FBG for third order soliton compression, LDDF has
performed best by compressing 5S00fs pulse into a 300fs pulse.

Let us divert our concentration for newer outcome with
fourth order sub-picosecond soliton compression experienced
in Fig. 3(a), (b) and (c). We have found a very good
compression of 500fs pulse into 150fs in LDDF shown in Fig.
3(a). In DCF and FBG with same pulse and parameter we
have got nothing but the figure as Fig. 3(b) and Fig. 3(c)
respectively. Although the best result has been found above all
of the analysis in Fig. 4(a), which shows the compression of
ultrashort fifth order optical soliton in LDDF, but it was not so
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Fig. 3: Pulse width (FWHM) vs. distance curve for fourth - order soliton in
(a) LDDF, (b) DCF and (c) FBG.
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Fig. 4: Pulse width (FWHM) vs. distance curve for fifth - order soliton in
(a) LDDF, (b) DCF and (c) FBG.

10.05

smooth. The result gives us a compression up to 63fs for fiber
length of 2.05m. Beyond this fiber length pulse expansion
happens which is clear from Fig. 4(a). This is because as the
fiber length increases nonlinear effects dominate the linear
effects. Fig. 4(b) and Fig. 4(c) show the result for compression
of ultrashort fifth order optical soliton in DCF and FBG as
well.

All the data for ultrashort soliton compression in DCF, FBG
and LDDF are as follows:
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TABLE1 PULSE WIDTH AFTER COMPRESSION AND SPATIAL
SOLITON DIMENSION FOR 500FS INPUT PULSE

Soliton Pulse Pulse width | Pulse width | Spatial

order width (post-comp.) | (post-comp.) | dimension of
(post- in FBG in LDDF soliton in
comp.) LDDF
in DCF

2nd 480fs Expansion 340fs 2.72nm

(2.5ps)

31 350fs 300fs 300fs 2.408nm

4 250fs 400fs 150fs 1.2nm

5t 200fs 200fs 63fs 523.5pm

From all of the above comparison and outcomes for ultrashort
optical soliton compression of higher-order soliton up to fifth
order we can say, it is obvious that DCF and FBG could not
perform a good compression whereas LDDF has performed
compression with excellence which has been clearly showed
in TABLE 1.

IV. CONCLUSION

Considering higher order dispersive effects i.e. TOD and
higher order nonlinear effects i.e. SS and IRS the compression
of ultrashort optical soliton in DCF, LDDF and FBG has been
investigated. Based on ultrashort soliton compression a
comparative study has also been explored among dispersion
compensating fiber (DCF), fiber Bragg grating (FBG) and
LDDF. Finally LDDF of 2.05m length has been proposed for
higher-order ultrashort soliton compression for formation of
spatial soliton in nm-pm range. We have obtained numerically
ultrashort soliton of 63fs after compression. The spatial
dimension has been found as 523.5pm.
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Abstract— In this paper we present a modified hexagonal
microstructure optical fiber (MOF) with circular air holes to
achieve high nonlinearity as well as low confinement loss. To
explore the chromatic dispersion, nonlinear properties and
confinement loss, finite element method (FEM) has been used with
an anisotropic, circular perfectly matched boundary layer.
Throughout the arrangement of circular shaped holes with
various diameters, the hexagonal PCF offers high nonlinearity up

to 142 W'lkm'1 at 1550 nm wavelength and chromatic dispersion
of ~ 0£0.95 ps/(nm-km) in the range of 1250 to 1610 nm
wavelength. This novel MOF with high nonlinearity and low
dispersion is suitable for generating supercontinuum in
telecommunication band (around 1300 nm and 1550 nm).

Index Terms— MOF, Nonlinearity,
Dispersion, Finite Element Method

Supercontinuum,

I. INTRODUCTION

A microstructure optical fiber (MOF) incorporates sub-
wavelength air holes along the whole length of the
waveguide. These MOFs featuring unprecedented properties
[1]-[2] have been the subject of continuous research and
development efforts for the past ten years and have fulfilled
many of their promises that have further accelerated
inventions in many sectors. In contrast with conventional
fibers, MOF helps us to engineer various properties like
birefringence [3], chromatic dispersion [4]-[5], nonlinearity
[6]-[7] etc. MOFs support design parameters such as
diameter of the air-hole, ring number, and spacing between
air-hole to air-hole (the pitch) which enable us to tune those
properties mentioned above. Ultra-short pulses are affected
by a multitude of nonlinear effects as well as dispersion of
fiber. The nonlinear effects can generate new frequencies in
the outside region of input pulse spectrum. With sufficient
intensity, a phenomenon like spectral broadening is occurred
also known as supercontinuum (SC) generation [8] due to
high nonlinearity of fiber. Property of the SC generation is
particularly dependent upon the position of input pulse
relative to the zero dispersion wavelength. SC generation has
received great interest in applications like gas sensing,
fluorescence lifetime imaging, frequency metrology and
optical communication. Telecommunication window is the
most preferable window in optical communication because
of the minimal level of transmission loss in the fiber.
Maintaining very high nonlinearity with tailoring the
chromatic dispersion and restraining the losses to a minimum
level are essential for SC generation. Index guiding photonic
crystal fiber (PCF) offers unique dispersion and higher
nonlinearity [8]-[13] that have been outlined up to date

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

ranging from PCF with defects in core [8], PCF with a
triangular lattice [9], with air holes uniformly optimized [10]
and PCF having variation in  air-hole diameters in cladding
[12]. In [8], proposed hexagonal structure has a much lower

nonlinearity of 25 W 'km' at 1300 nm wavelength and 20
W'km" at 1550 nm wavelength whether our proposed
structure has nonlinear coefficient of 220 W km™ and 142

W'km™" at respective wavelength. In [9], the proposed
structure has dispersion value of 2.0 ps/(nm-km) whereas we
have achieved a much lower dispersion ~0.95 ps/(nm-km) in
between 1250 to 1610 nm wavelength. PCFs in [10]-[11]
have better dispersion attributes but they incorporate many
rings to lessen the confinement losses. For instance, Reeves
[11] have shown a dispersion lessened MOF with
confinement loss of 0.57 dB/m using eleven rings whereas

our proposed structure has a confinement loss of 10_8 dB/km
using only six rings of air-holes. As a result, the modified
hexagonal MOF presented in this paper with low dispersion,
very high nonlinearity and extremely low confinement loss
will be a proper candidate for SC generation. Furthermore,
we use silica as a background material without doping.

II. DESIGN OF MOF AND GEOMETRICAL
PARAMETERS

By carefully designing ring number, hole diameter and
pitch, dispersion and confinement loss can be significantly
altered in MOF. Moreover, existence of holes with various
diameter in cladding also help to increase nonlinearity. The
cross-sectional view of the hexagonal MOF with details is
shown in Fig. 1 with core diameter 2a and pitch A. In our
design, we have used four different sized hole diameters and
six rings in the cladding. The diameter of the innermost ring
is di, the second ring and third ring have a diameter of d»
and ds respectively and the outermost three rings have a
diameter of d4. The spacing between adjacent air hole rings
and distance between holes on the same ring has been kept
fixed in whole analysis. Hence, the diameter of the core is
2A—dl. Use of air-hole of uniform diameters result in ultra-
flattened dispersion but it will increase confinement loss. So
many rings will be required to lessen the loss to a desired
level. However, this will create complexities in fabrication
with weak structure. In our case, the hexagonal structure
with six air hole rings is adequate for obtaining a low
dispersion and low confinement loss as well as higher
nonlinearity. As PML is suitable for effective absorption
boundary conditions [16], a circular PML has been
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incorporated to mask backscattering in the simulation
domain. Sellmeier equation [17] has been employed for
calculating accurate effective refractive index of fused
silica.

Silica- —

Fig. 1 Geometric Design and parameters of the proposed six ring PCF.

Fig. 2 Power flow distribution inside the proposed MOF at 1.55 pm.

III. NUMERICAL SIMULATION RESULTS AND
DISCUSSIONS

We have calculated effective modal index (n.) and the
field distribution of the proposed fiber by using FEM with
PML [16]. Power confinement of the proposed structure has
been shown in Fig. 2 at 1550 nm wavelength, which clearly
reveals the confinement of field in the core. We have used
COMSOL multiphysics (v5.0) for numerical simulation.
Once n.4is obtained by solving an eigen-value problem with
Maxwell’s equation by FEM method, the chromatic
dispersion parameter (D), effective modal area (d4cp),
nonlinearity (y) and confinement loss (L.) all are calculated
by using the following equations [18].

_ A dzRe[neff]

c d/’{Z (1)
1 E? 1 dx dy]?
Aert = 1B dedy @)

27‘[112 (3)
y =
A4,
L. = 8.868 X Im[ko neg] )

Here Re[n.4] is the real part of ney; c is the velocity of light and
A is the wavelength. Im[ky n.4] is termed as the imaginary part
of ney. Nonlinear refractive index, n;= 2.2x 102 m*W [19]
for silica and E is the electric field inside the fiber derived
from Maxwell’s equations [18].

In Fig. 3, we have plotted the real part of effective refractive
index against wavelength. The real part of refractive index
decreases with wavelength. In Fig. 4, we can see the
dispersion attributes of the fiber. During whole analysis A
has been kept at 0.87 um and the diameter of the innermost
ring (d;) is 0.33 pm and three outermost rings (ds4) is 0.84
pm. The second ring and third ring have a diameter of 0.693
pm and 0.747 pm, respectively. From Fig. 4 it is apparent
that at 1300 nm and 1550 nm wavelength there are two zero
dispersions and by optimizing the parameters di, dz, dz, ds
and A, chromatic dispersion in the range of 0 £0.95 ps/(nm-
km) in between 1250 to 1610 nm wavelength has been
achieved.
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Fig. 3 Real component of effective refractive index.

Next, the design parameters, d, and d3, have been varied and
the effects are shown in Fig. 5 and Fig. 6. First, the diameter
of 3rd ring is varied from 0.74 to 0.747 pm while the
diameter of 2nd ring is remained unchanged. We can see that
the dispersion curve has taken a downward shift. Then in
Fig. 6 the diameter of 2nd ring is changed from 0.693 to 0.72
pum and the diameter of 3rd ring is kept at 0.747 pm which
results in an upward movement of dispersion curve. It is
important to note that other parameters such as pitch and air
hole diameter for ring number 1,4,5,6 have been kept fixed.
Only the diameters of the 2nd and 3nd ring have been tuned
to shape the desired dispersion curve. Though dispersion is
lower when diameter of third ring 1is decreased,
consequently, it also reduces the overall wavelength band
and shifts zero dispersion wavelength. That’s why we have
chosen 0.693 pm and 0.747 pm as an optimum diameter for
2nd and 3nd ring, respectively.
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Fig. 4 Dispersion characteristic with optimum value for A=0.87 um,
d1=0.33um, d2=0.693 um, d3=0.747 pm, d4=0.84 pm.
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Fig. 5 Dispersion characteristic with optimum value for A=0.87 um, d1=0.33
pm, d2=0.693 um, d3=0.74 um, d4=0.84 pm.

101

D {(ps/km-nm)

A : : : w
1 1400 1600 1800 2000

Wavelength (nm)

%00 1200

Fig. 6 Dispersion characteristic with optimum value for A=0.87 um, d1=0.33
pm, d2=0.72 pm, d3=0.747 pm, d4=0.84 pm.
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From Eq. (3) it is evident that nonlinearity of a fiber is
inversely proportional to effective area of the fiber. Fig. 7
illustrates the variation of effective area with respect to
wavelength for different pitch variation. At 1550 nm wave
length, effective mode area is 2.85 pm? when pitch is 0.87
pum. If the pitch is increased to 0.90 pm, effective area also
increases from 2.85 um? to 3.1 um? and effective area is 2.37
pum? when pitch is 0.80 um, at the same wavelength. In Fig.
8, we have plotted nonlinear co-efficient y with respect to
wavelength for different pitch variation. Because of inverse
relation between effective area and nonlinearity, nonlinear
coefficient is about 170 W-'km™' when pitch is 0.80 um at
1550 nm wavelength. However, with a 0.80 um pitch the
overall dispersion is much higher which is not suitable for
SC generation. On the other hand, with a pitch of 0.90 pm

nonlinear coefficient is 132 W_lkm_1 which is lower and not
accepted. Finally, the pitch of 0.87 um has been considered
as the optimum value that offers nonlinear coefficient of 142

W km' at 1550 nm wavelength since here dispersion is
zero. We also achieved nonlinearity of 220 W~'km™ at 1300
nm wavelength where dispersion is also zero.
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Fig. 7 Effect of pitch variation on effective area with optimum value for
d1=0.33 pm, d2=0.693 pm, d3=0.747 pm, d4=0.84 pm.
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Fig. 8 Effect of pitch variation on nonlinear coefficient with optimum value
for d1=0.33 pm, d2=0.693 pm, d3=0.747 pm, d4=0.84 pm.

In Fig. 9, we have shown the effect of ring number on



confinement loss while all the other parameters are kept at
their optimum values. With six rings in the cladding, loss in
the fiber is nearly 10 dB/km at 1550 nm operating
wavelength, which is extremely low. It is also evident that
loss increases as ring number in the cladding is decreased.
With six rings, loss is at minimum level and an increase in
number of rings do not affect the overall confinement loss
significantly. From Fig. 9 it is evident that with seven rings
in the cladding confinement loss does not vary much. The
diameter of the outer ring has been kept larger in order to
avoid leakage loss and poor mode confinement. Only the
diameter of first three rings has been altered significantly to
get the desired dispersion curve. Now we would like to talk
about the possible fabrication of the proposed MOF. Since
we are using all circular air holes and hexagonal lattice, we
can predict that such simple design could be fabricated using
current versatile technology like stack and draw.
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Fig. 9 Effect of ring number on confinement loss with optimum value for
A=0.87 pm, d1=0.33 pm, d2=0.693 um, d3=0.747 pm, d4=0.84 pm.

IV. CONCLUSIONS

We have presented a hexagonal MOF with only six rings in
cladding and achieved very low dispersion approximately
0+£0.95 ps/(nm-km) in between 1250 and 1610 nm
wavelength. We have also achieved two zero dispersion at
1300 and 1550 nm wavelength which is important in the
application of supercontinuum generation. We have also
shown a lower confinement loss of about 10°® dB/km and
very high nonlinearity about 142 W 'km™' at 1550 nm
wavelength and 220 W 'km ™! at 1300 nm wavelength. So
this proposed design can be a potential candidate for
supercontinuum generation.
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Abstract—Nowadays state of the art health care systems are
either based on hospital or household environs and its scope is
confined to urban areas of a country. Yet traditional healthcare
systems are facing challenges such as lack of ubiquity, use of
backdated techniques, inadequacies in tracking, observing and
reporting status of patients and diseases as well as
unaffordability. However, modern updates in IoT, cloud
computing, mobile and web development and computer vision
technology are offering us a wider scope in providing an effective
health care system to everyone. The assistance includes
automation in systematic monitoring of patients, transmission of
medical data at real-time, saving those data in cloud servers,
manipulate data for future use, presenting real time scenario to
stake holders and many more. Here we suggest a wireless network
infrastructure that will provide useful health and medical
services to children and adults as well as assist in distributing
vaccines, tablets and personnel to monitor endemic diseases. We
have two components in our system, first one is the clinic booth
accompanied by health workers. This system assists health
workers in their work and acquire personalized data and sends
them to an online server for future use. Second is the
administration and presentation of the ground data to stake
holders. In our preliminary network evaluation of the IoT
powered clinic booth design we found average response time of
1.5 seconds with uptime of 98.16%.

Keywords— Cloud computing, internet of things, tiny and
affordable computers , health care system, sensors, mobile and
web development.

1. INTRODUCTION

Internet is everywhere, thanks to wide spread use of
computers, cheap price of devices, heavy demand, new
invention, optimization, miniaturization etc. Devices today
became so small that a few years ago television sets dominated
the living room. Now we can watch television in a handheld
device and do much more than just watching soap operas or
games. With these new devices and the internet connectivity
comes the idea of Internet of Things (IoT). IoT is a novel idea
in internet which targets to connect anything with anyone, at
any given time, utilizing proper connection and services [1].

The IoT conglomerate is strengthened by connecting it to
cloud servers. Application of IoT technologies have bright
future in health care systems and it is already being used in
different settings. Health related information of patients is very
important and requires protection from manipulation and theft.
It also requires efficient and secure distribution of devices and
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servers (application and database servers) to render good
service to the end user.

Bulk of the IoT related work focuses mainly on devising a
network of wireless human body sensors encompassing a
hospital or home environment. These approaches don’t cover
the full spectrum of patients and their problems. For instance,
what if a patient/child doesn’t want to move or may have
problems in moving from home to hospital. Thus in order to
cover the full spectrum of patients; we need to employ both
traditional and mobile systems which will be portable.

Apart from premature birth the leading causes of death of
children under 5 are Pneumonia, Diarrhea, Malaria and
Malnutrition. The consequences of malnutrition and illness in
childhood are visible in subsequent periods of human growth.
One of the key indexes of child health and wellbeing is child
mortality rate, which continues to be an issue for majority of
under developed countries. One of the 8 Millennium
Development Goals (MDGs) was to reduce child mortality by
two-thirds by 2015 [2].

Many developing countries are showing good results in
preventing child mortality. For instance, in Bangladesh from
1990 to 2011, under age 5 mortality decreased from 151 to 53
per 1000 childbirths. Mortality wanes are connected to social
awareness, preventive measurements, improvements in
socioeconomic conditions, initiate programs to enlarge
coverage area for vaccines, treatment of diarrhea,
implementation of IMCI, etc. [3]. Most vaccines are given to
children aged between 0 to 10.

However in many countries modern equipment’s are
confined to provincial health centers and is often very far away
[4]. Health workers in developing countries setup clinics in
rural areas use backdated techniques to determine and handle
problems. Workers typically investigate fever by putting their
hand on a child’s brow. They measure heart rate using stop
watch. height and weight were measured and feedback were
given based on the weight chart e.g. normal, over weighted,
underweighted or obese [5]. To provide improved health care
services, updated and refined actions are required. As of 2015,
UN's sustainable development goal number 3 is, to ensure
“Good health and well-being” of the people [6].

Portable diagnostic tools and electronic health care services
can play an important role in achieving this goal if utilized in
an exact and timely manner. If clinical data is provided at actual
time, it will be very effective in treating patients and allocate
resource. Which can also detect outbreaks of diseases as well
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as find cases of drug-resistance. Thus we emphasize that further
achievements in reducing child mortality can be realized if
health workers are equipped with a detection system that is
compact, portable and cheap.

These portable devices will also be useful in countries that
are suffering from wars and catastrophic events like tsunami,
earthquake, etc. In 2017 we often hear that in Yemen people are
affected by Cholera, by consuming contaminated water.
Children in Syria are suffering from malnutrition. Thus
challenges in different parts of the world may vary. We can
tailor our system for a particular area which will help prevent
region specific challenges. We can take data from children at
real time and store it to cloud-based storage facility for future
processing.

In our work, we propose a bundled and generic system
where sensors and devices are connected to one tiny and
affordable computer either by cable or wireless technology. The
proposed system contains a unit that can be transported through
land, river, lakes and seas. We call it clinic booth. These booths
are connected to 3™ party data server. We administer this data
and present these data to stakeholders by creating mobile and
web applications as shown in figure 1.

" | Dhaka
Population : 36,433,505

Affected children(0-12) : 4011
Affected teen(13-17) - 2951
Afected Adult(18+) - 17000

Fig. 1 Division wise demographic report on the number of people who are
affected by Malaria in a selected period in Bangladesh.

II.  OBJECTIVES

The role of modern technology is yet to be exploited fully
in advancing health management in most parts of the world.
Management of data relating to medical treatments and tests as
well as execution of e-health continues to be a headache since
paper-based systems are still used today, especially in hard-to
reach rural areas. For instance, there had been some
undertakings in countries like India, Malawi, Bangladesh to use
SMS as a reporting tool for child health care monitoring.
Maintaining processes like these are hard, requires double entry
and are prone to human mistakes. Furthermore, the data is
impersonal [5]. However, a system that is capable of
automatically interpreting and transmitting personalized
measurement data to cloud based servers at runtime would deal
with these troubles.

We emphasize that our system be incorporated with other
arms of a government. In most of the countries people have

identification cards like National ID cards to identify
themselves. Because our system is portable, we can move it
across every corner of a country. Which will help us in relating
children with their parents. We can take pictures of children,
collect their ages and also store the number of vaccines they
have taken over a period. We can also ensure whether a child is
taking the same medicine twice. One problem arises in
Bangladesh is often children die from taking medicines that
have expired their service date. What occurs is the government
buys more medicine than they actually need and tablets that
were not distributed in one year were put in stock so that it can
be used in the next year. Thus many children die when they
consume those expired tablets. Health workers have an
extended reach in every corner of a country. They know how
much tablets or vaccines are required in a particular area. Thus
policy makers can make decision about how much medicine
they need to buy or import each season or year. Thus we can
prevent child death and wastage of money. Our aim here is to
monitor the growth, check crucial parameters, updating child
vaccination chart, taking images, taking child and parent
identification data, uploading data to the main server, present
data to stake holders and give options for administrative tasks.
Assessing body temperature and respiration rate is performed
with sensor as it provides critical information about the child’s
well-being and guide the medical personnel about what to do
next. Each child has a vaccination chart which maintains
vaccination and dose report in the cloud server. Weight and
height measurement is also performed to detect malnutrition.

Ambitions of our work are as follows:

1. Door to door delivery of simplified health services,
enhancing accuracy and providing elegant quality of
diagnostics through automatic review, record maintenance
and spotting cases of malnutrition, fever, endemics, etc.

2. Improving existing health care systems by creating
wireless network infrastructure and software as well as
establishing storage structure in order to maintain
personalized and customized clinical data to secure cloud-
based storage systems.

3. Adjust child health care system with existing governmental
systems of a country. like National ID Card number, child
birth certificate number, social security number. Thus we
can relate a child with their parents using their SSN or NID
number. We can store locational information relating to
pregnant women, suggest medication. Preserve
information about vaccines and dosages, a child may have
taken as well as prevent redundant usage of same medicine
and vaccine. We can also store the level of medication and
information relating to medicine brands.

4. Distribute and monitor the medicine flow to different areas
in the country. Policy makers can see the medicine and
vaccination distribution area at a particular moment. For
instance, they can view demographic report of a particular
country about how much area is vaccinated with polio
vaccine. They can also view which of the areas are prone
to which diseases and move assets like medicine and
personnel to that area. In figure 1, we have shown a
scenario about the number of people who were affected by
Malaria disease with in the month of January in
Bangladesh.
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III.

For our health care system, these accompanying elements
are suggested: portable clinic booth, Raspberry Pi, cloud
platform, sensors, mobile application server, web server, image
processing software and mobile and web based health
monitoring software. Each clinic booth has internet access
through wireless technologies, e.g. WIMAX, 3G or 4G.

METHODOLOGY

Cloud Server

Smart Clinic Booth

| RASPBERRY PI

"

Growth

e e
| <
NoRTonn Vital Sign Message
Sensors Generator

g Sensors
+| I -
——

Battery (Solar Charged / IPS)

Image
Acqusition

tool

Fig. 2 Configuration of different components used in the proposed health care
system.

A configuration of the suggested system is shown in figure
2. We use IPS and solar panels to power the electronic materials
accompanied with the health workers.

A. Architecture of the Clinic Booth

SENSORS

e/

Raspberry pi with
Sensors case

(«!)))

| S
Wifi device

0!

Thermal
Sensror

Camera
sas:c; BASIC 4 (55

- 0 n
| Weighing

scale
v Input/output

] ﬁ ’
Fig. 3 Portable Smart clinic booth with accompanying components.

A construct of the booth is picturized in figure 3. It
comprises of a collapsible, small, handy booth that is
transportable through car, motorcycle, canoes or by hand. The
length, breadth and height of the booth is 70 by 70 by 130 cm
respectively, as this device will only be used for babies. Inner
height of the booth is 120cm allowing us to measure babies
aged from 0-7 in standing position. The parts that comprises our
clinic booth are: Raspberry Pi, camera, mobile phone and
laptops to use the software, temperature sensor, weight-height
measurement device, display device, audible message
generator. some sensors and devices are handled by Raspberry
Pi which has its own Wi-Fi ports and software. Child growth is

audited through a scaling device that can measure weight, water
percentage, muscle mass and bone mass. Measurement of
sleeping child is also possible with health worker’s assistance.
We avoided using traditional technologies instead we used
sensors to measure individuals pulse rate, respiration rate and
temperature. Measurements are displayed on the software and
health workers can overwrite the data if need. Findings from
the derived data can be narrated to guardians or users.

IV. TECHNICAL DETAILS

Several ideas and elements were consolidated for effective
service delivery of our system such as skilled design,
technology alternatives, stability, scalability, security,
integration, accessibility, pricing of elements, response time,
accuracy, evaluation result, communication bandwidth, etc.
Here, we describe about the underlying technology for clinic
booth; Software associated with its operation, connectivity of
the booth to the cloud platform, administration of data and
servers and presentation of data to stakeholders.

A. Underlying hardware and software modules

There have been encouraging developments in every
sectors of ICT. From our strength point of view, we have
preferred to use mini-computer instead of microcontrollers
which ensure us fast prototyping, greater software control,
reliability on the hardware, good community support,
scalability and many more. Our system is constructed using
Raspberry Pi, a tiny and affordable computer, with a processor
speed of 700Mhz to 1200 MHz, RAM size of 512 MB or 1 GB
with built in USB, Ethernet, Wireless and Bluetooth
capabilities depending on the model. The price of this device
varies from $5 -$35 depending on the model [7].

We have used “Windows 10 IoT Core” operating system
for our Raspberry Pi devices. It is an operating system that is
built for IoT. It is not the same operating system that we use in
our desktop computers. Windows 10 IoT Core is the
environment that will allow us to deploy our applications to
Raspberry Pi. We used a compatible SD card in order to setup
the “Windows 10 IoT Core Dashboard”. Resources like
documentation, Software, compatibility issues, source codes
and IEDs related to Windows 10 IoT Core are available online

(8].

Computer vision is a field that aims to gain remarkable
understanding from videos or images. We used image
recognition software in order to match images of our patients.
A number of open source software(OSS) in computer vision are
available online for example [9], GitHub [
https://github.com/ageitgey/face _recognition], etc. These open
source software aims to motivate people and collaborate with
other scientists.

B. Data storage, manipulation and security

The application is developed using Firebase which offers a
complete backend solution. It has supports for authentication
[10] (supports OAuth 2.0) [11] , analytics, remote
configuration, cloud messaging, crash reporting, REST API,
NoSQL and many more. NoSQL database is more applicable
compared to relational database in regards to real-time web
application development and is known for its simplicity of
design and control. Applications store data as JSON objects and
interact with the database using a JavaScript API. Developers
can add Firebase to their Android or iOS project very easily.
Thus providing us future scaling and optimization option. The
data store is designed to scale with application demand, so there
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is no need to add additional servers, partition data or perform
other database administration tasks that were required to
preserve database back end.

The RESTful API includes query operations but not SQL
operations. The query API is tailored to work with channels of
data. There are also query operators with SQL-equivalents,
such as orderByKey, orderByValue and orderByPriority. For
instance, limit, limitToLast and limitToFirst query operations
can restrict the number of JSON documents returned by the

query [12].

Firebase will validate domain ownership, provision of SSL
certificate and deploy it across the Firebase content delivery
network. Once users or in the case of [oT, when the devices are
authenticated, security rules control the operations they can
execute and the data they can access.

At last we will access Firebase data through REST API.
There are not many C# REST libraries to access Firebase. We
use NuGet package manager to install the desired
library(FirebaseDatabase.net). We give the opportunity to our
admin of this system to view demographic reports, bar charts,
create and send emails to stakeholders, view stock, ship
medicine, tablets and personnel depending on the situation.

V. DEVELOPMENTS

SENSORS

Thermal

(((l;);\:“so
e

Wireless

sensor

Fig. 4 Development phase (communication between hardware and software).

Our primary task was to establish connection between the
cloud infrastructure and the booth. Then we focused on
controlling the devices and sensors from Raspberry Pi. Take
automated readings and save them to cloud servers. Give input
and view output on application window and finally administer
and present data as well as provide administrative options to
stakeholders. In our work we have check our system in terms
of responsiveness, dependability, accessibility and security.

As illustrated in figure 4, our device is built with Raspberry
Pi that communicates with sensors. Controlling the devices and
sensors from Windows 10 [oT operating system is done through
dedicated USB, Wi-Fi ports and pins. There is admin for each
booth who have a unique user name and password. Apart from
helping the patient admin of the booth can also input and update
data in the storage system. Personalized data of a patient are
saved to the cloud storage at run time. Health workers
communicate with the storage system and the Raspberry Pi

device through our dedicated android and web apps. They can
perform create, edit, update and delete operations on the cloud
data. Log information about access to the storage are saved to
the system automatically. Our Web app was created with
Asp.net MVC technology. Stake holders having unique
username and password can view demographic report, bar
report (shown in figure 5), current distribution of personnel,
stock and endemics in a particular area as well as create and
send emails from this site. We have stored detailed patient data
in our system in order to build trust in our system. Furthermore,
we designed our system in such a way so that any human error
would come to light very easily.
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Fig. 5 Disease and district wise endemics bar report based on some
selected date ranges in 2017.

VI. RESULTS

A. Performance

We measure performance in terms of latency. Latency is the
time from when a user sends an instruction from the mobile or
web application to the time when a response is received by the
application. Latency is measured by deducting the transmitted
message (TX) date-time stamp from the Received message
(RX) date-time stamp. We measured time in terms of
milliseconds by using different analytical tools.

B. System Availability

Availability is the quality of being at hand when needed is
a proof of a systems reliability. For our system, system
availability is measured in terms of the reachability of the main
component of clinic booth (Raspberry Pi) and its corresponding
data store on Firebase from our software platforms. During the
period 13" to 18™ June 2017, the clinic booth was connected to
its data store, representing a total duration of 432000s. The
activity was monitored from the Google analytics, our mobile
and web app servers as well as using 3™ party analytical tools.
Our hardware and software components performance were
extremely satisfactory.

VIL

Our campaign mainly focused on targeting 3 kind of people:
citizens with less privileged health access, health workers and
policy makers. We expect our system will ensure better service
delivery to people in rural areas of underdeveloped countries. It
can even more effectively provide services in disaster hit areas
and can be accompanied by field workers working for NGOs or
health workers of a state. With this system the tasks of health
workers will be automated by our system; all collected and log
data are automatically stored at our cloud servers; data can be
processed/updated for any future use and presented to policy
makers at any given time. This benefits ensures that our system
will supported by policymakers as well as other stakeholders.
Furthermore, it will give an exact scenario about current
distribution of health agents, vaccinators, vaccines and
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medicines to a certain region. If medicine shortage or disease
outbreak is reported in an area, this system will assist people in
the government to take decisions in order to remedy the
situation. Moreover, avoiding the use of paper-based systems
would help us to protect the environment, reduce human errors
and hardships as well as protect us from corruption. This system
also awards us market spaces in cloud platform, data mining,
data analysis, sensor technology, mini-computer and IC
production technology.

VIIL

In the aforementioned work, we propose a health care
system consisting of IoT, cloud computing, Raspberry Pi,
sensors, software, web and mobile app servers. All test
experiment results involving sensors and measurement devices,
transmission of readings to Firebase backend server and
presentation of data to stakeholders were remarkable.

CONCLUSIONS

We recorded an average delay of 1.5 seconds in our
experiment of sending a command from the application
software and receiving a response in the same application
window. System availability of 98.16% was recorded. Thus, the
network operation of our system reasserts the suitability of the
IoT system in underdeveloped rural areas.

Although many tasks performed here are automatic but
health workers can intervene when taking images or inputting
NID/ SSN/ birth certificate numbers to the system. We have
plans to develop a more sophisticated image recognition tools
and integrate the system with our existing system. We have also
plans to develop a customized mini-computer like Raspberry
Pi, to minimize the production cost. There are not many REST
API libraries available in dot net for accessing Firebase.
Developing a web server with Python or Ruby seemed to be
more preferable.
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Abstract—This work shows the applicability and feasibility of
different machine learning techniques on iris recognition from
smartphone captured eye images. First, the iris is localized using
the popular Daugman’s method and the eyelids are suppressed
with canny edge detection technique. Then normalization of the
extracted iris region is performed in a novel way by setting an
adaptive threshold. Next, the normalized image is decomposed
using Haar wavelets to obtain the feature vectors. Histogram
equalization is performed for better classification accuracy. After
that, different classifiers are trained using the extracted feature
vectors which yield about 99.7% accuracy for training and 97%
accuracy for testing. Finally, the results are compared with other
previously applied methods on the same dataset and it is found
that the proposed method outperforms most of them.

Index Terms—TIris recognition, machine learning, visible
spectrum, eyelash removal, smartphone

I. INTRODUCTION

Human iris is well known for its uniqueness, stability and
non-evasiveness [1]. Hence iris recognition is a very popular
problem for the researchers in the field of bioinformatics,
cryptography, computational intelligence etc. Many successful
approaches have been taken so far. This approaches can be
classified into two categories based whether they used machine
learning or not. A significant thing to notice that the datasets
which are used in these approaches are iris images captured by
NIR (Near Infrared) camera as they offer very good visibility
of iris texture, even for heavily pigmented regions [2]. As a
result, the extracted iris region provides more accurate
information implying better chances for recognition. However,
the setup complexity with the above mentioned camera is
difficult especially when the issue of portability and simplicity
arises. On the other hand, smartphones with cameras are within
everyone’s reach now a days. The only problem with these
cameras is that they capture images in visible light spectrum
resulting in less detailed iris images compared to the NIR
cameras. So the usual question arises “Are they good enough
for iris recognition?”

A good number of studies [2,8] replied positively towards
the question. The one thing to notice here that almost all the
above mentioned approaches paid a little or no effort to state
the feasibility or usability of machine learning techniques in
case of the smartphone captured iris database. This is important
because machine learning techniques have provided very good
results in case of NIR camera captured datasets [3]. As iris
images in visible light are likely to offer relatively less details,
the question of applicability of ML techniques in this case still
remain unanswered. However, one studyRaja et. al/[4] used
Sparse Reconstruction Classifier with K-means clustering
which gave a very low EER percentage (Equal Error Rate).It is
in other words a very good indication but it does not compare
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or give any further info on the feasibility of other machine
learning techniques.

In our work, we investigate further on the use of machine
learning techniques on iris recognition using smartphone
captured iris images in visible light spectrum. In order to do so
we develop a complete segmentation and feature extraction
technique and try to use same set of extracted features to train
different classifier. Finally, we compare the classification
accuracy of the trained classifiers and decide whether the
machine learning techniques are feasible in case of smartphone
captured database.

II. RELATED WORKS

Several works have been done with the publicly available
datasets UBIRISvl [5], UBIRISv2 [6], MICHE [7] etc.
containing iris images in visible light spectrum. The challenges
of iris recognition associated with unconstrained iris images in
visible light were discussed by Proenca et al [8]. Noisy iris
images and independent segmentation and noise recognition
procedures are most likely the sources of errors. Santos et al.
[9] explored best illumination configurations for visible light
iris images.

Raja et al. [10] used deep sparse filtering with visible
spectrum iris dataset VSSIRIS, BIPLab and obtained a very
promising result (EER less than 2%).

Another interesting study from Trokielewicz et al. [2] where
a completely new dataset was created by themselves, showed
that iris images captured with a mobile phone offer sufficient
visibility of iris texture details for all level of pigmentation. And
they also justified that this images are readily usable with
already available iris recognition solutions such as VeriEye
[11], MIRLIN [12], OSIRIS [13], IriCore [14] etc. All of these
algorithms offered more than 95% accuracy for the dataset.

Machine learning techniques have also been proved to be
very successful in iris recognition. A study from De Marsicoet
al. [3] compared different machine learning techniques in iris
recognition. In these studies, they used mostly CASIA-Iris [15]
dataset which is created from images taken with NIR camera.
Among different approaches, Rai and Yadav [16] were able to
obtain 99% accuracy with a combination of Support Vector
Machines and Hamming distance.

III. DATASET

In our study, the dataset created by Trokielewicz [2] and
their group was used. Total 70 people participated and the
photos were taken by iPhone 5s (8 megapixels and f72.2). The
final dataset comprises about 3192 images acquired in 2
sessions. We used these images for iris recognition. And to the
best of our knowledge, no one used machine learning
techniques on this dataset before.
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Fig. 1 The typical components in an eye image [20].
IV. METHODOLOGY

A. Image Pre-processing

The images provided in the dataset were in RGB format. We
had to convert it into a single channel to proceed. While
converting, red channel was used as wavelengths
corresponding to red light (closest to near infrared) are the
longest in our visible spectra, the best iris pattern should be
visible this way [2].

B. Iris Localization

For extracting the iris region first, the classic Daugman’s
Integro-differential operator is used. The Integro-differential
operator [17] is defined as

Go(r)» 2§ LED g (1)

dx “Xo,Yo 2mr

Max(rx,,yo)

Where I(x, y)is the eye image, r is the radius of the search,
G, (r)is Gaussian smoothing function and s is the contour of the
circle given by (1, x,, ¥o) i.e. circle of radius r whose centre is
at (x,, Yo). The operator searches for the circular path where
there is maximum change in intensity occurs by varying the
radius and centre x and y position of the circular contour. First,
the iris boundary is localized as the maximum gradient is
usually there. Then a fine search detects the pupillary boundary.
We used variance (o = 0.5) for the Gaussian smoothing
function. For faster run the image was scaled down to find
(7,%,,Y0)- These values were then rescaled to get the co-
ordinates and radius in the original image. Under normal
circumstances, this operator successfully localized the iris
region. However, if there is any reflection, it might fail locally.
So for fine search instead of brute force, we adaptively ran the
search for a selected set of points inside the iris region with
pupil radius varying from 10% to 90% than that of the iris. By
this way, we were able to localize the iris region of all eye
images in our database successfully.

i
Red Channel

Localized Iris
Fig. 2 Iris localization

C. Eyelid Suppression

The visible portion of the iris part is not exactly circular. It
is partly covered by the eyelids which needs to be suppressed.
To do so, we followed an approach inspired from Masek [18].
The total search region was divided into two parts, upper eyelid
and lower eyelid. The width of the search region is exclusively
the difference between the iris and the pupil radius. First the

edges were detected using canny edge detection followed by
the gamma adjustment and hysteresis thresholding. Finally, the
edge-image was radon transformed to get the eyelid line both
for upper and lower sections.

Lower Eyelid

Fig. 3 Eyelid Suppression

D. Normalization

So far we have successfully segmented the iris part and
suppressed eyelids. Now we have to transform it into fixed
dimensions for further processing. To do that, we used the very
popular homogenous rubber sheet model introduced by
Daugman [17]. In the homogenous rubber sheet model, each
point within the iris region is remapped to a pair of polar
coordinates (r, 8) where r is on the interval [0, 1] and 6 is angle
in the range [0, 27].

— 1

— 9
Fig. 4 Daugman’s rubber sheet model

The remapping can be modelled as

I(x(r,0),y(r,0)) - I(r,0) @)

With,
x(r,0) = (1 —-1r)x,(0) +rx;(0) 3)
y(r,0) = (1 —1)y,(6) +ry;(6) *

Where I(x,y) is the iris region, (x,y) are the original
Cartesian coordinates, (7, 8) are the corresponding normalized
polar coordinates, (x,,y,,) and (x;,y;) are the centre coordinates
of pupil and iris boundary along the 6 direction.

Fig. 5 Normalized segmented iris

E. Eyelash Removal

Even though eyelash removal is a part of noise cancellation,
it was done after the normalization in our work. Developing a
method to do so was a tough job as the eyelashes differ largely
from image to image. The most obvious option was applying a
threshold. But if a hard threshold value is applied, there is no
guarantee that it will work for every image. In some images the
iris region was darker than the others. So we had to develop an
adaptive algorithm to set the threshold value in each image
separately. We did it by analysing the histogram of the
normalized iris image. As the eyelashes are usually the darkest
parts of the image, histogram inspection led us to find the pixel
values of those. These pixel values were used as thresholds to
detect the occluded regions. The detected pixels were set to “0”
at first and then were restored from the non-occluded regions
in the neighbourhood of those pixels.



Removed eyelashes filled with
approximate values

Fig. 6 Eyelash removal

F. Histogram Equalization

Once the iris region is segmented, normalized and noise has
been removed, the relevant texture and intensity information
needs to be extracted to train a classifier. But before doing that
a histogram equalization was performed on the normalized
images. This is because the histogram analysis of the
normalized image revealed that the image intensities were
congested in a very small region making it harder for the
classifier to differentiate. In our study we found that the
histogram equalization improved the recognition and training
accuracy over 2%.
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Fig. 7 Before histogram equalization
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Fig. 8 After histogram equalization

LL2 Coefficients

G. Feature Extraction

A typical iris consists of lots of complex patterns such as
arching ligaments, furrows, ridges, crypts, rings, corona,
freckles and a zigzag collarette. These complex patterns are
very much complicated to extract. That is why we chose to train
with the image itself. So far we have a normalized image of size
64 x 512 pixels. If we want to train the classifier with this
amount of data, it will be too heavy and training will take a very
long period of time. So we need to scale it. But scaling may
result in loss of important information.

The solution to this problem lies in wavelet decomposition
as the wavelets have localized frequency data i.e. features
having same resolution can be matched up. As we know of now
that if a 2-d wavelet transformation is applied on an image, it
decomposes it into 4 segments: LL, LH, HL and HH. The LL
is called the approximation of the image. LH is the horizontal
detail, HL is the vertical detail and HH represents the diagonal
detail of the image. The most energy and information is
contained within the LL coefficients. So these are our desired
values. Figure 9 shows the wavelet decomposed iris image after
two stages. Finally, we were able to make the image ready for
training after successive 3 stages of wavelet decomposition.
The LL3 coefficients were taken which contained 8 x 64 = 512
features. For decomposition, Haar wavelets were used.

The extracted feature vector was 2D with dimension 8 x 64.
Before Training the classifier, it was converted to a 1D vector
of length 512 by placing the rows side by side (Fig- 10).

8 x 64

A

B 1x512

C

D| —* [A[B|C[D[E[F[G[H]
E

F

G

H

Fig. 10 1-d feature vector of size 512

H. Training Classifier

In the given database, we had eye images of 70 people. For
training the model we took 5 images for each person and rest of
the images were kept aside for testing the classifier. For training
we used 5-fold cross validation method so that each image in
the training set can be tested once against the others. We tried
several classifier and among them support vector machines, k-
nearest neighbour, linear discriminants etc. showed great
promise. The results are summarized in the next section.

Fig. 9 Wavelet decomposition after 2 stages

35



I Results

For training and testing several classifiers were used.
Starting from decision trees, discriminant analysis, support
vector machines, RUSBoosted trees, K-nearest-neighbours,
Subspace KNN etc. The following table summarizes the best
performed classifier accuracy:

TABLE I
CLASSIFIER ACCURACY
Classifier Train Accuracy (%) Test Accuracy (%)
SVM (Linear Kernel) 99.1 96.46
SVM (Quadratic) 99.7 97
KNN 99.4 95.1
LDA 99.4 94.28

It is evident from the above data that Support Vector
Machines give the best results. K-nearest-neighbours also
performs very well. Though its accuracy is slightly lower than
that of SVMs, it takes much less time to train and test. Similar
is the case for Linear Discriminant Classifier (LDA). The ROC
(Receiver Operating Characteristics) curve matrix attained
during training for the best model i.e. SVM with quadratic
kernel is given below:

(0.00,1.00)

08

0.6
AUC =1.00

0.4

True positive rate

0.2

m—ROC curve
0 Area under curve (AUC)
® Current classifier

0.4 06 0.8 1
False positive rate

Fig. 11 ROC curve for SVM model

It is evident from the result that our very first doubt about the
feasibility and applicability of machine learning techniques on
iris recognition from smartphone captured visible light images
is well answered through this work.

Now if we compare our approach and its results with the
other approaches that is already applied on the same dataset, we
see that our approach indeed shows a great promise.

TABLE II
DIFFERENT APPROACHES’ RESULT ON SAME DATASET

Classifier Accuracy (%)
VeriEye[11] 94.57[2]
MIRLIN[12] 95.63[2]
OSIRIS[13] 95.25[2]
IriCore[14] 99.67[2]

Proposed Method 97

J. Sources of Errors

The Major Source of errors in our findings is failure in
segmentation of eye images. Despite our efforts, there were

g

Fig. 12 Failure in correct segmentation

one or two such images whose segmentation could not be done
properly. And these are the images who were falsely labelled.
Another source of errors are eye images with extremely dark
pigments. As a result, it becomes very difficult to extract
distinct information from them. Some other noise sources
might be blurred images or images with excessive
eyelid/eyelash occlusion.

V. CONCLUSION

In this paper a machine learning based approach on iris
recognition from smartphone captured images is proposed.
With the results above, this paper successfully showed that in
case of smartphone captured visible spectrum iris images, the
machine learning techniques are equally as good as the other
ones, in some cases even better. Still accuracy can be further
improved. And in our findings, accuracy largely depends on
accurate segmentation. So some robust approaches may be
taken to improve the segmentation result. In our approach we
tried to stick to some basic segmentation approaches. This was
done keeping in mind their easy implementation. As
smartphones of todays’ are equipped with very good camera,
the whole recognition system shows great promise to be
implemented on these smartphones for recognition, security
and identification purpose. Already Samsung® [19] has
developed a built in iris scanner which works for the user who
is using it. Our next task would be to develop a cloud based
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server where iris data can be easily sent through the smartphone.

The classifier will run on the server and the sent data would be
matched and verified. Thus by just using the smartphones, it
will be possible to develop a full security system.
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Abstract—Quantum key distribution is a very promising
technology that can complement the classical cryptographic
protocols. However, since the exploitation of the laws of quantum
mechanics for any useful purpose is limited by the non-idealities
of modern-day devices, researches are required on how these
imperfections can be overcome. In this paper, we propose a QKD
system and talk about implementation tradeoffs in real world
design. We also propose a method for simulating this QKD system
including its non-ideal factors. The results obtained by the
simulation of the model try to justify a QKD system
implementation instead of classical cryptography. The results
also show that a real QKD system can be accurately simulated in
a classical computer before it is physically set up.

Index  terms—Quantum  cryptography, quantum  key
distribution, simulation, modeling, BB84, quantum
communication, quantum information

L INTRODUCTION

Quantum mechanics, although highly counter-intuitive in
nature, has proven to be the most successful theory to explain
and give predictions about the nature. Its wildest of predictions
has had many useful applications in modern civilization. One
of the most recent of these is Quantum Key Distribution
(QKD). In theory, this works just fine, but the non-idealities
that occur in practical implementation severely limit its
performances. In this paper we tried to model the non-idealities
that arise from different devices and the environment and study
how the performance of a QKD system varies with these non-
idealities.

There are several approaches to Quantum Key Distribution
depending on what type of property is exploited. They can be
divided in two categories: prepare and measure protocols, and
entanglement based protocols. In 1983, Stephen Wiesner
presented the idea how information can be stored or transmitted
by encoding in two “conjugate observables” [1], for example,
linear and circular polarization states of light. Based on his idea
Charles H. Bennett and Gilles Brassard proposed a secure
cryptographic protocol which is known as BB84 [2]. Several
other protocols have been suggested later, such as B92 [3], E91
[4], MSZ96 [5], SARG04 [6], KMB09 [7] etc. Numerous
modifications of these protocols have been developed
throughout the course of time, including a particularly
significant one named the decoy state protocol [8]. Various
experiments have been carried out in many parts of the world
to implement QKD systems, and there are several companies
that commercially manufacture QKD systems. However, the
speed of communication in realized QKD systems has been a
limitation. Therefore, efforts are being made to increase the
speed so that it can replace classical systems around the world.

978-1-5386-3374-8/17/831.00 ©2017 IEEE

Several QKD protocols can be shown to be unconditionally
secure in principle. This security is what makes QKD systems
a significant and attractive alternative to classical cryptographic
systems. However, practical QKD systems suffer from various
non-ideal factors which create security vulnerabilities in the
systems. Hence much research is being conducted in studying
the effects of these non-idealities on QKD systems, and
developing possible countermeasures. A utility for simulating
QKD systems incorporating these non-ideal conditions can
greatly help in these studies, and developing such a simulation
utility is our objective.

The remainder of the paper is organized as follows: In
section II we talk about the basic principle of the QKD protocol
BB84. In section III we give an illustration of the results and
error rates that can be theoretically obtained under ideal
conditions. In section IV we propose the QKD system based on
the BB84 protocol that can be implemented in practice. We also
discuss about various devices and components in the QKD
system and the sources of non-idealitiecs. We provide
mathematical modeling for these non-idealities, and in section
V, we define some system parameters necessary for
characterization of the system performance. Based on the
mathematical models we show the simulation results in section
VI. Finally, in section VII we give conclusions and provide
future research efforts.

II.  BASIC PRINCIPLE

The BB84 protocol requires two parties- Alice, the sender,
and Bob, the receiver. Alice prepares two random bit-streams —
the message bit-stream a and the basis bit-stream b. She
prepares qubits in two bases according to a and b. We assume
that she prepares the qubits by “encoding” single photons with
four polarization states — horizontal |H), vertical |V), diagonal
|+) and antidiagonal |—). She then sends the prepared qubits to
Bob through a quantum channel.

TABLE L. POLARIZATION STATES AND BASES
Polarization Basis Dirac Notation Encoded
State Representation Bit
Horizontal Rectilinear 10)=1-]H)+0-|V) 0
Vertical Rectilinear 1) =0-]H)+1-|V) 1
Diagonal Diagonal 1 1 0
Fy=—- [Hy+—-|V
[+) Nel |H) N V)

Anti- Diagonal 1 1 1
diagonal =)= N IH) = NA V)

Bob prepares a random basis bit-stream b’ and measures the
states of the qubits according to b’. Using the outcome of the
measurements, he obtains a raw message bit-stream a’. If the



bit-streams are long, about 75% of the bits of a and a’ will
match, and about 50% of the bits of b and b’ will match. Alice
and Bob then publicly compare b and b’ and discard those bits
of a and a’ corresponding to the bits of b and b’ that do not
match. This process is called “sifting”, and the message bit-
streams thus obtained after sifting are the “sifted keys” ag and
alg. Ideally, without any noise and any eavesdropper, g =
agg- Thus, there will be no error in the sifted keys formed.

Now suppose an eavesdropper, Eve, is present, who tries to
intercept the qubits sent by Alice. Eve measures the states of
the intercepted qubits. However, this destroys the states of those
qubits, and by the “no-cloning theorem” [9], she will not be able
to reproduce those states. She then prepares qubits according to
the outcomes of her measurements, and sends them to Bob to
avoid suspicion. This hacking strategy is called intercept-and-
resend attack. If this attack is made, then the error in Bob’s a’
will be more than 25%, and thus Bob will be able to detect the
presence of Eve.

Quantum Channel Bob

Fig. 1. Schematic diagram of a generic quantum key distribution system

It can be shown that the BB84 protocol is theoretically
unconditionally secure under ideal conditions [10].
III. SIMULATION UNDER IDEAL CONDITIONS

We have carried out a simulation of the BB84 protocol
under ideal conditions. The simulation was done using
MATLAB. We have included the presence of Eve who
performs an intercept-and-resend attack in the system. The

Alice's Module

Classical Pu\seSourcel—' Orplical Allenualor |—| Deterministic Polarization Controller I

Quantum Channel

eavesdropping rate of Eve (the ratio of the number of qubits
intercepted by Eve to the total number of qubits transmitted by
Alice) is varied and its effects are observed on the error rate and
the message match rate of Bob’s received message with the
transmitted message of Alice before and after sifting. The
results are shown in Fig 2.
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Fig. 2. Sample error rate, message match rates before and after sifting vs.
eavesdropping rate by Eve

The results match with those predicted theoretically.
The sample error rate (error rate in a sample of bits chosen
randomly from the sifted key by Alice and Bob) increases with
the increase in eavesdropping rate, because increased
eavesdropping causes increased disturbance in the states of the
qubits, and thus results in an increased error rate. This also
causes the message match rates before and after sifting to
decrease.

IV. IMPLEMENTATION OF THE PROPOSED QUANTUM KEY
DISTRIBUTION SYSTEM AND NON-IDEALITY SIMULATION

The QKD system consists of three parts - Alice’s module
(transmitter), quantum channel and Bob’s module (receiver).

Bob's Module

@ I Beam Splitter |—| Polarizing Bearn Splitter |—D

Single Photon

|—D Detectors
Half Wave Plate |—| Polarizing Beamn Splitter |—D

Fig. 3. Schematic diagram of the modelled quantum key distribution system employing the BB84 protocol

A. Alice’s Module

Alice’s module consists of a classical pulse source, an
optical attenuator and a deterministic polarization controller.
The classical pulse source produces strong optical pulses of
light plane polarized in a particular direction at a certain rate.
The optical attenuator strongly attenuates these pulses to “weak
coherent pulses” having a very low mean photon number (less
than 1). The weak coherent pulses act as “single photons”. The
deterministic polarization controller sets the polarization states
of these pulses according to Alice’s message and basis bits.

1) Classical Pulse Source: The classical pulse source
consists of a laser diode and a polarizer. The laser diode
produces unpolarized light pulses of wavelength 1550 nm.

Each pulse has millions or billions of photons and behaves as
a “classical” pulse. The polarizer plane-polarizes these pulses
at a certain orientation angle.

Unpolarized light Folarized light
——

P D

Fig. 4. Schematic diagram of the classical pulse source

Polarizer
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Commercially available optical fibers and most other optical
devices used in optical fiber communication have been
optimized for the wavelength 1550 nm, and so this wavelength
has been chosen [11].

2) Optical Attenuator: The optical attenuator block
consists of a fixed optical attenuator (FOA) and an electronic
variable optical attenuator (EVOA).

Control Signal

Strong Optical Pulse
(Ensemble of Photons)

Weak Coherent Pulse
FOA EVOA R

Fig. 5. Schematic diagram of the optical attenuator

The photon numbers in the weak coherent pulses produced
obey Poisson statistics [11], [12]. If the mean photon number
of the weak coherent pulses is p, then the probability that a
weak coherent pulse will contain n photons is given by

P =22 M

If a pulse contains more than 1 ph(.)ton, it can cause security
vulnerabilities. They can be mitigated by several ways, such as
the use of decoy states [8].

3) Deterministic Polarization Controller:

Control Signal
(Corresponding to message bits and basis bits)

Weak Coherent Pulse Encoded Photons

DPC

Fig. 6. Schematic diagram of the deterministic polarization controller

The deterministic polarization controller (DPC) can change
the polarization state of light passing through it in a known and
controlled manner. It is used to “encode” photons by setting
their polarization states according to the bit streams a and b of
Alice.

B. Quantum Channel

The photons emitted from the source travel through a
“quantum channel”. A single mode optical fiber can be used as
this “quantum channel”. We have used photons of wavelength
1550nm since at this value the attenuation through the fiber is
very low, about 0.2dB/km. A real optical fiber can introduce
several non-idealities, such as polarization change,
depolarization, polarization mode dispersion etc. We have
included the polarization change of photons transmitted
through the channel in the simulation.

C. Bob’s Module
Bob’s module consists of a beam splitter, a half wave plate,
two polarizing beam splitters and four single photon detectors.

1) Beam splitter: The beam splitter (BS) splits light
incident on it into two parts by transmitting a certain portion
of the light and reflecting the remaining light in another

direction. In this work, we have used a 50:50 beam splitter that
transmits half of the incident light and reflects the other half.

Real beam splitters exhibit some non-ideal properties such
as attenuation, ghosting, polarization dependent losses etc.
Consider a BS with a splitratior = T: R. Let the amplitudes of
the incident light, the transmitted light and the reflected light be
Ey, Er and ER and their intensities be I, I and I respectively.
Suppose, their polarization orientation angles are 8, 8 and 65,
the horizontal components of their amplitudes are E, Ery, Ery
and their vertical components are Eyy, Er,, Eg, respectively.
Let the attenuation of the beam splitter be a (in decibels) and
the polarization dependent losses for horizontal and vertical
polarization states be PDL, and PDL, (in decibels)
respectively. Then

+PDL, =101 By xT+R
* o %80 EZ cos 6, T

E2, T+R

_1010g0<E§c03260X R ) 2
E%, T+R
a+PDL, =101 o0g, (Eg sinZ 0, X T )

Ef, T+R
=101o0g, <E§ SinZ 6, X— ) 3)
Iy « ETZ‘ = E72"x + E72"y ©))
Iz < Ef = Eg, + E§, (5)

For a single photon incident on a BS, whether it will be
transmitted or reflected is a purely random event - a feature of
quantum mechanics. For a real BS, if we incorporate
attenuation and polarization dependent losses, then the
probability that an incident photon will be transmitted is

Iy _Ef
PT)=—=—=
N
T a PDLy PDL
=TTR 1070 <10 0 cos’fy+ 10710 sin? 00> (6)
And the probability that it will be reflected is
PRy = = _ Ej
I, E?
R a PDLy PDLy
=TTR 1010 <10 0 cos? f, + 10710 sin? 90> @)

Thus, a photon passing through a real BS has a finite
probability of being “destroyed” (e.g. scattered or absorbed),
and that probability is

P(destroy) =1 — P(T) — P(R) (8)

The beam splitter performs a “passive basis selection” for

Bob by randomly transmitting or reflecting an incident photon.

A transmitted photon will be measured in the horizontal-

vertical basis, whereas a reflected photon will be measured in
the diagonal-antidiagonal basis.

2) Half wave plate: The half wave plate rotates the plane
of polarization of a plane polarized incident beam of light by a
specified amount. In our work, the half wave plate is aligned
so that it rotates the plane of polarization of the incident light
by 45° clockwise.

3) Polarizing Beam Splitter: The polarizing beam splitter
(PBS) splits the incident beam of light into two beams of light
with different polarization states. Real polarizing beam
splitters display several non-idealities, such as attenuation,
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polarization dependent losses etc. Using the quantities
mentioned in case of the normal beam splitter, we have

E2
a+ PDL, = 101 og, (%90) C)
a+PDL, =101 og0< Sin? 90> (10)
E%, ERy
r, (dB) = 101 og, =101 og, 2 (11)
ETy

Here, 7, is the extinction ratio of the PBS. Equations (4), (5)
also apply here.

Similar to a normal BS, if a single photon is incident on a
PBS, whether it will be transmitted or reflected is a random
event. The probability that an incident photon will be
transmitted is

a+PDL 7
P(T) = I—T =107 10 (1 + 10%) cofl, (12)
0
And the probability that it will be reflected is

lZ+PDLy
PR)=L2=10"T10 (1 +10° 10) sin?,  (13)
0

The probability that an incident photon will be annihilated is
thus similar to (12).

4) Single photon detector: The single photon detector
(SPD) can detect and count single photons and weak coherent
pulses incident on it. One of the most feasible single photon
detectors suitable for quantum communication using photons
at the telecommunication wavelength 1550 nm is the InGaAs
avalanche photodiode, which has been modeled in our work.
Real single photon detectors have several limitations,
including dark counts, time jitter, afterpulsing, limited
quantum efficiency, lack of ability of photon number
resolution etc.

The two PBS’s, the half-wave plate and the 4 SPDs
“measure” the received photons. In Fig. 3, the upper PBS and
the two associated SPDs measure the photons transmitted by
the BS in the rectilinear basis. The half-wave plate, the lower
PBS and the two associated SPDs measure the photons
reflected by the BS in the diagonal basis. The detections in the
SPDs determine the outcomes of the measurements.

V.  SYSTEM PARAMETERS AND PERFORMANCE MEASURES

Three system parameters — the mean photon number (MPN)
of the weak coherent pulses, the optical fiber length and the
dark count probability of the avalanche photodiodes — are
varied in the simulation to observe their effects on the system
performance. Several quantities can be used to characterize the
system performance, such as the quantum bit error rate (QBER)
of the sifted key, the signal gain, the sifted key generation rate
etc.

QBER of the sifted key
_ Number of correct bits in the sifted key (14)
Total number of bits in the sifted key
Signal gain
No. of Bob's sifted signal detections
(15)

- No. of Alice's classical signal pulses sent

The sifted key generation rate is the number of bits in the
sifted key generated per unit time. For example, if the sifted key

generation rate is 100 kbps, then 100 X 103 bits is obtained in
the sifted key in 1 second.

VI. SIMULATION RESULTS

The entire experimental setup was simulated several times
with a certain number of optical pulses generated (e.g. 10°) in
each run. The simulation was performed with MATLAB. The
mean photon number, the optical fiber length and the dark count
probability of the avalanche photodiodes were varied
separately, and their effects on the signal gain, quantum bit
error rate (QBER) and the sifted key generation rate were
observed. The results are shown in figures 7-12.
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From figures 7 and 8, it is seen that the signal gain increases
with the mean photon number, and the QBER decreases, which
is expected. Increasing the mean photon number increases the
number of non-empty weak coherent pulses and thus the
number of pulses received by Bob and so the number of sifted
signal detections increases. This increases the signal gain.

Figure 9 shows that the sifted key rate decreases with the
increase in optical fiber length. A longer optical fiber results in
greater attenuation of the transmitted pulses, and the number of
pulses detected by Bob decreases. This causes a reduction in
the sifted key rate. Increasing the optical fiber length also
increases the change of the polarization states of the photons,
which leads to more errors, and thus increases the QBER, as
shown in figure 10.

Figure 11 and 12 depict that the QBER and the signal gain
increase with the increase in dark count probability. If the dark
count probability of the avalanche photodiodes increases, the
number of erroneous dark count detections at Bob’s module
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increases, which in turn decreases the message match rate
between Alice and Bob before sifting and increases the QBER
of the sifted message. Since increased dark count detections
increase the number of sifted message bits, so the signal gain
also increases with the increase in dark count probability, albeit
with more errors in the sifted message. The highest acceptable
dark count probability for this experimental setup is about
1073, above which the QBER increases to unacceptable levels
(the maximum theoretical upper limit of QBER for secure key
generation is about 11% when privacy amplification and one-
way error correction are applied and about 20% when privacy
amplification and two-way error correction are used [13], [14],

[10D).

VII. CONCLUSION

The simulation results show the effects of some non-ideal
conditions on the performance of a real QKD system, and these
effects are realistic and expected. The non-ideal behavior of the
system as found in the simulation closely resemble the real-life
behavior of the system. Thus, the simulator can reliably
simulate a real QKD system and can be used to estimate the
performance of the system. The simulator can also be modified
to simulate other QKD systems with different QKD protocols.
Further research can be done to include more non-ideal factors
of the devices used in different QKD systems to make the
simulation more accurate.
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Abstract- Coupling Circuits (CCs) and Line Traps (LTs) are the
two most important elements of PLC-integrated power system
networks. CCs are used for selectively injecting PLC signals into
the network, whereas the LT is used to restrict the PLC signal
from entering into areas of the network where such signals may
damage equipment. In this paper, a Butterworth filter based CC
and a T-type LT circuit have been modelled, simulated and
evaluated. The objective was to design power systems complaint
coupling and line trap circuits to operate within the CENELEC
frequency band. The key finding is that sufficient performance
can be achieved in terms of the insertion loss profile of the CC
and LT when such circuits are designed using commercially
available off-the-shelf components. For the designed CC, the
insertion loss was measured as -3 dB in the 55 kHz to 100 kHz
range. For the LT circuit, the insertion loss was measured as
more than -53 dB. This ensures low attenuation of the PLC
signal by the CC, and high attenuation by the LT.

Index Terms—Powerline communication, Coupling, Line-trap,
CENELEC, Evaluation, Commercial.

1. INTRODUCTION

Application of Powerline Carrier (PLC) systems in power
system networks can be used in numerous smart grid
applications such as controlling home appliances, monitoring
of distributed generators, data communications, and fault
detection in power system networks [1]. A complete PLC
integrated power system network will be associated with lots
of peripherals including CCs, LT units, line tuner, and
impedance matching units. Amongst the above listed
peripherals, the CCs and LTs are the most important elements
in the design and operation of an efficient PLC integrated
power system network. These two elements are often said to
form the heart of a PLC system.

Most research in this area is focusing on the application of
PLC systems, rather than how PLC transmitters can be
efficiently coupled to networks with minimal signal losses.
For example, works in [2, 3] have outlined the suitability of
PLC techniques in smart metering applications. Milidius et al.

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

[4-6] has worked on the implementation of a three-phase
power line fault detection system using the PLC technique.
There are also works, which investigated the possibility of
establishing a data connection over the Single Wire Earth
Return (SWER) network using the PLC technique [7-12].
Beyond this, few researchers have also worked on modelling
and evaluation of LTs and coupling circuits [13-17].
However, there is not much research reported in the literature,
which has focused on the evaluation of the coupling
arrangement and LT unit on the same network and in the
same frequency range. Existing works [13, 17] focus on
individual analysis of these two vital components, rather than
a holistic analysis including both. This paper aims to address
this knowledge gap by considering both in the same network.

The CENELEC band of frequencies (9 kHz to 150 kHz)
has been allocated for the use of power utilities. In a PLC-
integrated power system, the CC and LT serves opposite
purposes. CC is expected to permit the transmission of signals
into the network in a given frequency range. The LT, on the
other hand, must block signals in this same frequency range to
prevent signals from entering into and interfering with the
parts of the network such as substations and generation units.

The highlight in this paper is a wide-band study where the
CC and the LT unit have both been analyzed for the same
frequency band and in the same network. Others [10, 11]
have individually analyzed these components, which is a
weakness and knowledge gap as these must work together in
harmony in real networks. Considering the aforesaid issues, in
this paper, a Butterworth bandpass filter based CC and a
wideband LT circuit have been modelled and evaluated.

The key objective, in this paper, is to discuss the modeling
of Butterworth CCs and LT units and evaluate these in terms
of insertion losses within the 45 kHz to 130 kHz frequency
band. In terms of insertion loss, it was found that the
Butterworth CC produces very low insertion loss (around -3
dB) in the designated frequency band, but the LT unit
produces very high insertion loss (more than -53 dB) in the
same band.
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The key feature of this work that separates it from other
published work [18, 19] is the fact that commercially
available capacitors have been used in modelling the designed
CC and LT rather than building models based on non-
commercially available values obtained from theoretical
calculations. The significance of this work lies in the fact
that the designed CC and LT will be appropriate for use
within real power networks because they produce
desirable results within the designated frequency band. The
designated frequency band (55 kHz to 100 kHz) forms a
portion of the CENELEC frequency band.

The organization of the paper is as follows: Section 2
summarizes the basic concept of the work with a schematic
arrangement and Section 3 presents the modelling and
simulation of the Butterworth filter. The modelling and
evaluation of the LT circuit has been presented in Section 4,
followed by discussion of results in Section 5 and conclusions
in Section 6.

IL. BASIC CONCEPT OF THE WORK

A schematic arrangement of the PLC-integrated power
system network is shown in Fig. 1, which includes the PLC
transmitters and receivers, coupling circuits, line traps, and
the electrical network. The PLC modem can generate signals
in the 1-500 kHz frequency range. The desired Butterworth
CC is expected to attenuate all signals outside the 45 kHz to
130 kHz range, and only allow PLC signals within the
designated frequency band to be transmitted onto the
electrical network. The function of the LT, connected to
either end of the network, is to block signals in the same
frequency range from penetrating into substations.
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Fig.1 A PLC-integrated power system

I1I. MODELLING OF THE BUTTERWORTH COUPLING
CIRCUIT

This section presents the modelling of the Butterworth
filter type CC. The function of CC is to block the 50/60 Hz
power frequency from entering into the PLC modem, but
allow the high frequency PLC signals into the power line.
Different types of filter circuits may serve this purpose such
as the high-pass filters, the notch filter, and the band-pass
filter.

As part of this research, the Butterworth type band-pass
filter has been selected and modelled. There are two types of
Butterworth filters, known as the m-type and T-type circuit
arrangements. The Butterworth filter consists of different

combination of LC pairs. Fig. 2 shows the m-type circuit
arrangement and Fig. 3 shows the T-type circuit arrangement.
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Fig.2 n-type Butterworth coupling circuit
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Fig 3 T-type Butterworth filter

The order of a filter, given by the number of cascaded
pairs, has to be selected according to design requirements and
the application area. The higher is the order of a filter, the
sharper the slope of the filter would be. This is useful in
applications such as military radio communication where a
strict frequency band may be required.

To demonstrate the frequency response of a Butterworth
filter, it is important to first calculate the value of the LC-
pairs. The standard equations [18] that are used for
calculating the filter LC-parameters are given in Eq. (1) to
Eq. (4). Eq. (1) and Eq. (2) are used for calculating the
inductance of the shunt and series connected inductors of the
i" order respectively. Eq. (3) and Eq. (4) give the
capacitances of the series and shunt connected capacitors of
the i order respectively.

L shunt = % (1)

Loies = 2L eZs (2)
g2z 1)

C series = ME—;VZG (3)

C shun L (4)

T ()82,

where, n is the number of LC pairs,
i designate the order of the filter,
f. gives the cut-off frequency,
BW is the pass band,
Z, is the transmitting side impedance
giis the immittance of the circuit



A 3 order Butterworth band pass filter, shown in Fig. 4,
has been designed and simulated first limiting the number of
LC pairs to two. The objective is to identify the performance
that can be achieved when such theoretically calculated ideal
values are used. The theoretical values, shown in Table 1,
were calculated using using Egs. (1) to (4) and adapted in the
circuit configuration below.
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Fig. 4. 3rd order Butterworth band pass filter

For analyzing the frequency response of the Butterworth
circuit, the cut-off frequency was chosen as 100 kHz because
it allows the Butterworth filter passband cover the CENELEC
band of frequencies. The strength of PLC signal will be
highest around 100 kHz and the insertion loss is expected to
be lowest at the cut-off frequency. Two different LC pair
combinations were used to evaluate this circuit. The first one
is a standard power line to modem (with a 50 Q/75 Q
impedance ratio) with the theoretical LC component values
given in Table 1. The second one is a similar circuit, where
the same impedance ratio has been used with practically
available LC off-the-shelf component values.

TABLE 1. LIST OF THE THEORETICAL VALUE OF THE COMPONENTS FOR
STANDARD 50 /75 Q IMPEDANCE COMBINATIONS

Parameters Values

Lseries 0.5 mH
Lshunt 0.5 mH
Cieries 8800 pF
Cshunt 8800 pF

Fig. 5 shows the insertion loss graph for the first circuit
with theoretical values. The insertion loss graph shows that if
theoretically calculated values are used, the circuit would give
an almost perfect response. For example, in this particular
case, the insertion loss is under -3 dB band in the 55 kHz to
160 kHz range. This implies that by setting circuit
components to the theoretically obtained values, a very good
CC may be obtained, with minimum attenuation of the PLC
signals.

But, the required capacitance and inductance values are

not practical and not commercially available.
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Fig. 5 Insertion Loss graph for (50/75) Q theoretical Butter worth
coupling circuit

Many researchers [18, 20] in the literature assume such
theoretically calculated practical values in their designs. This
work aims to target this shortcoming by demonstrating how
good responses could still be obtained by using commercially
available off-the-shelf components. Therefore, in the second
part of the simulation, the theoretically obtained component
values were changed to practically available values, ratings of
which are given in Table 2. As shown in Table 2, capacitance
has been chosen as 8800 pF, which is a very common value
capacitor that is commercially manufactured by ABB
electronics. Similarly, the value of the inductance has been
chosen as 0.5 mH, which is also commercially available.

TABLE 2. LIST OF THE PRACTICALLY AVAILABLE COMPONENTS FOR
STANDARD 50 Q/75 Q IMPEDANCE COMBINATIONS

Parameters Values
Lseries 159154.943 nH
Lshunt 79577.472 nH
Cseries 15915.494 pF
Cshunt 31830.989 pF
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Fig. 6 Insertion Loss graph for (50/75) Q practical Butter worth
coupling circuit
The insertion loss graph of the modified circuit is shown in
Fig. 6. As shown, for the lower part of the CENELEC band,
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this circuit produces a very high insertion loss more than -53
dB, but from 55 kHz to 100 kHz, the insertion loss is very
low (less than -3 dB) which is very promising for use in real-
time PLC applications over power networks. Even though the
designed circuit will not be adequate in the 9 kHz to 55 kHz
range, its insertion loss performance will be quite ample in
the 55 kHz to 100 kHz range. This result validates the
feasibility of using the practical Butterworth filter as a
coupling arrangement for real world PLC applications.

V. MODELLING OF WIDE BAND LINE TRAP CIRCUIT

Different types of LT circuits such as band-stop, the notch
filter, wide-band LC resonant and the T-type filter circuits
can be used as the LT circuit. However, amongst them, the T-
type LT circuit is the most widely used according to the
literature. Most LT circuits have been designed and modelled
to isolate signals over 1 MHz in high frequency data
communications applications. In the previous section, a
Butterworth filter based CC was designed to operate with
minimum attenuation in the 55 kHz to 100 kHz frequency
band. In this section, the objective is on designing a LT
circuit that would block frequencies in this range. Fig. 7 and
Fig. 8 show the circuit diagrams of the single stage and
double stage T-type LT circuits, appropriate for power system
networks.
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Fig. 7 Single stage T-type line trap circuit
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Fig. 8 Double stage line trap circuit

Egs. (5) to (6) are the fundamental equations [20] that can
be used to calculate any ratio such as the S-parameters, gain
and etc. associated with LT circuits.
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Where, J is an imaginary term,
Ry is the filter design impedance,
K is the normalized frequency defined by the trouble
frequency F and cut off frequency Fc as in Eq. (7)

Using the Egs. (5) to (6), frequency co-relation
between any types of LT circuits can be modelled. For
this work, a double-stage T-type LT circuit has been
modelled and evaluated with the same practical LC
components that were used in building the CC stages.
These include the 8800 pF capacitance and the 50 mH
inductance.
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Fig. 9 Double stage T- type line trap circuit in Microwave window view

Fig. 9 shows the Microwave Office design view of the LT
circuit that has been modeled using commercially available
capacitive and inductive components. The insertion loss of
the designed circuit is shown in Fig. 10.
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Fig. 10 Insertion loss graphs of the line trap circuit

The results demonstrate that the circuit permits the power
signal (50 Hz) with a low attenuation (< -3 dB) and for the
CENELEC band of frequencies, the circuit produces high



insertion losses. Specifically, for frequencies above 55 kHz,
this circuit provides a large attenuation more than -53 dB.
This design would therefore ensure that the LT will block
PLC signals in the 55 kHz to 100 kHz range from penetrating
into areas of the network where generating units may be
present.

V. DISCUSSION

A comparative discussion of the LT vs. CC is presented in
this Section. Fig. 11 plotted to show the comparative insertion
loss curves for both circuits. The pink curve is for the
Butterworth CC circuit, where the peak of the insertion curve
lies on the 55 kHz to 100 kHz range, and the insertion loss in
this range is less than -3 dB. The blue curve is for the LT
circuit, which exhibits very high insertion loss (larger than -
53 dB) in the same band. The results achieved confirm that
these two circuits can be used in power system PLC
applications where the frequency of the PLC signal must be
chosen between 55 kHz to 100 kHz.
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Fig. 11 Insertion loss graphs for the LT vs. practical Butterworth CC

VI CONCLUSION

In this paper, a Butterworth type CC and a T-type LT
circuit have been modelled, simulated and evaluated for use
in power system applications where the PLC signal frequency
is to be selected within the CENELEC frequency band. The
circuits were designed using commercially available off-the-
shelf components. The insertion loss of the CC was measured
as -3 dB in the 55 kHz to 100 kHz range, and the insertion
loss of the LT was measured as more than -53 dB. Therefore,
sufficient performance was achieved in terms of insertion loss
profile of the circuits. This shows that if the PLC signal
transmission frequency can be chosen within the 55 kHz to
100 kHz portion of the CENELEC frequency range, then the
designed circuits can be perfectly used in real-time
applications.
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Abstract— Early detection of dental caries is vital as it causes
several fatal diseases like cancer if it spreads into the root of the
teeth. Therefore, early detection, tracking, and testing the depth
of carious lesion may be lifesaving. In this paper, a carious
detection method has been presented, and the volume of caries
has been investigated. We have applied K-means clustering and
threshold method for segmentation and utilized Computed
Tomography (CT) images in order to construct the three-
dimensional view of the carious lesion which is an integral part of
the diagnosis of dental cavity. Result shows that the average Peak
Signal-to-Noise Ratio (PSNR) has been obtained 19.98 and 20 by
applying K-means clustering and threshold method respectively
along with satisfactory visual interpretation of the three-
dimensional structure of dental carries. This contribution can be
applied for several other medical detection purposes with a slight
adjustment.

Index Terms—Dental caries, K-means clustering method,
Threshold method, 3D construction.

I. INTRODUCTION

Dental caries is alternatively known as tooth decay or
dental cavities. Bacterial infections and deposition of acid on
the enamel surface erode the hard tissues on the upper layer of
teeth. This disease is so severe that even if in the developed
countries over 60 to 90 percent children fall victim to dental
caries due to bacterial infection where access to healthcare is
comparatively easier [5]. If carious lesion spreads into the root
of the teeth, it can cause cancer and several other fatal
diseases. Therefore, it is better to detect dental caries as well
as the depth of its spreading as early as possible. Different
methods are used for detection of dental caries such as
Electronics  Caries Monitor (ECM), Fiber Optic
Transillumination (FOTI), Digital Fiber-Optic
Transillumination (DIFOTI), and Quantitative Light-induced
Fluorescence (QLF) most of which are based on subjective
interpolation of visual examination and tactile sensation [2-4]
[7-8]. However, most of these methods have their limitations,
for example, the sensitivity of FOTI and DIFOTI based
methods are very low. Dentists often get confused to the
results these methods produce, and they have to perceive the
result with their expertise which puts patients at risk. As per
ECM method, a single tooth has to be extracted in order to
apply this method for the detection of dental caries which is
not feasible. Moreover, the infrastructure of ECM and QLF is
very expensive and hence, the cost of treatment rises [4]. QLF
offers better performance than FOTI and DIFOTT as it has a
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high level of specificity although the sensitivity is low for this
method as well. Radiography is also one of the most widely
used methods to diagnose the proximal and interproximal
carries though patients are exposed to radiation which is
harmful to their health [6]. The Diagnodent method offers
higher value for both sensitivity and specificity. Therefore,
this method yields more accurate result than any of these
methods. At present, computerized tomography is a well-
known method for anatomic imaging of oral cavity instead of
conventional imaging procedures prior to different treatments
those involves surgery. Dental CT image plays a vital role in
the detection of the carious lesion as we can extract various
parameters from the image including the area and the depth.

In this research work, we have applied two different
segmentation algorithms to determine the carious lesion
affected area of an adult head part from its CT image with a
view to extracting necessary information. Moreover, we have
reconstructed the three-dimensional view and pixel-wise
estimation of caries lesion to analyze its formation and
evaluate the depth. Affected area is the region of interest (ROI)
that situates inside the border of the CT image which has been
identified by observing change in several properties like
similarity criterion and discontinuity. The segmentation of CT
images has been conducted as per the intensity of ROI.

This paper has been organized in four sections. In Section
II, we have elaborated the methodology with a particular focus
on the working principle of the segmentation algorithms. In
section III, we have explained the simulation procedure step
by step, presented the graphical results, evaluated the
outcomes of the simulation works, and clarified the
contribution of this paper. Section IV contains the summary of
the study.

II. METHODOLOGY

The primary concentration of this research work is to
investigate for a more efficient technique to detect dental
caries from the CT images. In order to meet this objective,
segmentation is the most critical part. Two algorithms we
have applied for segmentation are K-means clustering and
threshold method. Clustering is a classification technique that
indicates the similarity among different regions to search the
distinct groups in the feature space. It arranges data in several
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partitions which can be represented in n-dimensional features
space. K-means clustering is a widely used method for
segmentation because of its simplicity and high convergence
rate, and it operates based on iteration technique [11]. This
algorithm can split new classes into several regions as per
similarity of the objects [9]. In fact, this algorithm compares
between the index of similarity and dissimilarity for pairs of

data components and divides the image into different channels.

The threshold method compares every pixel in an image with
a threshold value T and replaces it with a white pixel if the
original pixel intensity is less than or equal to the threshold
value. The threshold method has several variations such as
global threshold, mean threshold, and Otsu threshold. In this
paper, we have applied mean threshold method. The threshold
method uses the average grey level contained within the
different groups to calculate the threshold value, unlike the
Otsu which is based on the discrimination criteria defined by
between-class variance. In comparison with Otsu, mean
threshold method offers better segmentation, and it is easier to
implement [1]. An overview of the mean threshold method
has been presented in Fig. 1.

Read a layer image of 3D dental CT Data

2

Initial threshold value T is set as the average value using
the maximum and minimum gray scale values of image

v

Pixels are divided
Group A: Gray values <=T
Group B: Gray values > T

v

TA = average gray level in group A
TB = average gray level in group B

v

Set T =(TA + TB)/2
Use T to the segmentation

Fig. 1 Flow chart of the mean threshold method.

The feature extraction procedure separates the unnecessary
portions of the image while the feature selection decreases the
number of features to make classification easier. The feature
extraction is the most complex procedure among the
mentioned ones since the effectiveness of the classification
depends upon it [10]. The workflow of the K-means clustering
and the threshold method have been shown step by step
graphically in Fig. 2 and Fig. 3. Moreover, we have
reconstructed the three-dimensional orientation of the two-
dimensional CT images constructed after feature extraction.

| Read CT image |

v

| Preprocessing |

v

| K-means based segmentation |

v

Filter
1. Remove the small connected area.
2. Fill up the image hole.
3. Find desired connected area.

Extract region of interest |

Fig. 2 Segmentation and feature extraction from CT image (2D slice) of an
adult head part using K-means clustering method.
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| Read CT image |

v

| Preprocessing |

| Threshold based segmentation |

v

Filter
1. Remove the small connected area.
2. Fill up the image hole.
3. Find desired connected area.

Extract region of interest |

Fig. 3 Segmentation and feature extraction from CT image (2D slice) of an
adult head part using threshold method.

III. RESULT AND DISCUSSION

A. Pre-processing

Several pre-processing tasks are required to perform prior
to begin the segmentation procedure. The DICOM dental CT
images have been collected from OsiriX library [12]. The two-
dimensional medical CT images of dimension of 512*512 are
then converted and consequent simulations are performed in
MATLAB. The redundant and unwanted portion of the
images has been removed in the following step. In this regard,
we have cut out the redundant part of the images and put zero
in the vacant places.

1) Cutting the Redundant Part: We have cropped only the
region of interest from an image and discarded the rest of it as
we cannot extract any necessary information from those areas.
After cropping, the CT image with of dimension 512*512 has
been reduced to a 234*234 matrix that forms an image shown
in Fig. 4.

Fig. 4 Input image after removal of the redundant part.

2) Putting Zero for Vacant Space: We have placed a series
of zeros in the vacant spaces after removal of the redundant
parts as illustrated in Fig. 5.

12312425698
23456789157
83456723431
21343564781

00012425698 _|
00056789157
00000000000
00000000000

—»| Region of interest

Fig. 5 Unwanted pixel elimination.

Since the image becomes less complex after elimination of
the unwanted pixels as portrayed in Fig. 6, the detection
process of dental caries operates faster which makes the
system more efficient.

Cutting the redundant parts and putting zero for the vacant
spaces both are essential for pre-processing before
segmentation and they have to be performed sequentially. If
we remove the unwanted regions without putting zero values,
the three-dimensional representation of CT images will lose
their connectivity. Therefore, we have filled the vacant



regions with zeros instead of permanently removing them.
Moreover, the number of necessary pixels, the operation time,
and the segmentation complexity have also been reduced by
this way.

Fig. 6 CT image after putting zero to the redundant pixel.

B. Segmentation

We have applied two different algorithms for segmentation
and determined the optimum one by evaluating their
performances. Moreover, the working procedures of the
algorithms have been illustrated step by step in this section.

1) K-means Clustering Method

We have selected spatial coordinates and L*a*b
components of a pixel as the set of distinguishing features and
created a five-dimensional feature vector. The K-means
clustering method has been applied afterward in order to
generate K clusters and hence the image is subdivided into K
disjoint subsets. The segmentation algorithm assigns its pixel
to its nearest centroid so that the Euclidean distance between
them can be minimised into the five-dimensional features
space. This algorithm completes the segmentation as intended
for an arbitrary value of K. The number of segmentation
varies proportionally with the value of k as the intensity level
rises with the increase in K. The partition of a CT image into
three channels by this algorithm has been shown in Fig. 7.

indax

Fig. 7 CT image after segmentation using K-means clustering method.

The application of K-means clustering method has yielded
each image with three different indexes, i.e., index 1, index 2,
index 3 as shown in Fig. 8.

(a)
Fig. 8 Images of different index. (a) index=1 (b) index=2 (c) index=3.

(b)

Out of these three regions, one contains the region of
interest. Feature extraction process can be initiated by
choosing the right index, and a two-dimensional image can be
formed using the extracted parametric values.

2) Threshold Method

We have used histogram shape based method in order to
separate the carious lesion from other dental parts where the
ISODATA is responsible for computing the global image
threshold applying an iterative technique. As per the threshold
method, a threshold value T has been set at first, and its value
has been determined from the ISODATA. We have converted
the image into binary format applying the IM2BW technique.
The histogram has been segmented into several parts by
comparing with the threshold value. Moreover, the sample
mean of the grey value associated with both the foreground
and the background pixels has been calculated. The grey value
has been set 0 if it is beyond the preset threshold value and 1
otherwise. The threshold value has been updated after
conducting these steps, and the process has been continued
until the further change in threshold value. By this way, the
CT images have been segmented. Fig. 9 represents the
scenario of dental CT image after pre-processing and
segmentation using threshold method.

Fig. 9 Dental CT Image after segmentation using threshold method.

C. Extraction

We have extracted the region of interest from the segments
of CT images by applying feature extraction method with a
view to conducting further analysis. The chosen parameters
are the pixel intensity of each pixel and the number of
connected pixels which are selected for the quantitative
reflection of similarity and discontinuity.

Fig. 10 The extracted region of interest for K-means clustering method.

A separate matrix has been formed -containing the
parametric values, and an image has been generated that
incorporates all the connected components. In this manner, the
region of interest has been extracted as a two-dimensional
image that facilitates further analysis on the area, depth, and
several other properties. Fig. 10 and Fig. 11 shows the
extracted region of interest for K-means clustering method
and threshold method respectively. Here, a sharp segmented
region has been obtained for threshold method.
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Fig. 11 The extracted region of interest for threshold method.

D. 3D Construction of Cavity

After conducting pre-processing, segmentation, and
extraction process, we have constructed a three-dimensional
image of the dental cavity. The dimension consists of X, Y,
and Z-axis where the two-dimensional images generated by
extraction process have been placed along the XY plane, and
the Z-axis maintains the serial number of images. The serial
number or image sequence as per the three-dimensional
matrix is vital to retain the connectivity among the images.
We have used a 3D viewer software to observe the three-
dimensional images of the dental cavity presented in Fig. 12.

Fig. 12 Three-dimensional orientation of dental cavity.

We have evaluated the performance of the detection
method illustrated earlier and clarified the contribution of this
study. While conducting the simulation, we have measured the
value of several parameters in order to track the progress of
the dental cavity along with its detection. We have measured
the PSNR = 10logio(peak value/MSE) of the segmented
images for both the K-means clustering and the threshold
method corresponding to the original CT images. The
recorded PSNR values of the segmented images have been
presented in TABLE I. It can be observed that the two
segmentation methods negligibly differ from each other
regarding the PSNR value. Therefore, it is evident that the
same PSNR has been maintained throughout the simulation.
However, the threshold method is more convenient for
segmentation as a sharper segmented region has been obtained
for this method in comparison with the K-means clustering.

TABLE II NUMBER OF ESTEMATED PIXEL IN EACH SEGMENTED IMAGE
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No. of estimated pixel No. of estimated pixel

Main image in segmented volume in segmented volume

(K-means clustering) (Threshold algorithm)
IM-0001-0050.decm 140339 150167
IM-0001-0050.dcm 116847 120764
IM-0001-0050.decm 101862 102582
IM-0001-0050.decm 79163 790821
IM-0001-0050.dcm 58852 58359
IM-0001-0050.dcm 33426 38669

TABLEI PSNR OF THE SEGMENTED IMAGES
Main Image PSNR . PSNR
(K-means clustering) (Threshold method)
IM-0001-0050.dcm 20.01 20.04
IM-0001-0051.dcm 20.05 20.07
IM-0001-0052.dcm 19.92 19.92
IM-0001-0053.dcm 20.01 20.00
IM-0001-0054.dcm 19.91 19.91
IM-0001-0055.dcm 20.02 20.06

We have measured the number of pixels in each segment of
the images during the simulation process as the number of
affected pixels can be determined by comparing with the
number of pixels of the original CT image. By this way, we
have identified the areas affected by dental caries. Moreover,
using the pixel information we have determined the volume of
the carious lesion. TABLE II represents the number of actual
pixels in each segmented volume.

IV.CONCLUSION

The key concentration of this paper is to identify dental
caries as well as examining the depth of the carious lesion. In
this regard, we have prepared the medical CT images for
simulation through some pre-processing works. The
segmentation of the images has been performed using K-
means clustering method and threshold method separately in
order to compare the performances of these two algorithms.
The necessary features have been extracted from the
segmented images to form a two-dimensional matrix at first
and later a three-dimensional matrix in order to construct a
three-dimensional orientation of the dental cavity. During
conducting the simulation, we have recorded the values of
PSNR and calculated the number of effective pixels with a
view to detecting dental caries and estimating its volume. The
effectiveness of this study has been justified by both graphical
and numerical measures.
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Abstract— In this modern age of digitization, Bangladesh
Election Commission (EC) still uses manual system during
election for vote casting. Recently, it is considering to introduce
Electronic Voting Machine (EVM) in parliamentary elections
though EVM is not entirely automated and has many limitations.
In this work, we have designed an automated biometric voting
system with a convenient user interface and integrated database
system containing all voters’ information. Casted votes will be
counted automatically at the end of the voting process and result
will be generated centrally with less time. Therefore, the proposed
system will improve the voting management of Bangladesh
by ceasing fraudulent activities, corruptions, ensuring security,
transparency, fairness, accuracy and keeping backup trails of
voting process.

Index Terms—Automated result calculation, Biometric authen-
tication, Central integrated database, Electronic Voting Machine
(EVM).

I. INTRODUCTION

Bangladesh is a democratic country where election of the
government is a part and parcel of this democracy. Being
a citizen of Bangladesh voting is the fundamental right. It
expresses the choice of the people and that is why voting
process needs to be fair, transparent and legal. Under many
circumstances the voting system has become a debatable issue.
At current time manual voting process using ballot papers
is followed in the electoral system of Bangladesh. In the
manual ballot system, people need to cast their votes on the
paper provided by the Election Commission, no bio-metric
identification of the voter is required. As a result transparency
of the voting process is always in question [1]. Also the votes
are preserved and counted manually which is a long time
consuming process.

Bangladesh EC is looking forward to make the voting
process digitized for which they are considering about using
EVM [2]. At Chittagong and Narayanganj city corporation
election EVM was used in the voting process [3]. It has
mainly two units: Control Unit and Ballot Unit. The Control
Unit is the main unit which stores all data and controls the
functioning of EVM. In the EVM, people need to cast vote
by pressing a button against the candidate in the Ballot Unit.
EVM then automatically update the number of votes against
the candidate in the Control Unit which is supervised by a
presiding officer [4]. But the problem is that the system is
vulnerable to corruption and security issues. No integrated
database and biometric authentication are integrated to this
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method, hence EVM is considered to be unsuitable for general
election [5].

Both the ballot paper voting system and EVM system
failed to achieve proper security and authenticity as false
vote casting is very easy in these systems by threatening
people. Sometimes by creating terror, antisocial intruders force
genuine voters to cast illegal votes. Considering these prob-
lems and to overcome the consequences, we have proposed
an automated biometric voting model keeping in mind the
electoral rules and regulations of this country. Biometrics are
distinct and measurable characteristics of human beings used
to identify each individual separately [6]. At present different
biometric identification methods like fingerprint identification,
hand geometry, palm vein authentication, retina scan, iris scan,
digital signature, voice analysis etc are commonly in use [7].
For our model we have used the most commonly used and
verified fingerprint identification biometric method.

In this paper, we have focused on designing an biometric
electronic voting machine (BEVM) along with fingerprint
authentication and centralized database. Based on total number
of voters, several BEVM will be installed in each polling
station for different elections in Bangladesh which will help
to deploy the fingerprint matching task accurately within less
time. Furthermore, the system is applicable to use anywhere
in the world with some adjustment according to their election
process.

We organize the rest of the paper as follows. Background
study of related work is discussed in Section II. In Section III,
we present the system model and architecture. System imple-
mentation steps are stated in Section IV. Section V states the
result analysis while Section VI focuses on the limitations and
future plans. Finally Section VII concludes the paper.

II. RELATED WORKS

Recently biometric EVM has gained the attention of many
researchers. In this section, the related works on electronic
voting system with biometric authentication are discussed
briefly.

In a study [8], a model of electronic voting machine was
discussed where user verification was done using Near Field
Communication (NFC) ID card and biometric technologies. In
this process, multiple vote casting was restricted by marking
this NFC card after the user had casted his vote once. Use of
different biometric identification in e-voting and their security
aspects were analyzed in another study conducted by Hof [9].
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He discussed some of the weaknesses of biometric systems
such as spoofing, false accept and reject rate etc and therefore,
suggested to implement biometric in e-voting with precautions.
In a study [10], an abstract model of voting system with
fingerprint authentication and details matching process in
fingerprint minutiae were introduced.

A study conducted by Sarkar et al. [4] provided a brief
overview on existing e-voting systems and their framework
and protocols. They discussed the recent developments of
EVM in context of Bangladesh and suggested some strategies
to improve the security, accuracy of the existing design. In
another study, Sarker et al. [11] proposed a conceptual design
of electronic voting machine with fingerprint authentication
that helped to eradicate defrauding of the manual voting
systems and prior versions of electronic voting. They used
four layer network system with three application server and a
client to send data from client to database.

In [12], Chakraborty et al. introduced a biometric voting
system (BVS) with fingerprint recognition in context of India.
In their designed model, voter’s information was stored in
Adhar card- government ID card database and the data was
accessed from this card during voting process. Adhar card
contains biometric information such as fingerprint and iris
of every citizens of India. Some other studies [13]-[15] also
introduced Adhar card such as in study [13], [15], a conceptual
design to link up the biometric data of Adhar card with e-
voting machine was proposed. Stephen et al. [14] designed an
IOT based e-voting system with Adhar card database model.

A study conducted by Khasawneh et al. [16] proposed an
idea of multifaceted online e-voting system with combined
biometric authentication like fingerprint, facial recognition,
iris scanning etc. In this model, electronic ballot paper with
multiple scope was introduced and computer simulations were
run to test the robustness and accuracy.

Reddy mentioned several existing problems in EVM of
India in this case study [17] and those problems are- unautho-
rized vote casting, rigging, netwrork threats and poor software
support. He proposed to use biometric authentication with this
EVM. Yinyeh [18] provided an overview of electronic voting
system in Ghana using biometric authentication which was
implemented at each polling station over a LAN (local area
network).

In another study [19], the authors proposed a voting system
where voter could give vote in two ways - online and offline. In
online voting system, voters could give vote through internet
with only a password verification, therefore hackers may apply
brute-force attack and get succeed. In offline method, voters
could give vote by using a voting matching appearing in the
booth where iris recognition technology and finger print sensor
were used. A study conducted by Baig [20] discussed an e-
voting system where user can give vote using smart phone
application with QR code verification and this application uses
the user information stored in Adhar card.

In sum, each of the research work introduces different ways
for the authentication of electronic voting system. Though
some studies show the implementation of BEVM, each of

them has pros and cons in their own use of context. Such
as NFC or Adhar card needs to use in some proposed system
which introduces the issues of losing or stealing IDs. Some of
the designed model did not ensure convenient user interface
and integrated database, biometric authentication etc like EVM
that was tested in some countries- Bangladesh, India [21].
Therefore, our contribution in this paper is to introduce a
conceptual design and development of BEVM which is unique,
secured and convenient to solve the raised problems.

III. OUR PROPOSED SYSTEM
A. Proposed System Model

The proposed system is a biometric e-voting system which
has two main sections- 1) voter registration & 2) voting
control and result calculation. Each user needs to register
first as a voter through the system with biometric (fingerprint)
verification. The information of the voter will be saved in a
central database. Then during the election, digital ballot paper
will be used instead of paper ballot paper and it will contain
the list of candidates and their respective logos. A registered
voter can cast only one vote by verifying his finger print.
The registration and voting process of the proposed system
is explained below:

1) Registration Process: As shown in Figure 1, at the
beginning of the registration process system will store detailed
information of voters along with their NID numbers. Then
the fingerprints of the voters will be collected under com-
plete supervision of the registration officers using their NID
numbers. If the fingerprints are valid, the system will generate
templates for respective fingerprints which will be stored in the
database alongside the voters’ other information. To check the
authentication of a voter during registration process following
cases will be considered:

(D Case A: If the NID number provided by the user
isn’t valid then the system will show ‘Invalid ID’ and
terminate the process. If fingerprint has already been
taken for that NID number then system will show ‘Voter
already registered’. At the same time the buzzer will
beep and an SMS will be send to the authority in charge
to notify them about false registration attempt.

Case B: If the given NID number is valid but match is
found for the given fingerprint then system will display a
message that ‘Fingerprint Already Exists’ and generate
the ID number with which the fingerprint match was
found. Then after beeping buzzer and sending SMS to
the authority in charge the process will terminate.

Case C: If no match is found then system will save the
template for that specific NID in the database and will
display a message saying ‘Registration Complete’.

2) Voting Process: As shown in Figure 2, the system will
ask for the voter’s fingerprint until properly scanned. Then it
will try to find a match with templates existing in the database.
During voting process following cases will be considered:

(I) Case A: If the match is not found then system will

display a message saying ‘Voter Not Registered’ and
send SMS to the control.

ey

(I1T)
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Fig. 1: The Work Flow Diagram of Registration Process

(II) Case B: If the match is found then system will check
if vote has been already given or not against that
fingerprint.

a) If vote is already given against that fingerprint then
system will display a message ‘Your vote is already
given’ and notify authority with SMS.

b) If vote is not given against that fingerprint then system
will ask to vote displaying a message ‘Choose your
candidate’. The voter will be able to see the candidate
list on the display. Then the system will initialize time
with 0 second and will wait for a certain time for the
the voter to give his vote.

c) If the button is pressed then system will add the vote
against the candidate, display a message that ‘Vote
is granted’ and an SMS will be sent to the voter to
avoid any kind of miscommunication.

d) If the button is not pressed then system will wait for
30 second for the button to be pressed. If time exceeds
30 second, the process will terminate.

The voting process will be held in each polling station by
comparing a fingerprint with the voters of that specific station
for faster operation. At the end of the election, the result of
each polling station will be calculated automatically and will
be integrated to the central database for overall result.
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Fig. 2: The Work Flow Diagram of Voting Process

B. System Architecture

The overall conceptual architecture of the system has been
highlighted in Figure 3. A fingerprint sensor will be used for
the biometric identification process of the proposed system.
LCD display will be used to show candidate list, their logos
and which button to press to vote for a specific candidate.
There will be another small LCD display to show the users
various instructions like which button to press for selecting
which option during the registration and voting process. A
keypad will be used which will take user input for various
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PERSONAL
COMPUTER

—-| LCD DISPLAY

ARDUING = ]

SERIAL INTERFACE MEGA

TFT LCD TOUCH

SCREEN
MODULE
PRINT
MOBILE MODULE

Fig. 3: Conceptual Architecture of the System



options. A GSM Modem will be used to send SMS to the
central authority for any kind of complication during the voting
process and also to the voters after they have successfully cast
votes. Buzzers will be used to generate different types of alert
sounds at different situations.

IV. SYSTEM IMPLEMENTATION

Different hardware which have been interfaced together for
implementing a prototype of the system as shown in Figure 4
are given bellow:

1) Arduino Mega R3 2560

2) Finger Print Module FPM 10A
3) GSM modem

4) 16x2 LCD Display

5) Ethernet Shield

6) TFT LCD Touch Screen Module
7) 4*4 flexible keypad

8) Adapter 12v 2amp

9) Buzzer
10) Jumper wire
11) TP link Router

4

Fig. 4: Implemented System Prototype

According to the system architecture, a model of the system
is developed by integrating Arduino Mega with 16x2 LCD,
4x4 keypad, finger print module, Ethernet Shield, TFT LCD
Touch Screen, GSM, Buzzer etc. A database is designed on
MYSQL server which is used to store the fingeprint templates
generated through the fingerprint module, voter’s detailed
information, list of candidates for specific election and other
necessary information. A wired connection using ethernet
shield and router is established for the database connection
with Arduino. A user interface is designed using HTML, CSS,
PHP, JavaScript and JQuery to access the data stored in the
database and also to provide an integrated platform to the
election controllers for the central control. The implemented
features are:

A. Procedural Instructions and Option Selection

During the whole process, the LCD display shows the user
all kind of necessary instructions and displays different kinds
of messages to make the system easier to understand and use.

For different types of operations like giving user id, voting
for a candidate, the user has to press different buttons in the
keypad.

B. Registration

Only users, whose information are already stored in
database, are eligible for the registration process. For checking
process user has to input his id at first. If eligible, user will
be asked for the same fingerprint twice for better accuracy. If
the same fingerprint already exists in the system, the system
will notify about that and user won’t be registered. Otherwise
the user will be registered successfully.

C. Voting

In the voting process, the user will have to give his finger-
print first. If the fingerprint exists in the database and the id
holding that fingerprint has not voted yet, then the user will
be granted the permission to vote any candidate.

D. Candidate List

The candidate list along with their serial number for the
voting process is displayed on the TFT monitor which tells
the user which button to press to vote for a specific candidate.

E. Generating SMS and Buzzer Alarm

When a voter has voted successfully, the system will gen-
erate a message to the voter’s number to notify him. For any
kind of disturbance sms will be sent to authority. In case of
any kind of false attempt like - trying to register with invalid id
or same id, trying to register twice with same fingerprint, non-
voter trying to vote or voter trying to vote twice, the system
will generate an alarm using the buzzer.

FE. Voter Profile

Voter’s all information can be viewed by the control officer
from the central website. So, during the registration process
registration officer can easily see voter’s detailed information
and his picture to verify if he is actually the person he
is claiming to be and only then take his fingerprint for
registration.

G. Stored Voting Information

During the voting process the exact date and time of giving
vote along with the name of candidate who has been voted
will be stored in the database. But for security purpose, the
name of the candidate will be stored in an encrypted format.

V. RESULT AND DISCUSSION

The implemented prototype of the system was tested for
various constraints and loopholes but the result was quite
satisfying. There is no way a user can register or vote falsely.
All information regarding the voting process (voter, voting
date, time) is stored in the database but the user name is
encrypted using algorithm. Message from GSM and data from
server are sent in an encrypted form using SHA-1 algorithm
which is then decrypted in the receiver end to protect data
from eavesdropping, spoofing or any kind of network breach.
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In order to test accuracy of the system fingerprints of around
65 people were collected. Later on, while conducting voting
process, among 70 people (5 not registered) fingerprints of
63 people were recognized correctly by the system. So, the
value of True Positive (TP) and False Negative (FN) was
calculated to be 63 and 2 respectively with a sensitivity of
97%. The system was found to be quite user friendly and
easy-to-understand so that general people (both literate and
illiterate) can easily get used to it.

VI. LIMITATION AND FUTURE IMPLEMENTATION

Few limitations of the prototype are given below which we
plan to work on in future to make the system foolproof to a
great extent.

A. Huge Volume of Fingerprints

The matching of fingerprints may take some more time than
expectation when the matching has to be done with a huge
volume of fingerprints existing in the database.

B. Better Interface

At present the voters have to press buttons in the keypad
to vote for specific candidate which might be difficult for
people with less educational knowledge. We plan to solve
this problem by using different fingerprint sensors for each
candidate, the voter will only need to put his finger in the
fingerprint sensor appointed for the specific candidate he is
willing to vote for.

C. Multi-biometric System

Result of fingerprint matching may not always be correct
so depending only on fingerprints will increase the risk of
error. Again, people with no hands won’t be able to cast votes
following this procedure. So in future we plan to extend our
biometric identification system to a multi-biometric system by
integrating facial recognition, retinal scan and iris scan system
to our model.

VII. CONCLUSION

Being a democratic country, Bangladesh needs a fair and
transparent election. Use of a biometric EVM is one of the
most secured ways of coducting a fair election. Using biomet-
ric identification process, no one will be able to cast someone
elses vote or vote multiple times. BEVM helps to overcome
the drawbacks of the current EVM system recollecting the
voting information (audit trails) which will provide evidence
of the EVM’s integrity and accuracy. Therefore we can say
that implementation of BEVM can provide transparent, fair,
secure and accurate election process which is the main desire
of every democratic country like Bangladesh and thus hold
democracy upright in our country.
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Abstract- A microcontroller unit (MCU) is the critical part of
an embedded system. The knowledge of MCU is essential for
every field of science and technology which in turn directs that a
strong curriculum based on MCUs at various levels of education
is necessary for universities, colleges, and schools. For learning
Atmel MCU programming, various trainer board models are
available in the local market. But these currently available
trainer board components are assembled on a large single
printed circuit board (PCB) which is expensive, consumes high
power and inconvenient for portable applications. Moreover, it is
not possible to integrate new components in these trainer boards.
This paper presents a module-based Edukit to overcome those
problems. Miniaturization is the main contribution of Edukit. an
ice-cream size box contains the whole Edukit which proves that
the Edukit is simple, portable, low cost, consuming less power.
Moreover, the Edukit is module based which in turn makes it a
low-cost and suitable educational tool for any disciplines of
science and engineering.

Index Terms—Educational Kit, Microcontroller, Embedded
System, Printed Circuit Board, 8051.

I. INTRODUCTION

Low power portable embedded system is a demand in this
era of information and communication technology. A
microcontroller is one of the powerful but low-cost devices to
realize an embedded system. At present, a microcontroller unit
(MCU) is being widely used in almost all areas of science and
engineering disciplines. It is imposed by the Accreditation
Board for Engineering and Technology (ABET) that
engineering students must demonstrate a knowledge of data
acquisition, processing and control in which use of computers,
MCUs are essential [1]. Considering the high demand for
MCU knowledge, curriculum containing MCUs at various
levels of education are being introduced in different
universities, colleges and schools [2], [3]. This requires
suitable simulation tools and Educational kits (Edukit) for
teaching and learning MCU programming as well as for real-
time application development [4], [5]. In the market there are
many types of MCUs such as Motorola, Intel, Microchip,
Zilog, Atmel etc. and their educational MCU boards are
available for this purpose. Among all the MCUs, 8051 family
has many unique features such as inexpensive, low power
consumption, and good cross-platform support. Usually,
educational boards are manufactured for general purpose and
so components are assembled on a big size single printed
circuit board (PCB). Due to the crowdedness of components
and big size of the board, this may appear inconvenient and
cumbersome for MCU beginners [6].

978-1-5386-3374-8/17/831.00 ©2017 IEEE

Hence, the scope of our current study in this paper is to
develop 8051 MCU based educational boards having the
following features:

e [t will simple and portable,

e It will affordable for everybody,

e It will suitable for any disciplines of science and
engineering.

II. PRIOR WORK

There have been remarkable efforts in literature for
developing multi-module 8051 MCU experimental board for
teaching MCU courses in different disciplines of science and
engineering [7]. This experimental board is multi-module
based where the 8051 MCU is on the main module and other
modules are related to interfacing application such as the
16X2 LCD display, 7-segment display, dc motor speed control,
DAC, etc. Texas A&M University-Corpus Christi recently
established a Digital Systems Laboratory (DSL) that provides
interdisciplinary educational and research capabilities in
several sciences and engineering areas [8]. A research in [9]
describes teaching aid — platform for courses of embedded
systems programming. This platform consists of an MCU unit
(evaluation kit), an industrial computer (panel PC), several
models of real-world processes and I/O modules and other
supporting circuitry for connecting the computer systems to
the models. A project-based MCU system laboratory has been
designed and developed using BK300 development board
with PIC16F887 chip [10]. A modular-approach of multi-
microcontroller based educational training system with IDE
has been designed for MCU training system that is based on
8-bit MCU Intel® MCS51 and Motorola® MC68HC11 [11].
Considering the importance of MCU in the academic
curriculum of BUET, a concept of module-based Educational
kit for Edukit programming was proposed in [12].

III. CONCEPTUAL DESIGN OF EDUKIT

Our current study considered MCU of 8051 architecture
due to its low cost, simplicity, availability and many other
attractive features [13].

Fig. 1 shows a conceptual design of the Edukit where 1(a)
and 1(b) indicates a sample of motherboard and daughterboard
respectively. The motherboard was equipped with an
AT89S51 processor, power supply and usually used common
components such as resistors, capacitors, switches, and
connectors. The oval icon in Fig. 1(b) is used to indicate the
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typical components in the motherboard. There were male
connectors around the periphery of the motherboard. The
daughterboard was equipped with components for developing
specific applications as indicated by the oval icon. The male
connector resided in the periphery. It is to be mentioned that
the motherboard and the daughterboard can be easily
connected through the connector wires. MCU port pins were
not kept fixed for any components to ease the adoption of a
new daughterboard with the motherboard.
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Fig. I Conceptual motherboard and daughter board of the proposed Edukit.

IV.IMPLEMENTATION

The Orcad software was used for preparing the schematic
design and layout of motherboard and daughter board of
Edukit and the simulation was carried out in the Proteus
software. Finally, the prototype of the Edukit from Orcad was
implemented in Printed Circuit Board (PCB). Fig. 2 shows the
motherboard of the Edukit.
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Fig. 2 Mother Board Module.

It is to be observed in Fig. 2 that there is a port connector,
programmer connector, power connector, and reset button on
the motherboard. Port connectors are used to establish a
connection between motherboard and daughter board module
for various application purpose. The program connector in the
MCU is to connect with MCU programmer and the power
connector is to supply power to the daughter board module. A
reset button is kept for restarting the MCU program.

Other components such as the LED module, 7 segment
modules, 8x8 dot matrix module, 16x2 LCD module, ADC
module, a serial communication module, a motor driver
module, keypad, and RTC respectively are shown in Fig. 3 to
Fig. 11.
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In LED module in Fig. 3 has one input connector, one
power connector, one two-digit switch, resistors, transistors
and two row LEDs. The basic component of the 7-segment
module was a four-digit common anode 7-segment display.
The module has digit selection connector, digit selection
switch, data input connector, a binary input connector, power
connector, 74L.S47 and other peripheral components.

In 8%8 dot matrix module in Fig. 5, there were two 8 pin
connectors to connect with the motherboard, power connector,
ULN2803A IC, resistors, transistors. The ULN2803A
contained a high-voltage, high-current Darlington transistor
array. The 16 pins female connector LCD module in Fig. 6
contained a 3-pin connector for LCD control, power connector,
an swl switch for LCD back light and VR1 variable resistor
for adjusting display contrast in the LCD module.

In the ADC module of Fig. 7, there were input connectors
for analog input voltage, control connector for controlling
ADC operation, digital data output connector for digital signal
output and power connector. The serial communication
module in Fig. 8 consists of an MC connector, power
connector, and serial port pin to connect with RS232 DB9 pin.
The motor module in Fig. 9 was developed to operate DC
motor and stepper motor. Here, L293D acted as a motor driver
and D1-D4 LED were for displaying the correspondent output
value status in the motor module.

The RTC module in Fig. 11 was developed to provide the
time (hour, minute, second) and the date (year, month, day)

continuously, regardless of whether the power is on or off.
DS1307 was used as RTC in this module.

The whole kit including the motherboard, daughterboard,
cables, adapter, and programmer can be packed in an ice
cream box as shown in Fig. 12.

Fig. 12 Edukit in an Ice-cream Box.

V. TEST RESULTS

The Keil pVision compiler and Hex code were used to
compile the necessary codes and burned inside the MCU.
Finally, the daughter board was tested for different
applications.

A. LED module

Fig. 13 displays the microcontroller port status through
LED. Here, MCU PO port of motherboard was connected to
the input connector of LED module through connector wire.

Fig. 13 LED Module Testing Result Output.

B. 7 segment module

A sample numeric value in the 7-segment display is shown
in Fig. 14 by connecting the MCU port P2 of motherboard to
the input port of 7-segment module.

Fig. 14 7 Segment Module Testing Result Output.
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C. Dot matrix module connection within the PC, motherboard and serial
Fig. 15 shows the symbol ‘A’ in the Dot Matrix module by communication module, while Fig. 18(b) displays a sample

connecting the P1 and P3 ports of the motherboard MCU to ~ Output in the hyper terminal.

the input port of Dot Matrix module.
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Fig. 15 Dot Matrix Display Module Testing Result Output.

D. LCD module and Keypad
The keypad port was connected to the PO port and the LCD
data input port was connected to the P2 port of the

motherboard. Fig. 16 displays the keypad assigned values to G Motor driver module for DC motor
the LCD module.

(b)
Fig. 18 Serial Port Module Testing Result Output.

P2.0 and P2.1 pins of the motherboard were connected to
the input terminal of motor driver terminal and P1.7 pin of the
motherboard was connected to the switching terminal of
motor driver terminal. Different LED status is shown in Fig.
19 indicates that a change in the direction of motor rotations
(i.e., clockwise in Fig. 19(a) and anti-clockwise in Fig. 19(b)).

(®)
Fig. 16 Keypad Interfacing Testing Result Output. Fig. 19 Motor driver module testing result output using DC motor.

E LCD module and ADC module H. Motor driver module for stepper motor

The ADC module for digital data output was connected to
the P1 port and the LCD data input port was connected to the
P2 port of the motherboard. We provided analog voltage to
the +VIN of the ADC module. Fig. 17 displays a sample
decimal value on the LCD display.

P1 port of motherboard was to the input terminal of motor
driver terminal and stepper motor was connected to the output
terminal of motor driver module. The 4-step sequence of the
stepper motor rotation is displayed in Fig. 20 through LED
status.

Fig. 17 ADC Module Testing Result Output.

Fig. 20 Motor Driver Module Testing using Stepper motor.
F. Serial communication module

The MC connector in serial port module was connected to
the P3.1 and P3.0 of the motherboard. Fig. 18(a) shows the
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1. LCD module and RTC module

RTC SCL and SDA pin were connected to P1.0 and P1.1
pins of the motherboard, respectively. LCD data input port
was connected to the P2 port of the motherboard. LCD RS and
EN pin was connected to the P3.5 and P3.4 pins of the
motherboard, respectively. The following figure in Fig. 21
shows time and date in the LCD display.

2 .

saazans

Time: 19:48:34 ¢
Date: 26-83-16 H

Fig. 21 RTC module testing result.

A list of available features in the traditional Edukit and
module-based Edukit is presented below in Table 1. It is
evident from Table 1 that the module-based Edukit is simple,
inexpensive and suitable for further integration of external
modules.

TABLEI
COMPARISON BETWEEN THE TRADITIONAL AND MODULE-BASED EDUKIT

Traditional Edukit Module-Based Edukit
Expensive. Low cost.
Single size big PCB. Not in a single size big PCB.

Use is complex.
Not possible to adopt

Use is simple.
It is easy to adopt new

new component. daughter board.
MCU port pin is fixed MCU port pin is free for any
for specific application. application.

Program must be written
according to the Edukit
layout.

It is easy to connect between
motherboard and daughter
board according to program
code.

VI. CONCLUSIONS

Based on the comparative performances listed in Table 1, it
is expected that the developed Edukit will be complementary
for the new MCU curriculum and will satisfy the needs of the
students and instructors in the most effective way. This will
module based Edukit could be a cost-effective and portable
solution for delivering the MCU curriculum. Considering its
modular architecture, the daughter board of the Edukit can be
of use for various fields of science and technology as well.
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Abstract—This paper describes a novel multipath fading effect
minimization technique through a novel method of Beamforming
algorithm. RMS Delay Spread (RDS) of a channel is highly
dependent on beamwidth of deployed antenna systems. Deep fade,
which is a bottle neck for high speed wireless networks, causes
larger RDS and higher bit error rate (BER). A frequency flat
fading channel can trasmit data with smaller RDS and higher bit
rate. RDS is reduced if the beamwidth of deployed antenna system
becomes narrower. Binomial array and Dolph-Chebyshev array
are popular methods of array antenna beamforing, though each of
these methods has its own technical limitations. The method of
Beamforming described in the paper is technically better which
uses a novel concept of Fractional-Powered Binomial coefficients.
The method performs better than Binomial and Dolph-Chebyshev
array. Superiority of the described method is validated through
simulations of realistic antennas and technical analysis of RDS.

Index Terms— Antenna radiation patterns; Bit error rate;
Channel models; Fading; Next generation networking; Rayleigh
channels; Rician channels; Radio propagation;

I. INTRODUCTION

Some of the bottlenecks for next generation networking (NGN)
wireless systems (e.g. 5G) are increased number of devices
with increased energy consumption, increasingly crowded
environment with high rise buildings, requirement of very high
speed data channels, shortage of spectrum, and mobility issues.
Some goals of 5G systems are:

a. 100 Mbps throughputs;

b. Extremely low latency (1 msec or less), ten times

lower than 4G;
c. Data rate at least ten times higher than that of 4G;
. Use of higher frequencies (30 GHz and above);
e. Wider channel bandwidth (1 to 2 GHz, or even wider).

In a wireless communication system with multipath
fading channels, different versions of transmitted signal at the

receiver spread in time. This phenomenon is called delay spread.

Delay spread can be characterised by Power Delay Profile
(PDP) of a channel. PDP is the measure of time distribution of
the received signal power when an impulse signal is transmitted
through a channel. A time dispersive channel can be
characterized by RMS Delay Spread (RDS). RDS is a measure
of how the multipath power in a channel is spread over the
delay. RDS depends on several factors such as propagation
channel, shadowing, types of antennas, polarization, and array
signal processing techniques. Channel modelling is required for
different purposes of wireless communication systems [1].
Performance evaluation of Long Term Evaluation (LTE)
network is done in [2]. Performance evaluation of LTE
Rayleigh fading and pedestrian channels are reported in [3].
Another important parameter that describes the channel

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

characteristics is the Rician K-factor. K is the ratio of power
through the line of sight (LOS) component to those of other
scattered components [4]-[5]. Channels can be classified as
Rician or Rayleigh fading channels based on RDS and K-
factors [6]-[8]. Rician K depends on several channel factors and
beamwidth of antenna system [4]-[5]. Generally higher K-
factors and lower RDS represent frequency-flat Rician
channels. On the other hand lower K-factors and higher RDS
represent frequency selective Rayleigh fading channels.
Frequency flat channel is better in terms of higher bandwidth
and lower bit error rate (BER).

A channel can be considered as Rician channel if the
Rician-K > 0 dB [9]. Antennas with narrower beamwidth
result in higher K-factor [9]. RDS of a channel is also highly
dependent on beamwidth of antenna radiation pattern. RDS can
be minimized by using high gain antennas [10] with narrower
beamwidth. High gain antenna for LTE and 5G system is
discussed in [11]. Rician-K of a wireless channel can be
expressed [4], [5], [12] as:

K = FF,FgK,d¥
where,

F; is the seasonal factor;
Fy, is height factor (meter);
Fy is the beamwidth factor which can be expressed as [4]-[5]:

FB _ (%)—0.62 (2)

B is the beamwidth in degrees;

d is distance in kilometres;

K,, y are constants.

The values of K, and y are reported as 10 dB and -0.5 dB in [5].
Equation (2) states that Rician-K depends on beamwidth

of antenna system. Antennas with lower beamwidth give rise to

higher K-factors. Bit rate decreases and inter-symbol-

interferences (ISI) increases with increased RDS and decreased

K-factors. Fig. 1 shows a plot of F vs. beamwidth for different

values of beamwidth. It can be inferred from (1), (2) and Fig. 1

that a channel with lower K-factor can be transformed into a

channel with higher K-factor by using antennas with reduced

beamwidth.

In an antenna system, weightings of antenna elements are
adjusted to achieve maximum transmission/ reception in a
desired direction by rejecting interfering signals in other
directions. In order to ensure a robust and power efficient
wireless communication system, propagating signal from
antenna should have narrower beamwidth and negligible side
lobe levels (SLL). Beamwidth-SLL trade-off can be optimized
[13] through optimization of antenna excitation coefficients.
There exists different types of power distributions of array
antennas. Some of the non-uniform amplitude distributions of
array antenna, those can produce lower SLL (at the cost of

(1)
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Fig. 1. Beamwidth factor vs. beamwidth of antenna radiation pattern.

wider beamwidth), are Binomial distribution [14]-[15], Dolph-
Chebyshev distribution [14], and Gaussian distribution [16]-
[17]. Array antenna with Binomial excitation coefficients does
not produce any SLL with element spacing 0.5 or less [14]-
[15]. Coefficients of an N-element Binomial array can be
calculated as [14]-[15]:

LN -1, S 3)

This paper describes a minimization technique of multi-path
fading effects through a novel concept of Fractional-Powered
Binomial Array (FPBA) [15]. The novel FPBA is better than
popular Dolph-Chebyshev or Binomial array from the
perspective of beamwidth-SLL trade off [15]. The paper is
organized in the following way. Section II compares the
radiation parameters of Binomial array, Dolph-Chebyshev array
and FPBA considering different number of isotropic antenna
elements and different set of excitation coefficients. Section III
analyses the radiation parameters of FPBA with realistic
antennas (e.g. microstrip patches). Section IV describes the
effect of frequency flat and frequency selective fading channels
on RDS. Finally, section V concludes the paper.

II. ANALYSIS OF EXCITATION COEFFICIENTS AND RADIATION
PATTERNS FOR DIFFERENT ARRAY DISTRIBUTION

In this section a comparative analysis of radiation patterns
for Binomial array, Dolph-Chebyshev array and the proposed
FPBA [15] is made by using different set of excitation
coefficients and number of antenna elements. Effect of
different main beam steering angle on radiation patterns is also
investigated. Binomial and Dolph-Chebyshev array antennas
have some limitations. Beamwidth of Binomial array is the
widest. Widest main beam will result in maximum power loss
in some wireless applications. Magnitudes-variation of
Binomial array is also too wide which can lead to an impractical
implementation of power amplifier at the output stage of
transmitter. Too wide variation of amplifier output causes non-
linearity of the system. Though element spacing of < 0.51
increases mutual coupling effects, Binomial array does not
produce any SLL when element spacing of < 0.54 is used [14].
Another problem with Binomial array is the increase of SLL
when element spacing becomes higher than 0.5 A. Mutual
coupling effects can be minimized with element spacing of
>0.64 and will be discussed further in section III.

Beamwidth of Binomial array can be reduced further by
using excitation coefficients according to FPBA [15]. Instead

63

of using Binomial coefficients of (3), following FPBA
excitations coefficients can be used [15]:

18, (N — 1)P, [W]ﬁ’

[ in (4) is a variable within the range 0 < 8 < 1.
Coecfficients of (4) can reduce beamwidth and ‘wide-
variation of excitation coefficients of convention Binomial
array’. FPBA becomes Binomial array when 8 is set to 1.
Following sub-sections describe radiation patterns of FPBA,
Binomial array, and Dolph-Chebyshev array for different cases
of number of antenna elements, main beam steering angle, and
different sets of excitation coefficients. Isotropic element
spacing for all cases was chosen as 0.64 (for 60 GHz system).

“

A. Excitation Coefficients and Radiation Patterns for 25-
elements Array (MSLL=20 dB)

Fig. 2 shows the relative excitation coefficients (dB) for
Binomial array, 20 dB Dolph-Chebyshev array, and FPBA
(B = 0.07). The number of elements for each of these three
distributions was 25. Fig. 2 shows that reverse tapering occurs
in case of Dolph-Chebyshev array which may lead to technical
difficulties. Fig. 3 shows the radiation patterns for the
respective distributions.

Antenna element position

Normalized amplitude (dB)
o)
=

—o—20 dB Dolph-Chebyshev
—=—Fractional -Powered Binomial Array (beta=0.0T)
Binomial Array

Fig. 2. Excitation coefficients of 25 antenna elements for 20 dB Dolph-
Chebyshev, Binomial, and Fractional-powered-Binomial array (8 = 0.07).

A

Beam scan angle (B)
—20 dB Dolph-Chebyshev
——Fractional -Powered-Binomial Array (beta=0.07)
——DBinomial Array

h o

Normalized amplitude (dB)
.'5

Fig. 3. Radiation patterns of 20 dB Dolph-Chebyshev array, Binomial array and

FPBA at 0° beam steering angle (respective excitation coefficients are shown in
Fig.2.)

Fig. 3 shows that the main beamwidth is the highest in case
of Binomial array. First Null Beamwidth (FNBW) are same in
case of Dolph-Chebyshev array and FPBA (S = 0.07).
Maximum SLL (MSLL) are also same in case of Dolph-



Chebyshev array and FPBA (-20 dB in this case). Though other
SLLs of FPBA are lower than those of Dolph-Chebyshev array.
Fig. 4 shows the radiation patterns for the respective
distributions and at 30° beam steering angle. FPBA also shows
the best performance along this 30”direction.

0
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=]

=

Z 20

=

£ 30 \

=

g 40 {\
90 70 50 30 -10 10 30 50 70 90
s Beam scan angle (8)

Z  ——20dB Dolph-Chebyshev

—Fractional -Powered Binomial Array (beta=0.07)
——DBinomial Array

Fig. 4. Radiation patterns of 20 dB Dolph-Chebyshev array, Binomial array
and FPBA(B = 0.07) at 30" beam steering angle (respective excitation
coefficients are shown in Fig.2.)

B. Excitation Coefficients and Radiation Patterns for 45-
elements Array (MSLL =40 dB)

Fig. 5 shows the excitation coefficients for 45-element
Dolph-Chebyshev array (40 dB), and 45-element FPBA (f =
0.11). Fig. 6 shows the corresponding radiation patterns. In this
case, main beam direction was at 35~ from array broad side.
Fig. 5 and Fig. 6 show that FPBA is also technically better than
Dolph-Chebyshev array for higher number of antenna elements
with lower MSLL. It was shown in [15] that GL appears with
8-element FPBA/Dolph-Chebyshev array when main beam
angle is greater than 25° . Therefore number of antenna
elements is a deciding factor for larger beam steering angle
without any GL.

21
Antenna element position

—o—40 dB Dolph-Chebyshev

—e—Fractional -Powered Binomial Array (beta=0.11)

25 29 33

Normalized amplitude (dB)

Fig. 5. Excitation coefficients of 45 antenna elements for 40 dB
Dolph-Chebyshev array and FPBA (f = 0.11). Respective radiation
patterns are shown in Fig. 5.

From the above analysis of radiation patterns it is evident
that FPBA is better than Dolph-Chebyshev array when SLL and
excitation coefficients are compared. FPBA does not produce
any reverse tapering. It is technically difficult to implement
reverse tapering. Though Binomial array does not produce any
SLL in some cases, the main beamwidth is the widest in this
case. Directivities of FPBA are also higher than those of Dolph-
Chebyshev arrays. The reason of these higher directivities are
the lower SLL of FPBA. Higher directivities imply higher

received power and lower RDS. Table I summarizes the
radiation parameters for Dolph-Chebyshev array and FPBA.

Normalized amplitude (dB)

-30
Beam scan angle (8)
——40 dB Dolph-Chebyshev
—Fractional -Powered Binomial Array (beta=0.11)

-100 10 30 70

Fig. 6. Radiation patterns of 40 dB Dolph-Chebyshev array and FPBA (f =
0.11) at 35" beam steering angle (respective excitation coefficients are
shown in Fig.5.)

III. RADIATION PATTERNS OF FPBA WITH REALISTIC PATCH
ANTENNA ELEMENTS

Radiation patterns of isotropic antennas [15] and those of
realistic antennas are not the same due to some technical
reasons. In this section analysis of radiation patterns of FPBA
is done considering realistic antenna elements. Both rectangular
and circular Microstrip patch elements were considered for the
analysis of the radiation patterns, directivities, and the mutual
coupling effects. Different inter-element spacing within the
range 0.25 cm~0.37 cm (0.54~0.741) was considered for 60
GHz arrays. Antenna elements were placed along the X-axis
(Fig. 7) in PCAAD simulation software. Effects of both X-axis
polarization and Y-axis polarization were investigated. Fig. 8
shows the directivity versus ‘inter-element spacing’ graphs of
rectangular and circular patch arrays. Total number of antenna
elements was 8 in each case. It is noteworthy to mention here
that in [15] only the isotropics cases of 8-element FPBA were
investigated.

It is well known that the directivity decreases with the
increased mutual coupling effect. On the other hand, directivity
increases with increased inter-element spacing. Graphs of Fig.
8 also verify that the directivity increases with increased inter-
element spacing of realistic antennas. Fig. 9 shows the radiation
patterns of 8-eclement array (B=0.68) with different polarization.
Some of the parameters of patch elements and radiation
patterns are summarized in Table II. It is noteworthy to mention
here that the Half-Power Beamwidth (HPBW) and MSLL for
the FPBA (B=0.68; element spacing 0.61) were respectively
16" and — 50 dB when isotropic elements were considered (not
shown in the figure). Simulation results show that circular patch
array (both X and Y polarizations) is better than rectangular
patch array in terms of directivity, HPBW and SLL. Results of
Table II also suggest that the mutual coupling effect is less in
case of circular patches. Radiation parameters of Table II verify
that the FPBA is better than Binomial or Dolph-Chebyshev
array even when practical antenna shapes are considered.

IV.RMS DELAY SPREAD VS. FADING CHANNELS

Results of sections II-III show that FPBA is better than
Binomial or Dolp-Chebyshev array, particularly in terms of
directivity, SLL, and beamwidth. It was discussed in previous
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TABLE I
COMPARISON OF RADIATION PARAMETERS FOR DOLPH-CHEBYSHEV AND FRACTIONAL-POWERED BINOMIAL ARRAYS (ISOTROPIC CASE)

Types of excitation Number of elements | Element spacing FNBW (deg.) | MSLL (dB)
Dolph-Chebyshev 25 0.64 8.8 -20
array 45 0.6 1 8 -40
25 0.6 1 8.8 -20
FPBA
45 0.6 1 8 -40
TABLE 11

COMPARISON OF DIFFERENT RADIATION PARAMETERS OF FRACTIONAL-POWERED BINOMIAL ARRAY (FPBA) WITH RECTANGULAR AND CIRCULAR PATCH
ELEMENTS (TOTAL ELEMENTS = 8).

Patch Type Dimensions Element spacing (cm) Polarization HPBW (deg.) MSLL (dB)
0.31 X 15.43 -48
2
Rectangular 0.2x0.2 cm 031 v 15.44 483
0.31 X 14.82 -53
Circular Radius =0.2 cm
0.31 Y 15.23 -50.7

Fig. 7. Element position (x) of array antenna.

—e— Circular Patach (X -polarization)
--s--Rectangular Patch (X-polarization)
—o—Circular Patch (Y -polarization)
—e—Rectangular Patch (Y -polarization)

[y
0

[ury
-~

Directivity (dB)
& =

14
0.25 027 029 031 033 0.35 0.37
Inter-element spacing (cm)

Fig. 8. Directivities of FPBA (f = 0.68) with rectangular and circular patch
elements and for different polarization.

N 22 N 2
— Yk AkTk _ 2k P(ti)Tk
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)

Normalized Radiation Pattern (dB)

Beam Scan Angle (8)

Circular Microstrip Patch (X -polarization)
----- Circular Microstrip (Y -polarization)
Fectangular Microstrip Patch (X-polarization)
————— Fectangular Microstrip (Y-polarization)

Fig. 9. Radiation patterns (E-0 plane) of FPBA (8 = 0.68) with different
polarizations and patch shapes (element spacing 0. 31 cm).

In (6),(7), and (8):

N: Total multipath components;

P(t): power of the k-th multipath component;

T;: time of arrival of the k-th multipath component;

Delays are measured relative to the first detectable signal
arriving at the receiver at 7, = 0. Equations (6)-(8) do not rely
on absolute power level of P(t), but only on the relative
amplitudes of multipath components with in P(t). Delay
spread is highly dependent on beamwidth of antenna radiation
pattern [12]. About 6 ns RDS is found in a residential
environment, though it can be reduced to 1 ns by using high

sections that narrorwer beamwidth of antenna radiation pattern  gain antennas [10], [12].
gives rise to lower RDS (higer Rician-K) in a multipath fading The nature (Rayleigh or Rician) of a fading channel can be
channels [12]. The effect of fading on RDS will be investigated  predicted from RDS and K-factor of the respective channel [9],

in this section. RDS of a channel can be defined as [12], [18]:
RMS delay spread (RDS), o, = /12 — (7)? 5)

_ Ik afme _ IR Ptk
where T = mean ecess delay SN a2 SN p(n) (6)

[12]. Higher RDS with lower K-factor suggests that the channel
is a Rayleigh channel; on the other hand lower RDS with higher
K-factor suggests that the channel is a Rician channel [9], [12].
IEEE 802.11b Task Group has adopted an indoor channel
model that follows an exponential power delay profile [12]. Fig.



10 and Fig. 11 show the simulation results of average channel
power distributions and frequency response of an IEEE 802.11
channel model for two different values of RDS [12]. Maximum
amplitude-variation in Fig. 11 is 25.38 dB (RDS= 42ns). Fig.
11 suggests that a channel can be considered as frequency-flat
Rician channel when then RDS of the channel becomes 12.5 ns.
On the other hand a channel can be considered as frequency-
selective Rayleigh fading channel with RDS of 42 ns. These
results agree well with those of [9]. Larger RDS corresponds to
deep fade and vice versa. Deep fade of a channel can be
minimized by implementing antenna system with narrower
beamwidth (e.g. FPBA). It is noteworthy to mention here that
FPBA can be implemented in any frequency range.

1.0

—a—Rician Channel (RDS=12.5ns)
—&—Rayleigh Channel (RDS=42 ns)

08
0.6
04

(normalized)

Average channel power

0 1 2 3 4 5
Tap index of channel

Fig. 10. Channel powers of IEEE 802.11 indoor channel model for two
different values of RMS Delay Spread (RDS).

——Rician Channel (RDS=12.5 ns)
—Rayleigh Channel (RDS= 42 ns)

0
-_—
g4
£ 8
(=1
a,
T -12
£
5 -16
-20
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Frequency (MHz)

Fig. 11. Frequency spectra of IEEE 802.11 indoor channel model for two
different values of RMS Delay Spread (RDS).

V. CONCLUSIONS

Next generation State of the Art (SOA) wireless networks
will require very high speed wireless communication channels
with lower bit error rate (BER), lower RMS delay spread
(RDS), and higher values of Rician-K factors. Lower RDS and
higher K-factors of a wireless channel can be achieved if an
antenna system with narrower beamwidth can be implemented.
This paper compares the radiation patterns of array antenna
considering Binomial Array, Dolph-Chebyshev Array, and
novel Fractional Powered Binomial Array (FPBA) [15]. It is
seen that FPBA outperforms Binomial Array and Dolph-
Chebyshev array from the technical perspectives. FPBA can
achieve better radiation pattern with lower side lobe level

(SLL) and narrower beamwidth. Narrower beamwidth and
lower SLL of FPBA can enhance received power and reduce
RDS of a wireless channel. Since RDS is a function of
beamwidth. Narrower beamwidth of FPBA is also helpful in
mitigating deep fade of a multipath channel. Large number of
antenna elements at higher frequencies (e.g. within mm-range)
can be deployed with novel FPBA Beamforming for next
generation wireless system.
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Abstract— The Parameters, those can affect an indoor Wireless
Local Area Network (WLAN) at 60 GHz, are multi-path
reflections, polarization-effects, shadowing, interior of the room,
main beam lobe, and side lobe level (SLL) of radiation patterns.
RMS Delay Spread (RDS) of a channel can be reduced if SLL of
antenna radiation pattern can be minimized. RDS is a measure of
channel delay and fading characteristics. Minimum RDS can
reduce channel deep-fade and multipath effects. This paper
investigates the effect of different level of SLL on RDS
characteristics  considering two different living room
environments. One of the approaches is IEEE 802.11ad living
room channel model, and the other is Full-3D ray tracing
simulation model of a residential apartment. The investigations
show that reduced SLL of radiation pattern can effectively reduce
the RDS.

Index Terms— antenna radiation patterns, channel models,
multipath channels, millimeter wave propagation, line of sight
propagation.

L INTRODUCTION

Due to an increasingly higher rate of demand for high-speed
wireless networks, the utilization of millimeter-wave frequency
bands has been receiving more attention. Specially, 57-64 GHz
frequency regions have been used for short-distance and indoor
communications. 60 GHz wireless system is one promising
candidate for short range communication systems [1], [2]. Ina
wireless communication system with multipath fading channels,
arrival of different versions of transmitted signal at the receiver
spreads in time. This phenomenon is called delay spread.
Propagation at 60 GHz is quasi-optical in nature and most of the
transmitted power is propagated between the transmitter and the
receiver through LOS, 1" order and 2" order reflections [3], [4].

Statistical channel model should be used to describe the
properties of a channel when detailed knowledge of
propagation channel is not available [3]. Some of the
Parameters of statistical channel model are Power Delay Profile
(PDP), RMS Delay Spread (RDS), and Rician-K factor. RDS is
highly dependent on beamwidth [5], [6] and SLL of the antenna
radiation pattern. Channel delay at 60 GHz also depends on
multipath reflections [7], [8]. Reduced RDS is the indication of
a faster communication channel. Deep fade of frequency
selective fading channel as well as Inter Symbol Interference
(ISI) can be minimized if delay spread is minimized. Some of
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the factors those affect the RDS of an indoor propagation
channel are shown in Fig. 1.

Clustering approach is followed for channel modeling at 60
GHz. A cluster can be defined as a group of multi-path [9] or
LOS components having similar delays and directions of
departure/arrival. Angular characteristics of clusters are closely
related to the geometry of the room and environment that makes
it infeasible to model the delay and angular domains
independently [9]. In a 60 GHz indoor channel environment it
is insufficient to consider only walls, glass wind, floor and
Tables. Finer structures such as ceiling lamps, chairs and
bookshelves are also needed to be considered [9]. Diffraction
at 60 GHz is an insignificant propagation due to sharp shadow
zones [9], [10]. 3" order reflections, diffused reflections, and
diffraction can be neglected in case of a 60 GHz outdoor radio
propagation channel [11].

Accurate modeling of intra-cluster distributions is very
important for the performance evaluation of 60 GHz WLAN
channels since the characteristic of beamformed-channel
directly depends on the intra-cluster Parameters [8]. Intra-
cluster ray identification in angular domain requires very high
angular resolution that can be achieved by using highly
directional beamforming antennas with very high gain. In case
if the LOS path is absent the signal can be steered towards the
best reflected path (or cluster). It is possible to reduce the
channel delays by using highly directional antennas with
minimum side lobe level (SLL). Highly directional antennas
with narrower beamwidth (20° ~ 30°) at both Tx/Rx sites are
suggested for 60 GHz WLAN systems to compensate the high
propagation loss in this band [10].

SIDE LOBES
POLARIZATI- BEAM

ON WIDTH

NUMBER OF
MULTIPATHS

LOS PATH

NLOS Tx-Rx
PATH SEPARATION

POWER
RECEIVED

INTERIOR OF
THE ROOM

Fig. 1. Some of the factors those affect the RMS Delay Spread (RDS) of
an indoor wireless propagation channel.



Three different types of antenna models, which can be
applied to the generated space-time channel realizations, are
proposed in the channel model described in [12]. The antenna
types are isotropic antenna, basic steerable directional antenna
and phased array antennas. Antenna with constant side lobe
levels [13], [14] is reported in [12] for the channel modeling.
Average side lobe level (AVSLL) was calculated through
averaging the side lobe power over the angle out of the main
lobe [14]. The considered AvSLL for the IEEE 802.11ad indoor
channel model was -11.54 dB [12]. It is possible to reduce this
value of AvSLL further through an appropriate choice of array
antenna system. It is mentioned in the previous paragraph that
reduced SLL minimizes channel RDS. Radiation from antenna
system should have negligible SLL and narrower main beam
for a robust, power efficient, and faster wireless communication
system. SLL and main beam of radiation pattern are functions
of excitation coefficients of antenna elements. Width of the
main lobe and SLL can be optimized by choosing appropriate
excitation coefficients of antenna elements [15]. Non-uniform
excitation coefficients of antenna elements can produce lower
SLL. Dolph-Chebyshev power distribution [16], and Gaussian
power distribution [17], [18] are two popular non-uniform
power distribution systems of array antenna. Though Dolph-
Chebyshev array has some limitations which will be discussed
in subsequent sections.

This paper describes the effect of SLL on RDS in different
indoor scenarios such as LOS/NLOS paths, Tx-Rx distances,
and different half-power beam width (HPBW). The paper is
organized in the following way. Section II describes IEEE
802.11ad channel model. Section I1I describes the effect of SLL
on RDS for an IEEE 802.11ad living room model. Section III
also describes that lower AvSLL can reduce the RDS. Section
IV describes the effectiveness of reduced SLL for a living room
propagation model at 60 GHz by using Wireless Insite Full-3D
simulation software. Section V compares and discusses the
results of section III and IV. Finally, section VI concludes the

paper.

II. IEEE 802.11ad WLAN CHANNEL MODEL

The IEEE 802.11ad standard describes the channel models
for Wireless Local Area Networks (WLANs) which is based on
the results of experimental and statistical data at 60 GHz [12].
The model generates a channel realization considering space,
time, amplitude, phase, and polarization characteristics of all
rays [12]. Spatial characteristics of the rays consider both
azimuth and elevation angles for both Tx-Rx sides. The model
evaluated three basic propagation model scenarios: conference
room, cubicle and living room. Detailed of the modelling
techniques can be found in [12]. The following sub-section
describes the IEEE 802.11ad channel model for a living room
scenario.

A. Channel Model in Living Room Environment

The IEEE 802.11ad living room model considers the floor
plan [19] scenario according to [20]. Fig. 2 shows the simplified
model of the living room used in realizing the channel model
[12], [20]. Following are some dimensions and furniture of the
living room [19]:

i. Dimensions of the home living room: 7mx 7mx 3 m (L x
W x H),

1i. A Table in the room,

1ii. Two sofas,

iv. An armchair placed around the Table, and

v. One outer wall has two windows and a cabinet is placed
between them.

All furniture dimensions are chosen according to [19]. In
the simulation scenario the communication can be established
between a set top box (STB) transmitting uncompressed video,
and a TV receiving the transmitted video. The TV is placed in
the middle of one of the walls. The position of the STB in the
horizontal plane can be different. A '6m x 7m’ rectangular
sector of possible STB positions in the horizontal plane is also
introduced in the model. The size of the sector is chosen
considering all the sitting places around the Table [12]. The
average distance between the STB and the TV is approximately
4m~6m for the simulation considered in this paper.

1=t ordiar reflection

SOFA‘ j
7m

Fig. 2. 3D simplified model of the living room for IEEE 802.11ad channel
model [adopted from ref. 12].

B. Intra-Cluster Parameters in Living Room Environment

IEEE 802.11ad channel model [10], [12] generates impulse
response of the channel that supports both with/without
polarization characteristics. The model also considers
beamforming performance. The impulse response of the model
with polarization characteristics can be expressed as [10], [12]:

rx’erx):
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where,

h : channel impulse response.
t, On, Ox, @O, O, : time, azimuth and elevation angles
respectively at the transmitter and receiver.
HY : 2x2 cluster polarization matrices [Gain of the channel
impulse response is merged in to H?]. Detailed discussions on
HY is outside of the scope of the paper.

ith

C® : channel impulse response for i
expressed as [10], [12]:

cluster which can be
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2
& ): Dirac delta function.
79, @&, 0,9, &9, 6,9 : time-angular coordinates of i
cluster.
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0% :amplitude of the k™ ray of i cluster.
0 0,0 900 .00 9.0 : relative time-angular coordinates
of the k™ ray of i cluster.

Fig. 3 shows the time-domain characteristic of the cluster
[12]. The cluster consists of a central ray of*® with fixed
amplitude and pre-cursor """/’ .. " and post-cursor
rays o'V ... """ . Table I summarizes the Parameters for
the living room model [12]. The same Parameters were used in
this paper for the investigation of SLL effect on RDS. Similar
characteristic of cluster for a conference room channel model is
described in [10].

Central ray of cluster
Rayleigh distribution Rayleigh distribution
Ray decay factor, y, ey Ray decay factor, y;
S
t=0 Time of arrival

( A
I |

Arrival rate, A,

Arrival rate, A,

Fig. 3. Time domain characteristic of the cluster.

TABLE I INTRA CLUSTER TIME DOMAIN PARAMETERS FOR THE
LIVING ROOM CHANNEL MODEL [12]
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A novel and technically better method of array-elements’
excitation by using novel concept of Fractional-Powered
Binomial coefficients is proposed by the first author in [21]-
[22]. The new method is named as Fractional Powered
Binomial Array (FPBA) [21]-[22]. FPBA shows better
performance than Binomial or Dolph-Chebyshev array from
the perspective of beamwidth-SLL trade off [21]-[22]. Fig. 4
shows the radiation pattern of 25-element FPBA along with that
of 20 dB Dolph-Chebyshev array. Fig. 4 also shows the main
lobes and AvSLL for the respective array distributions.
Element spacing was chosen as 0.64 for both the distributions.
Fig. 4 shows that AVSLL of FPBA is 20 dB lower than that of
20 dB Dolph-Chebyshev array. Estimation process of AvSLL
is described in [14]. Detailed discussions of FPBA is outside
the scope of this paper.

----- 20 dB Dolph-Chebyshev array
----- FPBA (beta=0.07T)

= -10 Pattern with Average SLL (20 dB Dolph Chebyshev)
=
‘;’ Pattern with average SLL (FPBA, beta=0.07)
= 20
= 4 " # KN
= AVAWANIRN
£ YR
S 30 [T I F AR
3 I -
= 40 II |l _' ai '|=|‘ 1:’ 1
=] | i: R TR R N
=] T H I ow "oy iy Y
Z - T T T \
50 N K | - 'j ] \

0 15 30 45 60 75 90
Beam scan angle (8)

Fig. 4. Radiation patterns of 20 dB Dolph-Chebyshev array and FPBA
(B=0.07) showing Average SLL (AvSLL) of radiation patterns for the

Parameter Notation Value
K-factor for pre-cursor rays K; 11.5dB
Power decay time for pre-cursor rays % 1.25 ns
Arrival rate of pre-cursor rays A 0.28 ns™!
Amplitude distribution of pre-cursor rays Rayleigh
Number of pre-cursor rays N 6
K-factor for post-cursor rays K 10.9 dB
Power decay time for post-cursor rays % 8.7 ns
Arrival rate of post-cursor rays A 1.0 ns”!
Amplitude distribution of post-cursor rays Rayleigh
Number of post-cursor rays N, 8

III. EFrFeCT OF SLL ON RDS FOR IEEE 802.11ad LIVING
RooM CHANNEL MODEL

It was mentioned in section I that reduced RDS, which is
highly dependent on beamwidth and SLL of antenna radiation
pattern, is the indication of a faster communication channel.
The effect of beam width on RDS can be found in some
literatures [8], [10]. But the effect of AVSLL on RDS is hardly
found in the literatures. In this section the effect of AvSLL on
RDS is investigated for the described living room channel
model. Probability of arrival (used in the simulations) of
different type of ray at the receiver is shown in Table II. The
same probability was used for different AvSLL within the range
of-51.54 dB ~ -11.54 dB. Though the probability is variable in
real scenario and in most cases these probabilities may decrease
with the decrement of AvSLL. The reason of considering the
AvVSLL within the range of -51.54 dB ~ -11.54 dB is discussed
briefly hereafter.

respective array distributions.

Fig. 5 shows RDS vs. AvSLL graphs for different LOS/NLOS
scenario, HPBW, and Tx-Rx separation. Fig. 5 shows that RDS
decreases with the decrease in AvSLL. Variation of RDS due
to variation of HPBW is less. In some cases reduced-HPBW
should reduce the RDS, though there might be exception. Since
change of SLL and HPBW also influences some other factors
such as multipath effects, polarization effects, and ray paths.
Polarization mismatches reduce the received power and
increases the RDS. Left Hand Circular Polarization (LHCP) was
used for Tx/Rx antennas of all the scenarios of Fig. 5. In the
simulation it was found that LHCP-LHCP combination
generates the lowest RDS.

TABLE II PROBABILITY OF ARRIVAL OF DIFFERENT TYPE OF RAY FOR THE
LIVING ROOM SIMULATION MODEL

Probability of
Type of Ray Arrival at the
Receiver

1* order reflections from ceiling 0.3
1* order reflections from floor 0.3
1* order reflections from walls 0.5
2" order reflections from two walls 0.2
2™ order reflections from ceiling and floor 0.2
2" order reflections from wall-ceiling and ceiling-wall 0.2
2™ order reflections from wall-floor and floor-wall 0.2

Results of Fig. 5 show that the decrease in RDS is about 4.5
pico-second per dB decrement of AVSLL. Therefore even a one
dB change in SLL influences the channel characteristics.
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Fig. 5. RMS Delay Spread (RDS) for different values of average side lobe
level (AvSLL) and for the NLOS/LOS scenarios.

Fig. 5 shows that the values of RDS are higher in LOS
scenarios than those of NLOS scenarios. Average RDS for
NLOS scenarios was about 7 ns and that for LOS scenarios was
about 7.4 ns. Main reason of this higher RDS is the dissimilar
Tx/Rx antenna heights in LOS cases. In LOS scenario Tx-
antenna height was 1.5 meter and Rx-antenna height was 1.0
meter. In NLOS scenario Tx/Rx antenna height was 1.0 meter.
It is noteworthy to mention here that the values of RDS in LOS
and NLOS scenarios are not precisely comparable, mainly due
to difference in multipath effects and overall received power.
Variation of RDS, shown in Fig. 5, due to variation of Tx-Rx
separation is also insignificant in the considered living room.
These results agree well with the results of [8].

IV. FULL-3D SIMULATION MODEL FOR A RESIDENTIAL
ENVIRONMENT USING WIRELESS INSITE

Ray tracing propagation model in a residential indoor
apartment (shown in Fig. 6) was also investigated by using
Wireless InSite software that supports Full-3D simulations.

A dn

Fig.6. Indoor residential environment with one transmitting antenna array
(8 nos. of circular patch elements) and 32x13 receivers-grid. The figure also
shows the received power on an XY receivers-grid of the indoor residential
apartment.

In this case, size of the apartment was 33m X13m x3m (L x W
x H) and size of the living room was 10m x13m x3m (L x W x
H). Full-3D simulation model of Wireless Insite has some
attractive features. The software considers all antenna types, all
antenna heights, all environments, building of any shapes,
frequency upto 100 GHz, geometric ray of diffraction (GFD),
ray tracing method, reflection, transmission, and diffraction of
electric fields. Total number of receivers for the whole
apartment was (32x13). In this paper only the propagation
model of living room is discussed. Total number of receivers in
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the living room was (9x13). At the transmitting side 8-element
circular patch array with LHCP was considered. Other antenna
Parameters used in the simulations are shown in Table III. In
this section two different amplitude-distributions of
transmitting antenna elements were considered. One type of
distribution is the mentioned FPBA and the other type is
Uniform Array (UA). Each receiving antenna was a single
element isotropic antenna. Isotropic receiver was considered
only for the investigation purpose of total received power from
all directions. Table IV summarizes different statistical
Parameters of RDS found in the living room simulations.
Average RDS for UA was 10.40 ns and that for FPBA was 9.87
ns. Standard deviation of RDS for UA was 9.15 ns and that for
FPBA was 8.51 ns. Parameters of Table IV show that FPBA is
better than UA from the perspective of RDS. SLL of 8-element
FPBA was much lower than that of UA (not shown in the
paper). Performance of FPBA over Dolph-Chebyshev array has
been discussed in section III. Fig. 7 shows the excess delay of
a receiver location in the living room. Tx-Rx distance was 15
m in this case. Fig. 7 shows that the excess delay follows the
exponential decay curve. Arrival times of some clusters (LOS-
NLOS) are also shown in the figure. In the figure the LOS ray
is considered as Cluster-1.

TABLE III Different Parameters of Tx/Rx antennas used in the indoor
living room channel model for Full-3D simulations of Wireless Insite.

Par ters of antenna systems
Parameters of transmitting ant array
Tvpes of amplitude distribution FPBA
Number of elements 8
Dielectric constant 39
Radius of circular patch 0.0025 m
Height 0.001 m
Inter-element spacing 0.0035 m
Polarization LHCP
Input power 20 dBm
Tx antenna height 1.5m
HPBW 14.5 degree
Maximum SLL -54 dB (normalized)
Parameters of receiving anty
Rx antenna height lm
Rx antenna type Single element (isotropic)
Total number of receivers 013

TABLE IV Summary of RMS delay spreads within the living room for
the new FPBA and UA.

Delay Spread UA (nS) | FPBA (nS)
Maximum RDS 44.70 41.73
Average RDS 10.40 9.87
Standard Deviation of RDS 9.15 8.51

V. COMPARISON OF RDS OF SECTION III AND SECTION IV

In section IITI RDS Parameters were calculated considering
different average SLL. On the other hand in section IV realistic
side lobe levels (SLL) of radiation patterns were considered.
Properties of building materials (conductivities, permittivities
and thicknesses of brick, concrete, glass, wood etc.) were also
considered in section IV. Average RDS found in section III was
about 7 ns~ 7.4 ns. On the other hand in section IV, the lowest
average RDS was 9.87 ns. The difference in RDS of the two
sections was mainly due to the difference in room dimensions
and multipath environments. In section IV, beam forming was
considered only at the transmitter side. In case of simulations
described in section IV, RDS can be reduced further through



beam forming at the receiver sites. It was reported in [3] that
the measured RDS at 60 GHz indoor rooms falls within the
range of 10.89 ns ~ 41.01 ns. RDS values at 60 GHz within the
range of 15 ns~45 ns for small rooms and within the range of
30 ns ~70 ns for large indoor environment was reported in [11].
About 6 ns RDS was found in a residential environment [8]. It
was also reported in [8] that the value of RDS can be reduced
to 1 ns by using high gain antennas. RDS values found in
sections III and IV agree well with the results found in [3], [8],
and [11]. Results of section III and IV also confirm that lower
SLL can minimize RDS.

Normalized Received Power

Excess Delay (nS)

Fig. 7. Power Delay Profile (PDP) of a receiver in the living room of
Fig.10. Tx-Rx distance was 15 meter for this scenario.
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This paper presents the delay characteristics of a 60 GHz
wireless indoor channel model. Lower RMS Delay Spread
(RDS) of a multipath channel increases the bit rate and
decreases the bit error rate (BER). RDS depends on many
factors, one of them is the side lobe level (SLL) of radiation
pattern. It was found that RDS of a multipath channel can be
reduced if SLL or average SLL (AvSLL) of antenna radiation
pattern can be reduced. The effects of reduced SLL on RDS
were investigated through the simulations of IEEE 802.11ad
channel model and the Wireless Insite Full-3D ray tracing
simulation software. Simulation results discussed in this paper
confirmed that lower level of AvSLL can reduce the RDS of a
60 GHz wireless indoor fading channel.

CONCLUSIONS
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Abstract—Localization of objects in underwater environment
using electromagnetic (EM) wave based underwater wireless
sensor networks (UWSNs) provides the opportunity of faster
object detection in comparison with acoustic wave based net-
works. For this purpose, we propose a novel technique using
the law of reflection and spheres with different radii in three
dimensional (3D) space. The overall system comprises of a source
(transmitter), sensors in a sensor field, cluster heads and an
onshore base station (BS). The system is divided in various zones
with each zone having a number of spheres. If the object is in
the propagation path of the transmitted EM wave, signal gets
reflected and is received by one or multiple sensors. Information
of location of these sensors is subsequently transferred to the
onshore BS which then calculates the location of the object
using the proposed algorithm. To assess the performance of
the proposed system in a seawater environment, substantial
simulations are carried out.

Index Terms—localization; underwater environment; EM wave
communication; UWSN.

I. INTRODUCTION

Underwater sensor networks (UWSNSs), utilized in underwa-
ter wireless communications is a widely used practical strategy
for coastal surveillance, environmental research, oceanogra-
phy and control of autonomous underwater vehicle (AUV),
submarine and surface vessel [1]. In most cases UWSNs
use acoustic as transmission medium due to relatively longer
transmission capability compared with EM wave. However,
slow propagation speed, very slow data rate, severe attenuation
at the water-air boundary etc have raised serious concerns
over the feasibility of underwater acoustic networks [2], [3].
In case of EM wave, though it suffers from having shorter
transmission range due to severe attenuation, underwater EM
wave communications provide some advantages, like higher
bandwidth, faster data rates, lower propagation delays and
robustness to channel [1]. Also, in case of optical wave,
although higher data rates are achievable from optical wave
transmission, it requires clear water with line-of-sight (LOS)
propagation [3]. The overall advantages facilitate the use of
EM wave over acoustic medium and optical wave in the
underwater surroundings. Underwater object detection is really
significant as it helps to detect enemy war submarines and if
such one is detected, necessary measures can be taken by the
concerned authority.

For detection of objects in underwater, most of the works
that have been accomplished, are done in two dimensional

978-1-5386-3374-8/17/831.00 ©2017 IEEE

(2D) space. In [4], the writers proposed a propagation model
and evaluated it by maximum likelihood (ML) estimation and
Cramer-Rao bound (CRB) method. Furthermore, the writers
in [5] introduced 2D distributed particle filter based object
locating and tracking strategies using clustered USWNs. But
works related to this topic in 3D are being carried out recently.
In [6], a 3D underwater acoustic sensor network (UW-ASN)
is implemented which works in two phases, namely passive
listening and active listening. The arrival time of the echo
coming from an object is utilized to measure the distance
from object to sensor. Trilateration is then used to determine
the location of the object. Most prominently, in [7], [8],
3D cluster based cubic sensor architectures are proposed and
implemented. When an intruder comes in the presence of the
sensor network, the sensors in the cube sense the arrival of the
intruder and the locations of these sensors are transmitted to
the CH in the cube. Then this data from the CH is transferred
to the upper cube’s CH and subsequently to an onshore
BS. The BS then calculates the location of the intruder. In
[9], underwater target tracking technique is explored in EM-
acoustic combination.

In this paper, the purpose is to explore a different technique
to detect an underwater object in 3D space using EM wave
with the help of law of reflection and drawing spheres. The
model comprises of a signal source or a transmitter, a 3D
sensor field, CHs and a BS. If there is an object on the
transmission signal line, the signal from the source gets
reflected from the surface of the object and received by the
sensors which in turn transfer the location of the sensors to
the BS. From the data collected in the BS, the location of the
surface point is calculated. We have proposed an algorithm that
eliminates the sensors according to the power they receive. If
the sensor power is less than a certain threshold, the particular
sensor is excluded from the next step of calculation. The
number of effective sensors is dependent on the number of
the spheres. Meticulous simulations are done to evaluate the
overall system performance by varying different parameters of
the setup.

The rest of the paper is organized as follows: general
outline of the system model in Section II with object detection
technique in section III. Simulation results are discussed and
analyzed in section IV followed by the summary of findings
in section V.
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II. SYSTEM MODEL
A. Proposed Architecture

This section of the paper discusses the overall network
model of the system and how the components of the network
are distributed. The system comprises of a source that trans-
mits an EM wave by varying the angle of incidence on the
surface of the underwater object. If the signal is incident on the
surface, then the signal gets reflected from a particular point
of the surface of the object. Our objective is to determine
this surface point. For this, a 3D sensor field is proposed
throughout the whole region of observation with each small
block of SNs having it’s own CH for data transmission.
The SNs are distributed in equal distance in a cubic pattern.
When a SN receives the reflected signal, the power received
at the sensor (F;) is calculated and if the power is greater
than a certain threshold (F;), then the SN is assumed to be
fully active. The SNs whose received power is less than the
threshold, are excluded from the next steps. The active SNs
transfer the data to CH and from then the data is transferred
to BS and the overall location estimation calculation is done
there. Fig. 1 shows the basic view of the network model of
the system.

In the figure, there are only a few small blocks of the
cubic sensor field is shown for understanding. In practical
situation, the sensor field will be distributed throughout the
whole region. The sensor field and source are assumed to be
framed in a corrosion free steel cage, which is firmly tied with
the ground level. This system works by following the law of
reflection, i.e, angle of incidence, 6; = angle of reflection,
0,.. The distance from source to object and sensor is assumed
to be in short range due to EM communication. The overall
detection technique is discussed in the section III in details.

B. Link Model

Propagation path loss P;, (dB) of EM wave in underwater
environment can be given by [10]
P L — La,e (1)
where L, . is the attenuation loss in water due to water
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Fig. 1. A 2D overview of the network model.

conductivity and complex permeability in dB. The path loss
is

20 x 27 x (logipe) X /(o x f x10=7) (2)
which is in dB/m, f is the transmission frequency in Hz and
o is the conductivity of the water in S/m.

C. Performance Metric

For evaluating the performance of the proposed detection
technique which will be discussed in section III, performance
metrics are defined below, which is used to calculate the error
in location estimation in perspective of distance.

If (x,y,z) is the true position of the source, then the absolute
distance r between the true source location and approximated
target location is assumed as a measure of error and r is
given by

r= \/(Iest - :C)Q + (yest - y)2 + (Zest - 2)2 (3)
where (Zest, Yest, Zest) 18 the estimated target point on the
object. Then, the absolute percentage of error is denoted as
e, and determined by

= |”E“ ”“t| x 100% @
where 7, 18 the actual dlstance from the source to the point
on the surface of the object and r.g; is the estimated distance
from the source to the object point.

III. PROPOSED OBJECT DETECTION TECHNIQUE

The detection scheme proposed here involves drawing
spheres with different radii around the approximated location
of the object. The radius of each sphere is determined from
the minimum threshold power P, required for a sensor to be
in active mode and the distance of the propagating wave.

A. Selection of Range for Object Detection

At first, an EM signal is transmitted from the source in
a particular angle in reference with x axis of the xy plane.
We assume a directional antenna with low beamwidth. As
the highest power will be transmitted through the center of
the main lobe, a line is assumed in this direction through the
center. This transmission signal line is represented by AB as
shown in Fig. 2.

Next, the highest possible distance point C is selected as the
initial estimated position of the object on the AB line on the
basis of the furthest CH whose coverage area intersects with
the AB line. This point is selected such that the reflected wave
traveling back is detected by one SN at or above threshold
power. If the point is estimated very far, then the signal will
not propagate back to be detected by any SN. The distance
from A to C is the range for the object detection technique.

B. Zones and Points

The range for object detection is then divided into » number
of zones. k equidistant points are then selected for each zone,
where the first point is the rightmost point of the corresponding
zone as shown in Fig. 3. Therefore, P = nk is the total number
of points.
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Fig. 3. Range of detection is divided in various zones.

C. Spheres

Next, spheres are drawn for each zone for detection
purpose. The rightmost point of each zone is selected as the
first point for drawing spheres. To determine the radius of
a sphere for a zone, the power received from the source at
this point is calculated via path loss model. If there were
an object at this point on the way of transmitted signal, the
signal would have got reflected and a far positioned SN
would have received the signal at power equal to threshold
power. The distance from the rightmost point and this SN is
calculated. A sphere is then drawn by taking this distance as
it’s radius and the rightmost point as it’s center. The spheres
along the transmission signal line (one sphere for each zone)
are shown in Fig. 4.

Each zone can have a single sphere or multiple spheres
depending on how many points per zone are being used in
calculation. For drawing the next sphere, next point in the
same zone closer to the source on line AB is selected.

D. Algorithm

The source transmits the signal in a particular direction.
If there is no reflected signal, the algorithm decides that the
object does not lie on the signal line. Then the source will

N
The highgst distant CIT with
T coverage areg inferseeting the

-
~ e

Fig. 4. Spheres along the line of transmission signal, one sphere for each
zone.

Fig. 5. Spheres along the signal propagation line.

reflected and the necessary information is transferred to the
BS. Then the algorithm determines the range, divides the
range into zones and points and draws spheres as discussed
in section III.A-C. For demonstration, diagram for four zones
and a sphere per zone is shown in Fig. 5.

The SNs inside these spheres which receive the reflected
signal at threshold power or more, are differentiated from the
other SNs by encircling them as shown in Fig. 6.
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According to law of reflection, reflected signal can not
propagate in some regions as shown in Fig. 7. The SNs in
these regions are excluded from the encircled ones for the
next step.

A line CD is fitted through these remaining encircled SNs.
If this line intersects the transmission signal line, then the
intersection point is the desired surface point of the underwater
object as shown in Fig. 8.

If CD line does not intersect the AB line, then the com-
bination of SNs with at least minimum power or more are
changed in a way that this line intersects AB. For example,
if this line is far right from AB, then some SNs from the
encircled ones are excluded from upper right side and lower
right side of CD and new SNs are included to it’s upper left
side and lower left side for a new line fitting. In Fig. 9, a
2D representation of the reflected wave CD shifting through
SN exclusion and inclusion is shown. A 2D view is shown
instead of 3D view due to the convenience of presenting the
system before and after SN inclusion and exclusion. When
this line CD intersects with the transmitted signal line AB, the
algorithm stops shifting the SNs and decides the intersection
point as the object location.

IV. RESULT AND ANALYSIS
A. Simulation Setup

Substantial MATLAB based simulations are carried out for
evaluating the performance of the proposed object detection
technique. The results presented here are found by averaging
the result for more than 1000 individual and independent
locations of the object. SN-SN distance in a small cubic sensor
block is assumed as 5 m and the dimension of the network
coverage region is 60 x 60 x 100 m®. Usually for fresh water,
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Fig. 8. Intersection point of incident signal and reflected signal.
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Fig. 9. Shifting of the reflected signal to intersect the transmission signal.

the value of ¢ is 0.01 S/m. But as we have considered saline
water, 0 =4 S/m is taken [11]. Frequency, transmission power
and detection threshold power values are taken as f = 5 kHz,
Px =3 W, Py, =-70 dBm respectively.

B. Result Analysis

When CDF of error is plotted for 1000 different positions
of the object, it is observed how the CDF for each zone differs
with one another. For demonstration, CDF of error for n = 2,
3 and 4 with k = 2 is shown in Fig. 10. For n = 2, e, starts
from 0.36, whereas for n = 3 and 4, e, starts from 0.86 and
1.31 respectively. This plot shows that for n = 2, CDF curve is
the least steep and for n = 4, CDF curve is the steepest. This
implies that for n = 4, the variance in error is the smallest
and a small variance indicates that the errors tend to be very
close to the mean, and to each other. This is in line with the
proposed method as with the increase in number of zones, SNs
with minimum P, for line fitting increase and the errors get
close to one another for different positions of the object.

Fig. 11 illustrates the impact of number of spheres per
zone on e,. In this figure, e, between actual distance and
estimated distance from source to object is plotted against
number of spheres per zone. This graph shows that in case
of two zones (n = 2), when number of spheres per zone is

o
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T
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Fig. 10. CDF of percentage of error for different zones for two spheres.
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equal to 1, e, starts from 1.75. As the number of spheres
per zone increases, e, decreases. This happens because with
the increase in number of spheres per zone, the number of
SNs that receive the reflected signal at P, or more also
increases. Consequently, as the number of SNs with minimum
threshold power increases, the line fitting becomes more
accurate. Therefore, the determination of intersection point of
AB and CD becomes a more accurate estimation of the object
location. As a result, e, decreases. It is also observed that as
n increases, e, values for all the zone combinations decrease.
This also reflects the notion that with the increase of zones,
number of SNs with minimum threshold power increases. As
a result, starting e, values decrease. For n = 3, 4 and 5, the
similar decreasing pattern of e, with the increment in the
number of spheres per zone is observed. This plot also reflects
that e, becomes constant with the increase of number of zones
and spheres after a certain value.

Finally, Fig. 12 demonstrates the impact of SN-SN distance
on the e, for n =2, 3, 4 and 5 with k = 1. For n = 2, ¢,
starts from 1.75 as can be seen from the top left inset. We can
observe that with the increase in SN-SN distance, e,, increases
as the number of SNs decreases. As a result, there are less SNs
for line fitting and determination of the intersection point of the
transmitted signal and fitted line becomes more erroneous. For
n=3,4and 5, e, starts from 1.72, 1.68 and 1.66 respectively,
which implies that with the increment in number of zones,
object location algorithm has higher accuracy. Furthermore,
the similar increasing pattern of e, with the increment in SN-
SN distance is observed.

V. CONCLUSION

In this paper, a novel technique for object detection, specif-
ically a point on the surface of the object in underwater
environment is proposed using EM wave. The proposed
method involves determining a range for object detection, then
dividing the range into a number of zones and points and
finally drawing spheres with the points as the centers of the
spheres. This method is assessed through percentage of error
estimation between actual and estimated distances from source
to object. The number of spheres and zones have substantial
impact on the result. It is observed that the greater the number
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of spheres and zones, the less the error is in object detection
i.e., the more is the accuracy of the method.

Shadow fading is not included in the process as then
the shape of the spheres would become irregular and great
difficulty would arise in detection. Future works will include
the impact of shadow fading and object velocity on the overall
system performance. We will also evaluate the detection delay
performance and compare it with the acoustic counterpart.
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Abstract— Low flying aircrafts are always tough to track
due to the radar horizon limitation. But an aircraft is always to
be tracked for the safety purpose. However, there are means to
augment the radar detection like aircraft to ground data link
or satellite phone.The combination of Global Positioning
System (GPS) and Global System for Mobile Communications
(GSM) can also perform the job satisfactorily. This work
proposes the design for GPS/GSM based helicopter tracking
device and evaluates the performance. In this work, two GSM
networks were utilized to track low flying aircrafts in different
routes. The device design is proposed basing on the
experimental results of tracking. Possible future modifications
of the device are also suggested to achieve more accurate and
precise results in future experiments.

Index Terms—GPS, GSM, Helicopter, SMS, Tracker.

I. INTRODUCTION

In aircraft detection systems, the radar horizon is the
distance at which radar beam rises much above the earth’s
surface to make the low-level detection impossible[1]. The
presence of clutter zone also restricts the radar beam. Clutter
zone can be defined as the zone where radar energy is in the
lowest altitude of the troposphere. These make the tracking
of low flying aircrafts troublesome in some cases. But for
security purpose, the positioning information of these
aircrafts is very important[2]. Though Radio Detection and
Ranging (RADAR) is an excellent tool for tracking, still the
radar shadow and clutter zone needs to be covered up with
any alternative communication mean.

Helicopters are low flying aircrafts. Most helicopters do
not have pressurized cabins. So they normally fly in low
altitude, generally around 1000 feet. If a helicopter is flying
at an altitude of 1000 feet, Radar can detect it up to
maximum 75 km of distance. This happens due to the
earth’s curvature[3]. Thus, obtaining the real-time position
information of the helicopter is troublesome which increases
flight safety hazards.

Presence of the radar shadow and clutter zone allows
the helicopters to take Nap-of-the-Earth (NOE). NOE is the
very low altitude flying, usually by the military aircrafts to
avoid the radar detection. However, it may be useful for
aircrafts to avoid the enemy radar detection. But it is of
obvious importance to remain in constant communication
with own detection system. Secondary Surveillance Radar
(SSR) is a means for covering the communication missing
zone. But this is not also free of limitation with height. GPS
is a trusted and widely accepted tool for obtaining position
information[4]. Combination of GSM and GPS

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

communication system may satisfactorily cover up the zone
that is blank for a radar and augment the communication
throughout.

GSM is the most common and widely used
communication technology which is readily available at
most of the parts around the globe[5]. It allows to send
General packet radio service (GPRS) at a cheap rate. This
provision can be utilized to transmit the positioning data
which can be obtained by GPS. GSM primarily works on
line of sight (LOS) principle and designed for surface
communication. However, the lower altitudes can be
covered by the GSM. This can successfully cover the radar
shadow and augment other means of communication. In
Spain, A study by Juan showed that, signal transmitted by
GSM upwards are traceable by GSM devices up to the
height of approximately 3000 meters[6]. Thus, it was
confirmed that GSM works at low altitude and can be used
for communicating with helicopters.

It is easier for GSM network to cover the whole area of
Bangladesh as it is the most densely populated country of
the world. At present four separate GSM networks are
operating in this country. All the networks have widespread
network coverage; though may not be the whole country for
all. The strengths of these networks are also not similar.
Again, the network strength differs from place to place.
Even the strongest network at one place may show poor
network strength in some other place.

Bangladesh is a land of geo-diversity. Though mostly
plain, Bangladesh has a widespread hilly region as well.
Obviously, the hilly region causes the radar shadows and
radar clutters in some of the areas. Thus, those areas remain
untraceable by the radar coverage. But GSM can
successfully cover the undulating lands as well.

II.  RELATED TECHNOLOGIES

Different technological terms are described here which
will help to explain the working procedure of this project.

A. GPS Technology

The Global Positioning System (GPS) is a network of
about 30 satellites. Those keep on orbiting the Earth at an
altitude of 20,000 km. The purpose of the development of
GPS was military navigation and implemented by the United
States (US) government. At present, GPS devices are so
available that almost every single person is in the possession
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of GPS devices, be it a mobile phone or handheld GPS unit.
These devices can receive the radio signals which are
broadcasted by the satellites.

These 30 satellites are so positioned that, any point of
the planet is covered by at least four GPS satellites at any
time. Those satellites individually transmit the data
informing the positional data. Once any GPS receiver has
information on the distance from at least three satellites, it
can pinpoint the location. This process is known as
trilateration. For a moving object, the time-based position,
altitude, speed and direction can be extracted from the GPS
satellite data.

Fig. 1 GPS trilateration technique.

B. GSM Technology

In the year of 1970 at Bell Laboratories, the idea of
GSM was developed. It is the most widely used mobile
communication system around the globe. GSM can operate
at 850MHz, 900MHz, 1800MHz and 1900MHz frequency
bands.GSM system was developed using time division
multiple access (TDMA) technique as a digital system for
the purpose of the communication. Data rates from 64kbps
to 120Mbps can be carried by the GSM technology. A
typical GSM architecture is shown in Fig. 2.

Fig. 2 GSM architecture.

C. RADAR Horizon

The radar horizon is the distance at which radar beam
rises much above the earth’s surface to make the low-level
detection impossible. The presence of clutter zone also
restricts the radar beam. Clutter zone can be defined as the
zone where radar energy is in the lowest altitude of the

troposphere.
Clutter’ Clear
Zone Region
N
-

Radar Horizon

Re

Fig. 3 RADAR horizon.

D. Nap-of-the-Earth

NOE is the provision of very low altitude flying to avoid
being detected by enemy, particularly at a high-threat
environment. During NOE flight, the aircrafts follow
geographical features to keep themselves in radar shadow
and thereby avoiding being detected. Fig. 4 shows a low
flying aircraft (helicopter) following NOE route.

Low Level - *:%.; —
Contour
Nap of the Earth

Fig. 4 NOE.

E. Google Maps

‘Google Maps’ is a service of technology giant Google.
It is basically a web mapping service. It is very much useful
to plot the positional data on a google map for the
understanding at user end. Just plotting the position on
google maps offers much better assimilation than merely
mentioning the data as a list. A flight route of an aircraft
plotted on google maps is shown here at Fig. 5.
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III. METHODOLOGY

Two devices were designed for evaluating the
performance of helicopter path profile tracking, based on
GSM  network. The devices were developed using
commercially available hardware comprising GPS receiver,
GSM modem, microcontroller unit (MCU), micro Secure
Digital (SD) card and power source. The main aim of this
work is to develop an affordable and reliable tracking system
for helicopter.

A. Architechture of Modules

To analyse the performance a device was developed and
put into real-time experiment. The architecture of module-1
is shown in Fig.6. Here an algorithm was developed for
transmission of data based on better network signal. The
MCU determines the signal quality among the GSM
networks and transmit data through the better one. The result
obtained through the first module was not satisfactory. There
after the module was redesigned using two MCU and two
GSM modules keeping one GPS module. The block diagram
is shown in Fig .7.

B. Atmel Xmega Microcontroller

The Atmel Xmega Microcontroller(AXM) is used with
the GPS/GPRS/GSM Module for data management from the
GPS and transmission of processed data to the remote server.
This microcontroller having 100 pins among those 78 are
digital Input/Output (IO) pins. The AXM has 128KB
program memory. It can be connected to computer through
USB cable. The boot loader occupies only 0.5 KB. It
contains 8 KB of SRAM and 4 KB of EEPROM.

C. U-Blox 6 GPS Module

The NEO-6 GPS is a stand-alone GPS receiver featuring
high performance u-blox 6 positioning engine. The 50-
channel u-blox 6 positioning engine claims a Time-To-First-
Fix (TTFF) of under 1 second. The devoted acquisition
engine, with 2 million correlators, is capable of massive
parallel time/frequency space hunts, allowing it to find
satellites instantaneously. Compact design and technology
overpowers jamming sources and mitigates multipath
effects, giving NEO-6 GPS receivers brilliant navigation
performance even in the most hostile environments.

D. SIMS800 GSM Module

Simcom SIM800 is a quad-band GSM module is
designed as a data communication equipment. It supports
quad-band 850/900/1800/1900 Mhz. It can transmit voice,
data and SMS with low power consumption. It provides a
full modem serial port which is used for data transmission
and sending command. The modem is controlled via AT
commands. It operates within 3.4 volts to 4.4volts and -
40°C to 85°C. The module was configured in GPRS mode
for sending data to the remote server.

E. Operating Principle of Module-1

The module-1 was designed with one GPS module, two
GSM module and one MCU. The GPS receives positional
data from satellite and MCU extract the required data. Then
MCU compares the signal strengths among two mobile
operators and transmit to the server using best available
network. After receiving data on the server side, data
validation is conducted and stored in database. A web based
application named (ONNESHA) has been developed on the
server which projects the real-time location and related
information of the device like speed, altitude, direction and
time on digital map. The block diagram of module-1 is
shown in Fig.6. Total five real-time performance tests were
conducted by the module-1.

Satellite

Fig.6 Block diagram of module-1.

F. Operating Principle of Module-2

The operating principle is almost same like module-1
except algorithm and number of MCU. The operating block
diagram is shown in Fig.7. The main difference between
module-2 from module-1 is the use of two MCU. Each
MCU extracts data from the same GPS module but transmit
data to the server following separate GSM network
individually. The algorithm is also different from module-1.
A provision of SD card was kept but intentionally it was
disabled to analyze the unsuccessful transmission without
storing to memory device. So far two tests were conducted
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through Bell-212 helicopter and in future, more tests will be
conducted in different routes covering more area.

Satellite
v
GPS
v v
MCU-1 MCU-2
v v
GSM-1 GSM-2
v v
BTS-1 BTS-2
v v
Server

Fig. 7 Block diagram of module-2.

IV. EXPERIMENTAL RESULTS
A. Result from Device-1

The helicopter flew at 200kph and maintained average
height of 1000 feet. Total flight time was about 3 hour 30
minutes. After analysing the data received from the device it
was found that, only 20-25% data could be sent. The test
was conducted using two mobile networks but every time
with different network combination. One of the test results
is plotted in Fig. 8.

Dbhaka
5]

Fig. 8 Helicopter routes tracked by device-1.

B. Result from Device-2

The helicopter flew twice at a speed of 200kph
maintaining average height of 1000 feet. Total flight time
was 2hr 25min covering distance of 160km per flight. This
device could track approximately 92% of total path profile.
The algorithm was programmed to send data after each 15
seconds. The maximum height travelled by the helicopter
was 1250 feet from where the device could successfully
transmit data except few places. The transmitted data was
much better than the previous one. The transmitted data vs
received data chart is shown in the Fig. 9and the tracked
route is plotted on map shown in Fig. 10.

Tx vs Rx Chart

800
585
600 525 546 572
400
200 89.74 95.60
0
First Flight Second Flight
B Tx Rx Rx %

Fig. 9 Transmitted vs received data.

Fig. 10 Helicopter route, tracked by device-2.

V. CONCLUSIONS

After conducting number of experiment through module-
1 it was observed that, the device was unable to transmit
data despite availability of GSM network. While the MCU
compares the strengths and tries to connect a BTS, the
helicopter leaves behind the BTS due to its high speed.
Since the signal strength is weak and changes vary rapidly,
therefore single MCU can not operate two GSM modules
effectively. Due to the high speed and low signal quality, the
MCU fails to conduct handoff/re-registration of GSM
module effectively. On the other side, module-2 with two
MCU gave much better result compared to module-1. Each
MCU of module-2 operates single GSM module separately.
Transmission of 100% data instantly is not possible because
of non-availability of network in some particular places.
GSM network is not available across wide river and the
places where habitation is absent. To get the complete flight
path unsuccessful data need to be stored in SD card and
transmitted to the server once the device reaches within the
range of GSM network. In our future experiment, we will
store unsent data in SD card and transmit as soon as the
helicopter comes within the GSM network. The block
diagram of data transmission and storing is shown in Fig.11.
In this experiment two GSM networks were used. Use of
even more GSM networks will help to achieve much better
tracking result because a particular area not covered by one
GSM network may be covered by another GSM network.
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GPS information acquisition

A 4

Extraction of position, altitude,
speed, direction and time

A 4

Transmission of data through
multiple GSM network to remote
server

v

Transmission of data through
multiple GSM network to remote
server

A

———p| Store data in SD Card

Yes

Logging of time, position, altitude,
speed, direction, and GSM
strength

v

Analysis and process of data for
display

Fig.11 Block diagram of data transmission and storage procedure.
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Abstract—Energy efficiency is considered as the key issue
in the design of WSN. Saving energy often introduces
additional network delay, which is not desirable especially
in case of sensitive-delay application. For such application,
the system should be time responsive. Most of the recent
scenarios have not introduced any management of delay-
sensitive data applications to their works in order to
achieve energy efficiency. However, managing the delay
sensitive data along with regular data is not often good for
energy efficiency. Clustering is one technique that used
very effectively to achieve scaling up and power saving in
WSNs. However, it does not take care of application delay
constraints. In this work, we consider only two kinds of
sensors, one is used for sensitive-delay application and the
other one is used for best effort or regular application. The
proposed clustering scheme manages both sensitive and
best effort sensors and meets both delay and energy
constraints.

Keywords—Energy efficiency, delay, delay-sensitive
data, clustering.

1. INTRODUCTION

Wireless Sensor Networks (WSNs) have recently
come into prominence because they hold the potential to
revolutionize many segments of our economy and life.
Environmental monitoring and conservation,
manufacturing and business asset management,
automation in transportation industries and healthcare
industries are the different application of wireless sensor
application.

WSNs are composed of a large number of sensor
nodes and sink which is also a node used for collecting
data from all the nodes. And these nodes are densely
deployed either inside a physical phenomenon or very
close to it. It has become an effective paradigm to gather
information on a large-scale area through the
collaboration of sensors. As the advances in micro-sensor
and wireless communication technologies, WSNs are
capable of monitoring many sensitive-delay applications,
such as detections of forest fires, toxic gases, etc. These
kinds of application [3] should transmit data to the
monitoring station or sink as quickly as possible
comparing to best-effort or regular application.

All existing WSNs are designed to achieve high
energy saving and take little account of application delay
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constraints. The reported work in [6], [7] and [11] give
much information about the need of a real-time WSN, but
there is no clarification on how to achieve this purpose.
Recently some researchers have given importance to use
mobile element [2] or sink moving strategy [1] to collect
data from sensors in order to make the WSN system both
real-time and energy efficient. But this approach is
impracticable for such physical environment like
underground mines and not cost effective. And there is
also no indication about the sensitive-delay application at
all. To resolve the WSN scaling effect, sensors often need
to organize themselves into clusters. Clustering allows
hierarchical structures [5] to be built on the nodes and
enables more efficient use of scares resources, such as
frequency spectrum, bandwidth and power.

In this work, we propose a new clustering scheme
able to give more transmitting time to sensitive-delay
sensors against the regular one. In other words, we
introduce a Quality of Service (QoS) mechanism that
gives more priority to sensitive-delay sensors by
managing different duty cycle for both types of data used
in our proposal.

The next section of this paper presents the statement.
In section III, related work is outlined. The proposed
approach’s description and performance analysis are
given in two following sections. Finally, section VI
presents our conclusions.

II. PROBLEM DEFINITION

As previously mentioned, our main goal is to manage
a wireless sensor network where sensors belong to two
different kinds. The first one has non-delay constraint on
data transmission wherein the second one, sensors
support a critical or constraint time application. This
assumption affects the lifespan of sensors and the
network.

To define the problem, let us consider the RSD as
network parameter that gives the ratio between the
number of sensitive-delay sensors and the number of
sensors in WSN. The issue is how to give more
transmission time to sensitive-delay sensors against
regular sensors. Which means, how to attribute more
priority to sensitive-delay sensors. It is obvious that, if we
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give more transmission time to sensitive-delay sensors
then it will quickly consume the battery energy of
sensitive-delay sensors comparing to regular sensors.
Furthermore, we know that sensor networks consist of
limited battery-powered nodes. So, when a sensitive-
delay sensor dies after spending all its energy, the purpose
of applications that rely on this sensor will be affected.

III. RELATED WORK

In recent years, many studies focus on solving the
problem of energy issue in WSNs. However, in most of
the cases, it is not concerned about the sensitive-delay
application and managing it with regular nodes. Sink
moving strategy for making the system durable and
energy efficient by using LEACH proposed in [1]. Where
sink itself visits all the nodes and collect data from them.
A hybrid approach called Node density based clustering
and mobile collection (NDCMC) proposed in [2], where
a number of Cluster Heads (CHs) gather information
from cluster members and then an ME (Mobile Element)
visits these CHs to collect data. In [3], the authors
proposed a sensitive-delay application (toxic gas
monitoring system) in real time. However, it is the regular
nodes, who sense this sensitive-delay data. In [4], authors
propose two new distance-based clustering routing
protocols, which called DB LEACH and DBEA-LEACH.
The first approach (distance-based) selects a CH node by
considering the distance between the candidate nodes to
the base station and the second approach considers both
distance and residual energy to select a CH. Energy and
delay efficient hierarchical clustering scheme called BHC
(Bruijn Hierarchical Clustering) for WSNs has been
proposed in [5], which shows the end-to-end delay for
data transmission. But, there is no indication of sensitive-
delay application. In [6], the authors describe an
investigation of the trade-off between two objectives in
WSN design: minimizing energy consumption and
minimizing end-to-end delay by using DCEM
(Distributed Clustering) scheme. A new localized quality
of service (QoS) routing protocol for wireless sensor
networks (WSN) is proposed in [7]. Here the proposed
protocol targets WSN’s applications having different
types of data traffic. A clustering approach for the
homogeneous network is proposed in [8], which select
CH based on distance from the sink. In [9], the authors
have proposed a cross-layered real-time data broadcast on
the K-coverage configuration for sensitive-delay
applications, called RTBK, which propagates emergent
messages within time constraints. In [10], the authors
have defined non-uniform QoS for WSN to extend the
network lifetime. Paper [11] presents a QoS aware
Energy Efficient Routing (QEER) protocol for Clustered
Wireless Sensor Network. Here to address energy
efficiency (hotspot problem) and high end-to-end delay
problem, a combination of the mobile and static sink is
used for data gathering.

IV. PROPOSED APPROACH

In our proposal we have assumed that the sensors are
deployed in fixed (not moving) position that is when they
are first randomly distributed, they will remain in the
same place throughout the lifetime of network. Each
sensor node has a unique ID and knows its current
position and its remaining energy and also each sensor
node has enough power (Threshold value) to
communicate directly with the sink. There is no different
energy for sensitive-delay and regular sensors. All nodes
have the same initial energy because we want to maintain
the homogeneous network. In addition, their batteries are
not rechargeable. Sensor nodes die at the end of their
battery. Network is assumed to be connected.

A. Management of Critical and Regular data

In this approach, we define SDC as a ratio between
the number of duty cycle required by sensitive-delay
sensors and the number of cycles allocated for regular
sensors during a time period. Which means sensitive-
delay sensors will have 1/SDC duty cycles more than the
regular ones.

So, if a regular sensor sense any sensitive-delay data
then it will be forwarded to Cluster Head (CH) as a
sensitive-delay data using the same duty cycle, which was
dedicated for the sensitive-delay sensors. The duty cycle
can also be increased or decreased in our approach. If the
duty cycle of sensitive-delay sensors increase then it will
consume more energy and the sensitive-delay sensor will
die soon. To resolve this problem we can consider
sensitive-delay sensors not to be a Cluster Head (CH).
This will save more energy to keep the sensitive-delay
sensors alive as long as possible.

B. CH Selection Algorithm

Since we are using clustering approach, it will draw
additional network delay. To solve this problem, we have
to improve CH selection algorithm to obtain a reasonable
end-to-end delay. In this approach, we will select CH
based on minimum distance from sink and based on
residual energy available in sensors.

1) CH Selection Based on Minimum Distance: This
algorithm will select that node as CH, which is nearest to
the sink. The energy cost (Er) of a network is given by:

ET :ERX+ETX+ES+EI (1)

Where Erx indicates the receiving energy, Erx is the
transmission energy, Ep is energy cost during idle state
and Es is the energy cost during sensing mode. Generally,
the three energy costs except the transmission cost are
constant. The transmission energy mainly depends on the
distance. To minimize the transmission energy, we have
taken this criterion into consideration.

For the CH selection, based on minimum distance
from the sink, we have defined an equation, which is as
follows:

&3



a

Jj=n 2
z:j=1 dj

P=1- )

Where n is the total number of nodes, d; is the distance
from sensor i to sink, d;j is the distance from each other
node j to the sink. The ratio of this two values will give
Pi, which is a uniform value between 0 and 1. The sensor
i will be selected as CH if the probability of S; < P;. Where
Si is the random probability between 0 and 1. Here,
randomness and probability are introduced. If we select
those nodes as CH, which have the minimum distance
from the sink, then those nodes will die soon because of
selecting them as CH repeatedly. That is why we have
introduced new variable S; for selecting randomly those
nodes as CH nodes, which are the nearest to sink on the
basis of probability.

2) CH Selection Based on Residual Energy: In this
algorithm, the CH will be selected on the basis of
maximum remaining energy. Similarly, for this
algorithm, we have defined an equation, which is as
follows:

E;

P. = 0
i j=n ..
2:j:1 Ej

)

Where E; is the residual energy of sensor i, E; is the
residual energy of each other node j and P; indicates the
ratio of this two values which gives a uniform value
between 0 and 1. Similarly, the sensor i will be selected
as CH if the probability of S; < P;. Where S; is the random
probability between 0 and 1. That means CH will be
selected randomly which has the maximum residual
energy after each round on the basis of probability.

3) Hybrid CH Selection: In this algorithm, the CH
will be selected on the basis of both above mentioned
criteria. That means, based on maximum remaining
energy and minimum distance from the sink. The basic
equation of Hybrid CH selection is as follows:

P=(a)x|[1—-——=2 +(1—a)xX|== 4
= @x( z;::#) - <2§;§’Ef) @

Where a is the factor of both energy and distance.
Suppose, if we take 0=0.5, that means we consider 50%
of distance and 50% of residual energy to select CH.
Similarly, we can take only distance or only residual
energy into consideration, if we take o=1 and o=0
respectively. We can evaluate the performance of Hybrid
CH selection algorithm by taking the value of a between
0and 1.

The diagram below shows the CH formation of
Hybrid approach. Where we have taken 0=0.2. That
means we have given priority to residual energy
compared to the distance to select CH of the network. In
our proposal, we have taken a sensor threshold value and
CH threshold value. That means a sensor and a CH should
have a minimum level of energy to transmit the data to

sink. Otherwise, it will not transmit the data. In diagram
below, Pi indicates the equation (4) and CS indicates the
sensitive-delay sensors. The logic CS>0 indicates, if there
is any sensitive-delay sensor then it will not be selected
as CH to save energy.

If Sensor
Energy = CH
Th

Let the node be node

A A

Assign a random variable to
each node

l

If random
variable of a
node < P;

fCS>0 Yes

No

| CH formed |

Fig. 1. Hybrid CH selection approach chart

C. DBEA-LEACH

We will compare our approach with DBEA-LEACH
[4] to observe our proposal’s performance. But, to do so,
we have to make some adaptation to keep the same input
as our proposal. Generally, LEACH does not have
specific sensitive-delay or regular sensors. It uses the
same sensors to sense both sensitive-delay and regular
data. But, we will take the same ratio of sensitive-delay
sensors to sense sensitive-delay data. However, we will
keep the duty cycle same for the regular and sensitive-
delay cycle to see our proposal’s performance.

In DBEA-LEACH, the CH is selected on the basis of
distance and energy to achieve energy efficiency. Here a
node is more likely to be selected as a cluster head if the
distance of it from the BS is nearly equal to the average
distance of the network sensor nodes to the BS and that
node which has a high residual energy.

V. PERFORMANCE EVALUATION

In this section, we will evaluate the performance of
our proposed approach and compare it with DBEA-
LEACH. We have used MATLAB to simulate our
approach. Table 1 summarizes the main parameters that
we have assumed for simulation of our approach.
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TABLE I. PARAMETERS CONSIDERED

Parameters Value
Network size 100*100
Number of nodes 100
Ratio of sensitive-delay sensors (%) 10
Sink location Im*1m
Initial energy of sensors 0.2J
Quality of Service factor 0.1
Transmission/ Receiving energy 50nJ)
Alpha (o) 0.2
Data aggregation energy Snl
Maximum round 12000
Transmission speed 10 Kbits
Packet size regular 400 bytes
Packet size sensitive-delay 80 bytes
Duty cycle ratio 1:10

All the parameters are the same in case of DBEA-
LEACH except the duty cycle ratio and the Alpha (a)
factor. As Alpha (a) is used to select CH on the basis of
residual energy and minimum distance from sink. In
DBEA-LEACH, we will not take any duty cycle ratio to
see the transmission delay and lifespan effect of sensitive-
delay sensors. Now we will observe two main metrics:
the transmission delay and the number of sensors, which
have not exhausted their batteries.
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Fig. 2. Comparision of lifespan

From figure 2, we observe that the hybrid or proposed
one has the best energy efficiency than the other two. The
distance method has the worst energy efficiency. Because
the nodes which are nearest to the sink will be used as CH
most often and will exhaust their energy fast. If CHs are
selected which are far from sink then they will consume
more energy to transmit through the long distance over
network. Hence we have taken 0=0.2 in equation (4).
That means we have given 20% priority on distance and
80% priority on residual energy to achieve the best
energy efficiency.
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Fig. 3. Comparision of lifespan with DBEA-LEACH

As shown in Fig. 3, the proposed protocol has a more
improved network lifetime than the DBEA-LEACH
protocol. This enhancement is due to the optimal
clustering and hybrid mechanism. The proposed
approach is much more stable. But in DBEA LEACH
there is a sharp breakdown before 2000 rounds. All the
sensor nodes in case of DBEA LEACH die before 8000
rounds whereas few sensors are still alive till 12000
rounds in our proposed approach. This improvement in
network lifetime is due to the efficient energy
conservation approach employed by the hybrid protocol
and the threshold value of the sensors.
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Fig. 4. Lifespan of delay-sensitive sensors

Fig. 4 presents the lifespan of sensitive-delay sensors
in both cases. As we take 10% ratio of sensitive-delay
sensors in both cases, there are only 10 sensitive-delay
sensors. All the sensitive-delay sensors are dead before
6000 rounds in DBEA-LEACH approach. But in our
approach, a sensitive-delay sensor exists at more than
12000 rounds. Because in our approach, we have set the
criteria that sensitive-delay sensors will not be selected as
CH node. This gives more lifespan to sensitive-delay
sensors. Therefore, our approach is very much applicable
for sensitive-delay applications.

The time taken for packets going from sensors to sink
is defined as the end-to-end delay. Here, we have taken
the mean of delay because in one cycle there are many
packets go from sensor to sink. To make it clear in the
figure, we have taken the mean of all delay.
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From figure 5, we can see that the average delay time
of our approach is much better than the DBEA-LEACH
till 3000 rounds (approximately). But the proposed
approach shows consistently low average delay over the
network. In DBEA-LEACH, initialy there is high delay
encountered which is not good at all especially in case of
delay-sensitive applications. As the lifespan of DBEA-
LEACH ends around 6000 rounds, so there is no packet
delivered to sink after 6000 rounds and hence, there is no
delay time considered after 6000 rounds for the DBEA-
LEACH approach.
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Fig. 6. End-to-End delay of delay-sensitive sensors

Finally, from figure 6, we can see the end-to-end delay
of sensitive-delay sensors of both approaches. This result
is very important in case of sensitive-delay applications.
As we are giving more duty cycle to sensitive-delay data
in our approach it will take less time for packets going
from sensitive-delay sensors to sink. Here we can see it
clearly that our approach takes less time to transmit the
data to sink. Which is most important in case of
sensitive-delay applications.

VI. CONCLUSION

In this work, our main goal was to manage the
sensitive-delay sensors along with regular ones. We can
also manage the sensors of different priorities by using
our approach. We have proposed a clustering approach
that gives more transmission priority to sensitive-delay
sensors compare to regular sensors. We have also
introduced hybrid CH selection approach taking
consideration of energy efficiency. Moreover, by

comparing with DBEA-LEACH, which is used to
achieve energy efficiency, our proposed scheme shows
more energy efficiency and give a better delay
transmission for non-regular sensors. There is some
problem may arise like offloading problem. In future, we
will work on this kind of problem.
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Abstract—The conventional single-round contention based car-
rier sense multiple access (CSMA) medium access control (MAC)
protocols are not able to effectively utilize the opportunities of
advanced physical layer techniques of multi-packet receptions
in wireless local area networks (WLANSs). Researchers proposed
various multi-round contention based CSMA MAC protocols
to increase throughput in WLANs by taking the full benefits
from those advanced physical layer techniques. However, delays
of the packets of a WLAN becomes high under non-saturated
traffic due to the waiting time by the access point (AP) for
contending multiple packets from multiple users when multi-
round contention based MAC protocol is used. In this paper, a
multi-round contention based CSMA MAC protocol is considered
in a WLAN with successive interference cancellation (SIC)
technique. An algorithm is proposed for dynamically adapting
the waiting time for multi-round contentions to improve the
delay performance in a WLAN under a multi-round contention
based MAC protocol and SIC. The simulator of multi-round con-
tention based CSMA protocol is modified including the proposed
algorithm. Delay and throughput performances of WLANs are
evaluated under non-saturated traffic via simulation with and
without the proposed algorithm. The simulation results show
that the proposed algorithm is very effective in reducing the
packet delay in WLANs with multi-round contention based MAC
protocol without degradation of throughput performance.

Index Terms—Wireless local area network, carrier sense mul-
tiple access, successive interference cancellation, multi-round
contention, throughput, delay.

I. INTRODUCTION

With the massive expansion of utilizing wireless devices
in this modern era, wireless local area networks (WLANSs)
attain vast popularity to deploy in many countries for accom-
modating the wireless traffic demands efficiently. Currently,
the physical and data link layers of WLANs are based on
IEEE 802.11 standard and its data link layer uses carrier sense
multiple access with collision avoidance (CSMA/CA) medium
access control (MAC) protocol [1]. This MAC protocol uses
a carrier sensing mechanism to avoid collision and provide
single round contention of the users through a contention
resolution algorithm. Due to the single round contention,
the number of users accessing the medium at a time varies
hence the number of successful transmissions depends on the
employment of physical layer technique at the access point
(AP).

There are many advanced physical layer techniques avail-
able for significantly increasing throughput in WLANs. Multi-
user multiple-input multiple-output (MU-MIMO) and succes-
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sive interference cancellation (SIC) are the two important tech-
niques among them. MU-MIMO [2] is an advanced antenna
technology, vastly used in wireless communication which en-
ables multiple simultaneous transmissions between transmitter
and receiver utilizing their multiple antennas. Besides, SIC
[3] is an effective approach which allows a receiver to decode
multiple signals based on their signal to interference plus noise
ratio (SINR) in an iterative manner.

The traditional single-round contention based CSMA/CA
MAC protocol cannot exploit the full advantage of the physical
layer techniques [4], [5] since most of the cases the number
of users getting access to the channel at a time becomes less
than the number of packets that can be received by the AP
simultaneously. As a result, researchers have been proposed
different multi-round contention based CSMA protocols. The
proposals in [6]-[8] are based on two round contention and
they manifest good performance improvement in throughput.
In [9], the authors propose a SIC-aware multi-round contention
based CSMA MAC protocol under the physical interference
model [10] and demonstrate that the proposed protocol can im-
prove throughput significantly by exploiting SIC. The authors
in [4] propose a joint uplink-downlink MAC protocol called
Uni-MUMAC where data transmitted users are selected by
multi-round contentions. In [11], the authors present a joint
uplink-downlink MU-MIMO based MAC protocol utilizing
multi-round contentions in uplink while considering physical
interference model with attenuation, fading and shadowing.

In the multi-round contention based MAC protocols, the
AP has to wait some time for extracting the requests from
desired number of users which is called waiting time. This
leads to increase of packet delay in the system. Thus, multi-
round contention based MAC protocols suffer from higher
packet delay [9], [11]. Both the throughput and delay are very
important performance metrics for any network. Unfortunately,
the existing multi-round contention based MAC protocols only
focus on throughput improvement but they do not consider the
reduction of packet delay. This research motivates to reduce
the packet delay in a WLAN with multi-round contention
based MAC protocol.

In this paper, we consider the multi-round contention based
MAC protocol proposed in [9] considering SIC. Only uplink
transmission is examined for a single channel and single rate
WLAN. The transmit power of all the users are assumed
to be equal. The AP of the WLAN employs SIC technique.
We consider the physical interference model along with some
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wireless channel characteristics like path loss, Rayleigh fading
and log-normal shadowing. Our contributions in this paper are
as follows.

o The delay and throughput performances of the multi-
round contention based MAC protocol in [9] are analyzed
via simulation.

o An adaptive algorithm is proposed to reduce packet
delay of the proposed multi-round contention based MAC
protocol by dynamically adapting the waiting time of the
AP.

o The simulator in [9] is modified to include the adaptive
algorithm.

o The delay and throughput performances of the multi-
round contention based MAC protocol under the proposed
adaptive algorithm are evaluated via simulation. The
effectiveness of the proposed algorithm is demonstrated.

The remainder of this paper is organized as follows. The

system model is described in Section II. Section III describes
the proposed algorithm to reduce packet delay. The results are
presented and analyzed in Section IV. This paper is, finally,
concluded in Section V.

II. SYSTEM MODEL
A. Network Architecture

The network architecture of the WLAN system is assumed
as in [9] where one access point (AP) is surrounded with
N users. Each of the nodes has a single antenna which can
radiate omni-directionally with a fixed power. The positions
of the users are distributed randomly within a circle of unity
radius. The distance between a user and the AP is taken to be
a random variable 7 and its probability density function (PDF)
is defined as

fr(x) =22,0 <z <1. (1)

We consider a half-duplex system, i.e., the nodes in the WLAN

system cannot transmit or receive simultaneously. The AP has
a receiver which employs SIC to extract maximum M packets.

B. Wireless Propagation Model

In any practical wireless channel, the transmitted power
from a user is affected by attenuation, fading and shadowing.
By taking these phenomena into account, the received power
by the AP from a user at a distance r is considered as [9],

-n
P, = A2e™ <T> P,
To

2
where, P, is the transmit power of the user, (%)77} is
considered as the attenuation at distance r with far field cross-
over distance 7, and path loss exponent 7, A is a random
variable with Rayleigh distribution of unit power and e® is
the signal variation for shadowing with Gaussian distributed
random variable o with zero mean and variance o2. Each
random variable o and A is considered to be independent
and identically distributed for one user to another and from
one data packet transmission to next data packet transmission.

Furthermore, we consider
12

fald!) = (e35%)/V2r0 3)

and

2
faly) =2ye™
as the PDFs of « and A, respectively.

“4)

C. Multi-round Contention Based CSMA MAC Protocol

In [9], the authors propose a multi-round contention based
uplink MAC protocol where they assume the time is divided
into mini-slots and all users transmit DATA packets with same
size. According to the MAC protocol, an idle user having a
DATA packet senses the medium in each mini-slot to send
request. If the user finds the medium as busy then it tries again
to access the medium in the next mini-slot. Besides, if the
medium is found free, the user sends a request to send (RTS)
packet with a transmission probability p. More than one user
can send RTS packet simultaneously but the transmission of
one user can be successful which depends on the interference
model based on SIC technique. After receiving a RTS packet,
the AP sends an acceptance notification (AN) packet to the
RTS transmitted user after a short inter-frame space time
(SIFS). If any user sends RTS packet but does not get AN
packet, the user tries again to access the channel to transmit
RTS packet. If a user receives an AN packet, the user waits
for a clear to send (CTS) or not CTS (NCTS) packet from the
AP. However, the AP waits for a certain time to receive M
successful RTS packets. It is called the waiting time. From the
M users, the AP determines the maximum number of users
such that data transmission of all of those users are successful
using SIC. The AP sends CTS packet to those users and NCTS
packet to the others. If the AP does not receive M RTS packets
within this time duration, the AP transmits CTS/NCTS packet
to the user(s) from which it receives RTS packet(s) during
this time. The users who receive CTS packet, transmit their
DATA packets to the AP. On the other hand, if a user receives
NCTS packet, it does not transmit DATA packet to the AP
and goes to the idle mode and tries later to send RTS packet.
The DATA packets transmitted by the users are extracted by
the AP by employing SIC technique. Then the AP sends a
common acknowledgement (ACK) packet to the users from
which it extracted DATA packets successfully. After receiving
ACK packet, the users tries again to access the channel to send
their RTS packets. The transmission of AN, CTS/NCTS and
ACK packets are considered always successful.

D. Interference Model for RTS Packet Reception

The received power by the AP from any user may vary
due to attenuation, fading and shadowing. According to the
physical interference model, the transmission of a user having
the strongest SINR among all the transmitting users can be
successful if the SINR is greater than a certain threshold. We
assume that all the users use the same modulation and coding
scheme comprising data rate R and the SINR threshold for
successful decoding of a packet at that rate is 3. If y be the
set of simultaneous RTS packet transmitted users at a time,
the condition for successful RTS transmission of any user ¢ is
given as

Pi
- >
ZzEy\z‘ PTZ + N,

where, P7? is the power received by the AP from a user z and
N, is the background noise power.

SINR; = B )

E. Interference Model for Data Packet Reception with SIC

Let v, |[v] < M be the set of users from which the AP
receives RTS packets. The AP chooses a set of users s from
the user-set v such that all the DATA packets transmitted by
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the users in s are successful. Moreover, the AP always tries
to maximize the number of users in set s. Let the users in
s are arranged based on descending received power levels by
the AP and s = {1, 2, .., |s|}. According to SIC, the condition
for successful DATA packet extraction by the AP is given as

ja P2
> 3, - > B, ...
> sesv1 PP+ No Yces\f1,2y PF + No
pY!
...... —_— . 6
’N;>B (6)

III. ALGORITHM FOR ADAPTING THE WAITING TIME

In any multi-round contention based MAC protocol, packet
delay is high because the AP has to wait a fixed duration of
time to extract the desired number of RTS packets. Sometimes,
there may be some cases when the AP waits unnecessarily till
the expiration of the waiting time although transmission of
RTS packets from the desire number of users does not occur.
This happens mainly at non-saturated traffic condition. As a
result, packet delay in the WLAN system increases. Thus, it is
necessary to adapt the waiting time dynamically considering
the traffic condition in the network. In the following, the
proposed algorithm of adapting waiting time to reduce the
delay in WLAN with multi-round contention based MAC
protocol is described.

According to the MAC protocol, AP collects requests from a
number of users during the waiting time and receives a number
of data packet(s) simultaneously using SIC. We assume that
AP can calculate the delay of each of the simultaneously
received data packets. It is possible since the generation time
of a packet is stamped in each data packet during its generation
and hence, the AP can easily calculate the delays of the
packets. After receiving a number of data packets at a time, the
AP calculates the maximum delay of those packets which is
referred as the new maximum delay 7", This new maximum

max*®

delay is then compared with the old maximum delay 72/
i.e., the maximum delay of the simultaneously received data
packets in the previous iteration. Initially, 79/¢, is set to an
initial value Tp. If 72¢% < 79! | the waiting time, i.e., the
new waiting time 77¢% is set to (7.4, + A), where T2\, is
existing waiting time and A is small amount of time. Initially,
the value of 72!, is set to a fixed minimum waiting time,
Tmin On the other hand, if 77¢% > 709 the new waiting
time 7°¢% is set to (T4, — A) when (T2, — A) > Tmin,
However, T"¢Y is set to 79!, if (T2, — A) < T™n In this
manner, the AP adapts the waiting time dynamically whenever
it receives data packets for reducing packet delay in WLAN.
The proposed adaptive algorithm is illustrated by the flow-
chart in Fig. 1.

IV. RESULTS

The custom simulator written in MATLAB [9] is modified
according to the proposed algorithm of adaptive waiting time.
Then delay and throughput performances of the multi-round
contention based MAC protocol with and without the adaptive
algorithm are evaluated via simulation. Moreover, the average
packet delay and throughput of the WLAN under the conven-
tional single-round CSMA MAC protocol with SIC are also
determined via simulation.
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Fig. 1: Algorithm for dynamically adapting the waiting time.

A. Networks and Parameters

A WLAN system is considered with 20 users and one AP.
We consider data rate 5.5 Mbps with SINR threshold g = 9.4
dB. The transmit power P; of the users are taken to be 12
watts. The far field cross-over distance 7, is considered to be
0.01 m. Considering the indoor WLAN environment, the path
loss exponent 7 is chosen to 4. The value of o is taken to be 6
dB. We consider the duration of a mini-slot, ¢ = 20 ps. The
values of different types of packet in mini-slots are considered
as: Lrrs = 7, Lany = Lack = 6, Lcrs = 2M + 4, and
Ly 500, where Lrrs, Lan, Locrs, Lack and Ly are
the transmission times of RTS, AN, CTS, ACK and DATA
packets, respectively. Moreover, the duration of a SIFS time
is taken to be one mini-slot. We only consider M = 4 in our
simulation.

B. Modification of the Simulator

Two major modifications are done on the simulator used in
[9]: (1) generation of non-saturated traffic and (ii) implemen-
tation of the algorithm for adaptive waiting time. For a given
traffic arrival rate of the users, packet arrivals of the users are
generated by using the Poisson process. The generation time
of each packet is recorded such that the AP can determine the
delay of a received packet. A user tries to access the channel
if packet(s) is available in its queue. We assume infinite
buffer at the users. In simulator, the process of RTS packet
transmission to ACK packet reception remains unchanged.
However, waiting time to send the CTS/NCTS packet by the
AP is dynamically changed based on the algorithm whenever
the AP receives data packets.

C. Determination of Total Throughput and Packet Delay

We consider 100 instances of 20 user WLAN by randomly
generating the positions of the users and each instance is run
for 100 s. The total throughput of the users is determined
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Fig. 2: Comparison of the total throughputs under the single-
round and the multi-round contention based MAC protocols
with SIC.
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Fig. 3: Comparison of the average packet delays under the
single-round and the multi-round contention based MAC pro-
tocols with SIC.

from the total received packets by the AP at the end of the
simulation of all the instances. To determine the average packet
delay, delay of each received packet is recorded by the AP. At
the end of simulation of all the instances, the average delay
of the packets is calculated.

D. Performance Analysis of the Multi-round and the Single-
round Contention Based MAC Protocols

To investigate the performance of multi-round contention
based CSMA MAC protocol, the total throughput and the
average packet delay are determined via simulation. The fixed
waiting time is taken to be 500 mini-slots. The total throughput
of the users for different transmission probabilities of the users
by varying the traffic arrival rate is shown in Fig. 2. At lower
traffic arrival rate, i.e., non-saturation condition, throughput
and arrival rate are the same since all the generated packets can
be transfer to the AP. However, the network becomes saturated
with increasing the traffic rate and hence, the throughput

becomes constant even the traffic rate is increased. It is clear
that the maximum achievable throughput of the multi-round
contention based MAC protocol is significantly higher than
that of the single-round contention based MAC protocol. It
can be observed that the maximum achievable throughput
of the single-round contention based CSMA MAC protocol
increases with the increase of transmission probability. It is
due to the fact that the number of RTS packet transmitted
users increases during the waiting time with increasing the
transmission probability hence the opportunities for employing
SIC are also increased. However, the throughput of the multi
contention based CSMA MAC protocol does not change with
changing the transmission probability. We attribute this to
the fact that in multi-round contention based MAC protocol,
the AP collects M requests during the waiting time for any
transmission probability of the users.

The average packet delay for different transmission prob-
abilities of the users by varying the traffic arrival rates is
presented in Fig. 3. The results show that for the both MAC
protocols, the average delay increases with increasing the
traffic arrival rate and it sharply increases when the traffic leads
to saturation. At a low traffic rate, the average delay of the
single-round contention based MAC protocol is lower than that
of the multi-round contention based MAC protocol. Although
the average delay of the multi-round contention based MAC
protocol at lower traffic rate is only around 30-40 ms but
this kind of delay may affect some critical services with low
latency requirement.
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Fig. 4: Comparison of the average packet delays under the
single-round, multi-round and the adaptive multi-round con-
tention based MAC protocols with SIC.

E. Performance Analysis of the Proposed Algorithm

The 100 instances of 20-user WLAN system is simulated
under the multi-round contention based MAC protocol with
the proposed algorithm of adaptive waiting time. The total
throughput and the average packet delay are determined at the
end of the simulation of all the instances. In simulation, we
consider T/ = 100 mini-slots, 7o = 50 ms and A = 20
mini-slots. The transmission probability of the users is taken
to be 0.05.
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Fig. 5: Comparison of the total throughputs under the single-
round, multi-round and the adaptive multi-round contention
based MAC protocols with SIC.

Comparison of the average delays under the different MAC
protocols is depicted in Fig. 4. The results show that the
proposed algorithm reduces the average delay of the packets.
To investigate whether the total throughput of the system
reduces for implementing the proposed algorithm, the total
throughput of the users is shown in Fig. 5. It is clear that the
proposed algorithm reduces the average packet delay without
affecting the throughput performance.

V. CONCLUSION

We have studied the delay and throughput performances in
WLANSs with multi-round contention based SIC-aware CSMA
MAC protocol. It is found that the multi-round contention
based SIC-ware MAC protocol provides significantly higher
throughput than the traditional single-round contention based
MAC protocol. However, the multi-round contention based
MAC protocol causes higher packet delay due to the fixed
waiting time at the AP for choosing the desired number of

users. To reduce the delay of the multi-round contention based
MAC protocol, we have proposed a simple algorithm to dy-
namically adapt the waiting time at the AP based on the traffic
condition in the network. We have demonstrated via simulation
that by using the proposed algorithm the average packet delay
can be reduced in WLANSs with multi-round contention based
MAC protocol without hampering the throughput performance.
The proposed algorithm in this paper is iterative and it may
not provide the optimal results. Further research is necessary
to obtain the minimum delay in WLANs with multi-round
contention based MAC protocol. Development of an analytical
model of delay as function of traffic rate of the users may be
the possible drive for future research to adapt the waiting time
of the multi-round contention based CSMA MAC protocol.
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Abstract— Design and fabrication of a silicon-based fiber-
optic temperature sensor is reported. It is based on a planar
Fabry-Perot resonator fabricated on a silicon substrate using
highly anisotropic deep reactive ion etching process. Due to the
large thermo-optic coefficient and thermal expansion coefficient
of silicon, we have typically achieved a sensitivity of 0.5mV/°C in
our measurements. The paper also includes a summary of our
computational method to analyze the propagation of an optical
Gaussian beam throughout the Fabry-Perot cavity fabricated in
the silicon substrate.

Index Terms— Anisotropic deep reactive ion etching, Silicon
sensor, Fabry-Perot sensor, Integrated Optics, Optical fiber
sensors, Temperature sensors.

I. INTRODUCTION

In recent years, there have been numerous demands for
monitoring temperature in a variety of industrial scenarios in
oil/gas exploration, environmental engineering, and high-
voltage power systems, to name a few. Fiber-optic
temperature sensors are useful in most of the above-
mentioned applications due to their compact size, immunity
to electromagnetic interference, multiplexing capability, etc.
In particular, the thermo-optic effect, which is defined as
refractive index variation due to temperature, has been
exploited in optical temperature sensors with wide range of
measurable temperature and without any self-heating effect.

Crystalline silicon is desirable for high-resolution and
high-speed temperature sensing, as it is highly transparent
over infrared wavelengths and shows a large thermo-optic
coefficient which yields a higher temperature sensitivity.
Silicon-based temperature sensors also ensure short response
time because of the large thermal diffusivity of silicon.
Moreover, silicon-based sensors have inherent low
processing cost and can be integrated with conventional

electronic integrated circuits through fully matured
fabrication technologies.
Diverse silicon photonic  structures have been

demonstrated for implementation of temperature sensors.
These include ring resonator structures fabricated in a silicon
substrate [1-6], silicon photonic-crystal fiber tip sensors
[7-11], an array of silicon Fabry-Perot interferometers
working on the principle of optical phase shift [12], silicon
Fabry-Perot  sensors fabricated by sputtering an
approximately one-micron thick silicon layer on the tip of an
optical fiber [13-15]. A silicon pillar on the tip of a single-
mode fiber on the basis of Fabry-Perot interferometry [16].

In this paper, we propose an optical temperature sensor
based on the thermo-optic effect of silicon. It consists of a

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

vertical Fabry-Perot resonator fabricated on a silicon
substrate. The in-plane design of our sensor, in which the
Fabry-Perot resonator is realized by vertically etched walls,
facilitates fiber alignment. Moreover, this sensor can readily
be integrated inside electronic devices to enable direct
measurement of the device temperature, which is usually
required in high-precision measurements and calibration. The
proposed silicon Fabry-Perot resonator is fabricated by deep
reactive-ion etching of silicon in a capacitively coupled
plasma etcher, which was challenging due to the large depth
of the cavity. The fabricated sensor is characterized by direct
monitoring of optical power at a fixed wavelength. To design
this sensor, a numerical analysis is developed based on the
transfer-matrix formulation to estimate propagation path of
Gaussian beams within a silicon Fabry-Perot resonator. Here,
we begin with introducing our numerical analysis.

II. OPERATION PRINCIPLE

A. Optical Analysis

The proposed structure consists of a Fabry-Perot resonator
with two deep-etched silicon bars located at the end of a fiber
U-groove. Figure 1 shows a schematic of the resonator
assembly. A Gaussian beam emerging from the input fiber
end facet at z =0 irradiates the air-silicon interface at z=d .
To simplify the analysis, we assume two-dimensional beam
propagation. An analogous analysis to the one presented here
was pursued in [17] for propagation of optical beams through
one-dimensional photonic band-gap structures.

The silicon resonator is characterized by [/ (resonator
length) and »n (resonator refractive index). The following
equations are used in our analysis to predict the experimental
results. The two-dimensional Gaussian beam at the output
interface of the fiber is as follows:

2

E(x):e?:er(kr)e’jk'xdkx atz=0 (1)
2

The plane-wave expansion equivalent to this optical beam
can be obtained using the Fourier transform:

1 2
—k’o?

E(k) =] E(x) e dv=roe*" )

where o determines the Gaussian beam width.
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Fig. 1 Schematic of the proposed silicon-based sensor.

Hence, the incident Gaussian beam E' at the input plane
of the Fabry-Perot resonator at z =d is described by:

F=Lr E(k,)e ™ e ™ dk. atz=d
2 e ’

3)

where k. =+/k; —k_ . To calculate the electric field of the

reflected beam, the transfer matrix formulation is used in
which propagation through the resonator is described by a
2x2 chain matrix:

M= a4y G| _ C-(:S(-6) JNy sin(9) )
ay dp Jny sin(8) cos(9)
where the phase ¢ is:
0=k,nlcosé ©)
and the characteristic impedance is:
_ | mcos® for TE, polarization ©)
r = n/cosé@ for TM , polarization

in which p=yu,/n’e, .

2 .
k, =7ﬂ denotes the free-space wavenumber and 6 is the

In the above equations,

angle of incidence within the resonator, which is calculated
for a given k_ using Snell’s law, i.e., n sin@ =k _/k, . Thus,

the wave reflected from the Fabry-Perot resonator E” is
obtained as

E" === [T Bk, )T, (k) e e dk | atz=0
27w o= ’

(N

where T

in

(k,) is the electric field reflection coefficient.
Finally, the overlap integral

2

(E".E )

(®)
E"E" ><E/iber > E_/iber >

n(Ad) =
{

is calculated to determine that portion of the reflected
beam which is coupled into the fundamental mode of the

single-mode fiber. Obviously, <E ",Eﬁber> depicts the inner

product of the reflected wave by the mode field of the fiber.
The spectrum of the reflected wave is obtained from the
reflected and incident fields and the overlap integral as:

)

The outcome of this calculation depends on the phase
factor 0 which is related to the length / of the Fabry-Perot
resonator, the wavelength 4 of the radiation, the wavenumber
k., and the refractive index of silicon » . Figure 2 depicts the

1(A)=n(A) )

reflected wave intensity as a function of wavelength for
cavity length of 100um. The reflected wave is calculated for
three different temperature values, due to temperature
dependence of the refractive index of silicon. The Gaussian
beam width is assumed to be 9um as is for commercially
available single-mode fibers.

Due to operation wavelength of 1.55um for available laser
diodes, the main concern is whether this wavelength is the
proper one for sensor operation. As is inferred from fig. 2, at
the wavelength of 1.55um, the reflection intensity is
maximum at zero temperature and reaches its minimum at
20°C.

Therefore, in the temperature range of 0 to 20°C, the
sensor has maximum reflection variations at the wavelength
of 1.55um. Thus, this wavelength is a suitable choice for
input light in terms of dynamic range and sensitivity through
the device temperature range.

B. Temperature Analysis

Any temperature variation alters silicon refractive index
due to the thermo-optic effect. It also alters the cavity length
due to thermal expansion effect.

0.7

NNAN_NNN
= Temperature = 0C
06 ====Temperature = 10C
=—Temperature = 200\
0.5
504
bS]
2
=
Los

1.54 1.545 1.55 1.555 1.56

Wavelength (um)

Fig. 2 Reflected wave intensity as a function of wavelength for cavity
length of 100um for three different temperature values.
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length of 100um for a temperature of zero degree centigrade.
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III. EXPERIMENTS

They finally lead to a variation of the reflected light which A. Device Fabrication

is being measured as the sensor output. Differentiating 0 with
respect to T leads to the temperature sensitivity of the cavity
[12]:

nl cos oL 1 ALy
ndl [dT

s _2n

ar 1 (19

Here, the first term on the right hand side consists of%,

which is the thermo-optic coefficient of silicon, and the
second term is the thermal expansion of silicon. For single-

i=2.6><10’6K’1
0T

crystal silicon, and

on

i 1.86x10™* K", Variation in ¢ due to thermal expansion

coefficient of silicon is a factor of 100 smaller than that of the
thermo-optic effect of silicon. However, it can’t be neglected
for large cavity lengths. Figure 3 shows the computed
reflected wave intensity as a function of temperature for
cavity length of 100um. This figure includes two cases, the
one considering thermal expansion effect and the one
neglecting thermal expansion.

C. Effect of Air Gap on Temperature Response

In all the above figures, it is assumed that d =0, which
means that the fiber end facet is in contact with the input
interface of the Fabry-Perot resonator. However, in real case,
an air gap always exists between the two interfaces due to an
unwanted curvature in the input facet of the cavity during
vertical etching of silicon. We have estimated the impact of
this gap on the response of our sensor. This is shown in Fig. 4.

As can be seen in this diagram, when the air gap is
increased, the reflection amplitude decreases. The maximum
reflected wave is obtained as the fiber is in direct contact with
the cavity. However, the performance of the sensor is not too
much affected by the existence of the gap.

In this research, the fabrication process is mainly based on
deep reactive ion etching of silicon. For the sake of highly-
vertical walls as well as smooth vertical surfaces and to
preserve time and cost, we presented a novel semi-sequential
method which is based on a two separate sub-cycles of
etching and passivation in which the etching step utilizes SFs
gas and passivation step employs H», O, and SFs gases.

The etching is achieved in a reactive ion etching (RIE)
machine operating at 13.56 MHz with an effective area of
20x15cm2 (Fig. 5). The operation of all parts of this unit is
controlled by computers. The gas flow is controlled by means
of mass flow meters. A combination of roots and rotary
mechanical pumps control pressure in our process. A typical
pressure of 200-800mTorr is used in this process. Here, P-
type (100) silicon wafers are used. After cleaning the silicon
substrates using a RCA No.l solution, they are blow dried
and a 80-nm chromium layer is deposited as a masking film
using an electron-beam evaporation system. After patterning
the masking layer using standard photolithography, the
sample is ready for loading into etching reactor. To avoid
serious variations in the etch rate, the silicon samples have to
be placed in the central rectangle.

Reactor chamber
‘\
L h ot
Pt i
11 I 11

vacuum
valve

Butterfly
valve

-

iRoots |

iy

N2 02 SFG HZ

Fig. 5 Schematic of the reactive ion etching machine.
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The etching process which is employed in this work is
very similar to the one presented in [18-19] where a
sequential etching/passivation procedure is utilized. In the
passivation sub-cycle, a mixture of SFs, H> and O, gases are
fed into the chamber. Oxygen radicals oxidize the side
surfaces of the sample, whereas hydrogen ion bombardment
removes the bottom oxide and results in an improvement of
etching directionality. To initiate the etching sub-cycle, SFs
gas which contains fluorine radicals flows into the chamber.
These radicals which react with exposed silicon can cause
isotropic etching of silicon.

However, opposed to the method presented in [18-19],
there is no purging steps between the sub-cycles to evacuate
the chamber and ensure proper switching between gases. So a
little trace of reactant gases from the previous sub-cycle
remains in the chamber and assist to the process in the current
step. Especially, in etching sub-cycle, a little trace of O, and
H> gases helps to minor passivation of the sidewalls. This
helps to achieve more verticality and smoothness of sidewalls
as well as fast etching progress with high etch-rate.

By adjusting plasma parameters of both sub-cycles, such
as plasma power, flow of gases, chamber pressure and
duration of etching and passivation step, verticality and
smoothness of sidewalls can be enhanced. The obtained
optimum parameters are shown in table 1.

TABLE I
PLASMA PARAMETERS IN OUR SEMI-SEQUENTIAL PROCESS
SFe (0)3 H: Power Time
(sccm) (sccm) (sccm) (W) (s)
Etching 0 140 0 140-190 10
Passivation 230 13 620 270 6

Figure 6 shows the obtained structure with the etch depth
of 85um. This process has a moderate etch rate of
0.53um/min caused by longer etching duration and shorter
passivation period, which makes this method more cost-
effective comparing with the one presented in [18-19]. Due to
longer etching duration with respect to passivation, we set the
passivation power to the maximum obtainable power of the
RIE machine in order to strengthen passivation while keeping
it short.

© (d)
Fig. 6 SEM images of the fabricated sensor. (a) and (b) show the top-view
of the sensor. It consists of a U-groove for mounting the fiber and some
side teeth to fix the fiber with high-temperature glue. (c) and (d) show the
close-up view of the sidewalls. The sidewalls are sharp and vertical with
low roughness.

(© (d
Fig. 7 (a) The alignment setup for the sensor along with a single-mode
fiber. (b) and (c) The microscope photograph of the fiber mounted into the
U-groove. (d) The measurement setup.

B. Setup Description

Our measurement setup consists of the fiber sensor
connected to a 3dB coupler. The sensor chip is glued onto a
peltier heat pump together with a calibrated LM35
thermocouple which allows independent monitoring of
temperature.

The sensor is tested at the fiber-optic wavelength of
1.55um using a pigtailed single-mode fiber. The alignment
and measurement setup are shown in Fig. 7. Mounting the
input fiber into the U-groove is a rather critical step.

The radiation was launched into the cavity via a 3 dB dual
directional coupler, while the intensity of the wave reflected
from the input facet was collected by the same coupler and
delivered to an InGaAs photodiode which was connected to
an oscilloscope to monitor the variations of the reflected
signal (Fig. 8) without any required expensive spectral
monitoring.

C. Measurement

Our measurements include only a small verification of our
theoretical analysis. More complete measurements are now
underway. The measured reflected wave intensity for a
100um-long cavity is reported in Fig. 9. As shown in this
figure, the reflection intensity is changing periodically with
increasing temperature as predicted by our simulations (See
Fig. 3). Note that due to unwanted under-etching of the cavity
walls, the actual length of the fabricated cavity is shorter than
the designed value. Also an air gap exists between the fiber
and the cavity facet. These phenomena result in a small
discrepancy between the measurements and simulations.

Fiber-optic
Coupler

Temperature
Sensor

| — |
APC/APC  pejtier “\. DC power

adaptor supply

InGaAs

Detector
Oscilloscope

Fig. 8 Optical setup for amplitude reflection measurement: diode laser
source DL, InGaAs photodiode detector, along with other components are
seen in this figure.

APC/FC
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Reflection (mV)

Temperature (C)

Fig. 9 Reflected wave amplitude as a function of temperature.

As can be deduced from figure, the temperature range of
this sensor is between 30°C to 70°C, which is approximately
the linear region between a maximum and a minimum of
reflection. Also it is seen that with a temperature change of
40°C across the temperature range of 30°C to 70°C, the
reflected intensity varies by 20mV. This results in

temperature sensitivity of 0.5mV/°C in this temperature range.

IV. CONCLUSION

We have designed, analyzed, and fabricated a temperature
sensor composed of a vertical silicon Fabry-Perot resonator
operating based on the thermo-optic effect in silicon. The
resonator walls have been fabricated by deep reactive ion
etching of silicon which facilitates compatibility with other
optoelectronic devices. The lowest measured temperature
sensitivity of the sensor is 0.5mV/°C, which is obtained at the
telecommunication wavelength of 1.55pm. We also presented
the design procedure for the sensor using a transfer-matrix
formulation for Gaussian beams.
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Abstract—An analytical expression for the coupling of whisper-
ing gallery mode is derived by adding the coupling and intrinsic
loss terms. We found smaller negative frequency shift for higher
order mode when nonlinear coefficient is smaller consistent with
the reported experimental observations. The resonant frequency
of a weak probe mode can be shifted by a strong pump mode
due to XPM and the frequency shift of the probe is proportional
to the pump energy. We found large negative frequency shift
when pump and probe power are perfectly matched. This result
opens up a range of new applications in nonlinear sensing and
quantum optics.

Keywords - Coupled-mode theory, microcavity, microsphere,
resonator.

I. INTRODUCTION

Whispering gallery modes (WGM) microcavity have played
an ubiquitous role due to their high quality factor Q and small
effective mode volume V. ;. They are suitable for different
applications and scientific research which includes quantum
electrodynamics (QED) [1], microlasers [2]-[5], Raman lasers
[6]-[9], sensing [10]-[12], parametric oscillation [13], fre-
quency comb [14], [15] and so forth. In huge numbers of these
applications, light should be coupled into the micro sphere
without any changing of high quality factor, Q. There are a
number of methods to couple light into the micro sphere.
Among all of the methods, the most widely used are the
tapered fiber [16], prism coupler [17], and polished half-block
coupler. Tapered fibre are widely used for device applications.
The main goal of this paper is to derive an analytical formula
for coupling Whispering gallery mode by taking into account
the intrinsic loss and coupling loss terms.

We developed an analytical model to explain the impact
of Kerr nonlinearity on silica microsphere and we found
large negative frequency shift for resonant modes which is
proportional to the mode energy [18], [19]. Recently, We
investigated nonlinear interaction between two WGMs due
to cross phase modulation (XPM) and stimulated Raman
scattering (SRS) and we found negative frequency shift for
resonant mode which depends on both the energy of resonant
mode and the energy of the other mode. Taking into account
the delayed Raman response, we also developed analytical

978-1-5386-3374-8/17/831.00 ©2017 IEEE

expressions for transferring energy between Stokes and pump
wave considering SPM and XPM effects.

In this paper, we present a new extension of the impact of
Kerr effect to study the multimode coupling of Whisperring
gallery mode due to cross-phase modulation (XPM). We de-
velop an analytical expression for the coupling of whispering
gallery mode is by adding the coupling and intrinsic loss terms.
We found large negative frequency shift depending on pump
power and probe power. Our result show that frequency shift
is large when both pump power and probe power are perfectly
matched. However, to the best of our knowledge, coupling of
Whispering gallery mode has not been analytically modelled
previously to explain cross-phase modulation effect by taking
tensor in spherical co-ordinates.

II. MATHEMATICAL DESCRIPTION OF COUPLING TO
WHISPERING GALLERY MODE MICROCAVITY RESONATORS

In a Whispering gallery mode microcavity, optical energy
transfer in between cavity resonator and wave guide can be
explained with a simple model which is shown in Fig.1. The
resonant frequency is the most important coupling parameter.
Another two important coupling parameters are internal life-
time, 7, and external lifetime 7.,'. Internal lifetime is the
cavity decay rate due to cavity internal loss and external time
is the decay rate due to coupling resonator to the waveguide.

According to the H. Haus, coupling of Whispering gallery
modes can be explained by the following equation [21]-[23]

dq 1,1 1
- _= + iy 1
dt 2 (7'0 Tew )q o8 M

where q signifies the slowly varying amplitude in the cavity
resonator and s denotes the input wave. The coupling into the
waveguide is denoted by 7, (external lifetime). The coupling
coefficient kg is related to the 7., which denotes the coupling
in to the waveguide and is given by

1

Te x

)

Ro =
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Fig. 1. Schematic of a waveguide coupled resonator.

Depending on the relation between 7y and 7., the transmis-
sion through the waveguide can be described by the following

equation
Tex — T0\ 2 1—K\2
Tex + 70 1+ K )

where K is the dimensionless coupling parameter which
is defined as the ratio of coupling between resonator and
waveguide to intrinsic resonator loss. Depending on K, the
transmission profile can be characterized by the three coupling
regime.

Under coupling (K =
waveguide coupling is weak and the rate of cavity decay 7,
exceeds the cavity coupling rate 7.;! (75! > 7.;1). This regime
is called undercoupled due to the fact that in this regime cavity
loss is always greater than the coupling loss.

Over coupling (K > 1): Over coupling refers to the regime
where output coupling dominates the loss. In this case cavity
coupling loss larger than the cavity internal loss.

Critical coupling (K = 1): At critical coupling, both input
coupling and cavity internal loss are equal i.e. (K = 1). As
there is no waveguide transmission at critical coupling, so
complete power is coupled into the microcavity.

1): Under coupling means the
1

III. SINGLE MODE COUPLING OF WGMS RESONATORS

We developed an analytical model to describe the Kerr effect
on a spherical microcavity by treating loss as perturbations
[18].

(g(tl + 7) =1lq?q, @)

where 7, denote the photon lifetime with the resonant fre-
quency w.

If the resonator is coupled to an external waveguide or to the
outside space, one can easily proceed and add coupling and
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intrinsic loss terms in Eqs. (4). Now, considering the input
wave s and coupling coefficients xy, we find

0 )
(8;1 + 7) = 7lal*q + iros, (5)
For solving Egs. (5), let
q(t) = B(t)e™", (©)

where B(t) denote the amplitude and 6(t) denote the pahse.
Now, solving Eq. (6) and Eq. (5), we find

dq dB ~ .df 0
— = (— +i—B)e". 7
i~ Ca b @
From Eq. (5), we have
dB df B
j —B+i— =+B’B 8
T @ +i 27, =7 + iKgS. (8)
Separating real and imaginary parts of Eq. (8), we obtain
dB B
T )
dt + 27, fos, ©)
do
— = —yB*(t). 10
o = B (10)
Integrating Egs. (9) and (10), we obtain
B(t) = 2kos7y(1 — e~ t/?™), (11)
0(t) = —v [4&%3273{15 + (1 - e_t/TP)Tp — (1 - e_t/QTP)ZLTp}},
(12)
Frequency shift in a microsphere can be written as
flit)y= —21 [4/@3327'2(1 +e ™ — 2€_t/27—”)}. (13)
i

IV. MULTI MODE COUPLING OF WGMS RESONATORS

We have derived an analytical model for describing the
impact of self phase modulation and cross phase modulation in
a Whispering gallery mode microcavity by considering tensor
nature of x> in spherical co-ordinates [19], [20].

rdqy q1 ) [ 2 2}
2 2 ) = 14
Z( 7 +2Tp1 yla]” + mz2lel” | a, (14)
(@ + 7) = [721|Q1\2 + '722|QZ|2}Q25 (15)
dt 27,
where 7,;, (j = 1,2) denote the photon lifetime with the
resonant frequency w;, given by

[ 7O ). 79" (7)o
s [ [0 FO 00707 (7)o i)

If the resonator is coupled to an external waveguide or to
the outside space, one can easily proceed and add coupling
and intrinsic loss terms in Egs. (4) and (5)

(dfh Q1

2 2 ~
A 17
51 + o ) [’711|Q1\ + 712|q2] }‘h +ik1s1, (17)

) (16)

Tpj =

d )
(2 + T) = [721|Q1\2 + 722|Q2|2}Q2 +ikos2, (18)



where ) . )
—=—+ y j:1727

Tew,j

19)

Here ¢;(j = 1,2) signifies the slowly varying amplitude and
sj(j = 1,2) denotes the input wave. 7 denote the whole life
time of incident photons in the WGM microcavity, which is
summation of intrinsic lifetime, 7,;(j = 1,2) and external
lifetime (coupling into the waveguide), 7., ;(j = 1,2). The
coupling coefficient x;(j = 1,2) is related to 7., ;(j = 1,2),
which is given by

Ki =
] b
Tex,j

(20)

For large amount of coupling we consider critical coupling
(Tpj = Tea,;)- At critical coupling, complete power is coupled
into the microcavity. To solve Egs. (7) and (8), let

gy = Bj(t)e M, j=1.2, @1)
where Bj(t) indicate amplitude and 6;(t) indicate phase,
respectively. Subtituting Eq. (21) in Egs. (14) and (15), we

find

dgj _ (dBj | .dO; .\ i,
2 (2 —JL B.)ei, 22
dt ( a T i) (22)
From Egs. (7) and (8), we have
dBy db; By )
B T T R (1B +m2B3) By +ika sy, (23)
dBs  df . B 2 2 :
i - EBQ +z2—7_2 = (721 B3 +722B7) Ba +ikiasy. (24)

Separating real and imaginary parts of Eqs. (13) and (14), we
obtain

C?+2Bézﬁj$j, j=1,2, (25)
db; 2 2 : :
= = ~1;B; +viBil, =12, k=3-j (26)
Integrating Egs. (15) and (16), we obtain
Bji(t) = 2r;s;7;(1—e /%), j=1,2, (27
0;(t) = 0;,spr(t) + 05 xpr(t), (28)
0,5 (t) = =7 [45?3?%2“ +(L—e )y
= (1= em)ar}], (29)
0j,xpPm(t) = =k {4’1%5%7'13{75 + (1= ™)m
— (1= e )an ],
i=12, k=3-3j. (30)
Instantaneous frequency shift can be written as
fit) = fispm(t) + fixpu(t) €y

Where, f; spu is frequency shift due to self phase modulation
and written as

Yii

. t) = -

fispm(t) ==~

_ 267::/27]»)} 7

2.2 2 —t/7;
[4/{1»5]»7']» (1+e t/7;
(32)

and f; xpa is frequency shift due to cross phase modulation
and written as

. s
fixpum(t) = —% {4%8%77?(1 + et/

_264/2%)], j=1,2 k=3-j (33

V. RESULTS AND DISCUSSION

Figs. (2) shows the phase 6(t) and corresponding instan-
taneous frequency shift Af(t) calculated using Eq. (12) and
Eq. (13) respectively for different injected powers. As can be
seen in the Fig. (2), the frequency shift increases with time due
to the presence of input power. It can also be seen that negative
frequency shift is increasing with time from higher order mode
to lower order mode because lower order mode coupled more
power as compared with higher order mode. More importantly
mode order is inversely related to nonlinear coefficient. So,
smaller mode order provides larger nonlinear coefficients and
hence we found larger negative frequency shift.
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Fig. 2. Observation of phase change and frequency shift as a function of time
for different injected powers in the microsphere with a radius of 15um.

Fig. 3 shows the phase 6;(t) and corresponding frequency
shift f1(¢) calculated using Eq. (28) and Eq. (31), respectively
for different injected powers p;. Comparing Figs. 3(c) and
(d), we find that, the XPM induced frequency shift is much
smaller in Fig. 3(d) due to the lower power coupled to mode
2. Comparing Figs. (1) in Ref [19] and 3, we note that the
frequency shift in Fig. (1) in Ref [19] becomes zero after a
time scale comparable to the life time whereas in Fig. 3 the
frequency shift increases monotonically with time and then
saturates. This difference is due to the fact that in Fig. (1),
optical impulses at t = 0 excite the modes whereas in Fig. 3,
the cw beams couple powers to the modes.

These results can be used to analyze the experimental work
related to frequency comb, third harmonic generation and
parametric oscillation. WGMs have been used for sensing
applications in which the object placed in the microcavity
alters the refractive index profile of the microcavity which
leads to the frequency shift of the WGMs. In addition, the
object changes the nonlinear polarization properties of the
microcavity and it could lead to additional frequency shifts
due to SPM and XPM as discussed in this paper and hence,
the analysis developed in this paper could be used for nonlinear
sensing applications.
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VI. CONCLUSION

In this paper, coupling equations for WGMs microsphere
are derived by adding coupling and intrinsic loss terms. We
showed that the difference between SPM induced frequency
shift and SPM+XPM induced frequency shift is 26.88GH z
when both pump and probe power are perfectly matched.
These results can be used for sensing applications in which
the object placed in the microcavity alters the refractive index
profile of the microcavity which leads to the frequency shift
of the WGMs.
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Abstract — In this work, we propose a microstructured
optical fiber with lens shaped air holes as a surface plasmon
resonance biosensor. The fiber material is fused silica and in the
central core region there is a small air hole which is surrounded
by four biconvex lens shaped air holes acting as the cladding. The
lens shaped holes helped bring design flexibility to tune sensor
performance by enhancing plasmon excitation. The gold layer is
placed outside the cladding to expedite real time in situ sensing.
We have analyzed the sensor performance by using finite element
method. Results have shown a maximum wavelength sensitivity
of 5000 nm/RIU, maximum amplitude sensitivity of 500 RIU!
and a resolution of 2x105 RIU.

Keywords—Microstructured optical fiber, biosensor, surface
plasmon resonance, high sensitivity, finite element method.

1. Introduction

The use of surface plasmon resonance (SPR) in sensing
applications has proliferated in the last few decades due to its
higher sensitivity, reliable label free sensing procedure and
versatility. Under proper conditions, a surface wave of
conduction electrons known as surface plasmon wave (SPW)
can be generated at the interface of a dielectric and a
conductor excited by a p-polarized light, whose propagation
constant depends on the dielectric functions of the constituent
materials of the interface.

The first idea of an SPR sensor was proposed by
Kretschmann in 1968, where direct deposition of a thin metal
layer on the base of a prism coupler was demonstrated [1]. The
potential of SPR at metal interfaces [2] for monitoring
processes and characterization of thin films was recognized in
the late seventies. Nylander and Liedberg [3] demonstrated the
use of SPR for gas detection and biosensing in 1983. Since
then scientific communities’ attention towards SPR sensing
has been growing continuously. After the birth of PCF in
1995, PCF based sensors attracted the attention of researchers.
T. Monro et al. explored the possibility of sensing by
microstructured optical fibers [4]. Their design criteria showed
the possibility for achieving significant overlap between the
light guided in the fiber and the air holes and hence for
producing efficient evanescent field devices. They have also
shown the dispersive properties combined with the high mode

978-1-5386-3374-8/17/831.00 ©2017 IEEE

confinement that make the ultra-broadband single mode
sources and new source wavelengths a possibility.

In 2004, a novel PCF biosensor based on a PCF Bragg
grating was proposed [5] which detects the presence of
selected single-stranded DNA molecules, hybridized to a
biofilm in the air holes of the PCF, by measuring their
interaction with the fiber modes. The idea of SPR biosensors
based on PCF are recent. Many researchers are proposing
novel PCF sensor designs based on SPR. The metal-dielectric
combination and the structure are diverse in these researches.
PCF sensors based on graphene silver deposited core [13],
copper with graphene [6] were proposed, different structural
design to achieve the phase matching condition are also found
in literature [7-9,12,14]. N. Luan et al. [10] proposed a D-
shaped microstructured fiber to solve analyte filling and metal
deposition problem. Recently a PCF based SPR probe was
reported with a sensitivity of 6000 nm/RIU for low RI
detection [11].

In this work, we have proposed a microstructured fiber with
lens shaped air holes to facilitate mode coupling and obtain
sensing characteristics. The structure provides a greater
flexibility in terms of control parameter. Besides the central air
hole, the radii of curvature of the lens shaped air holes have a
strong influence on phase matching and excitation. By tuning
this parameter, one can change the operating wavelength
range. Thus, the proposed sensor can be operated with high
sensitivity by selecting the operating wavelength range
conveniently. By changing the lens size the coupling between
core and plasmon mode can be controlled easily. The proposed
structure can be operated with lower confinement loss, which
will be a potential advantage in remote sensing applications.
The proposed sensor can be fabricated by sputter deposition
technology and stack and draw method [8].

1. Structure and Theoretical
Modeling

The proposed structure is a novel one, where four identical
biconvex lens shaped air holes surround a small central air
hole. The central hole serves the purpose of lowering the core
mode effective index and thus helps phase matching with the
plasmonic mode. The lens shaped holes are defined by their
radii of curvatures (rand r;) and the distance between the
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Fig. 1. (a) Cross sectional geometric specification (b) Cross section of
proposed structure.

intersecting points (/). By tuning these parameters, we can
control the resonance wavelength, modal confinement loss and
sensitivity of the sensor. Thus, the structure gives higher
flexibility and control in terms of sensor performance and
operation.

The outer circle of the air holes is concentric with the
central hole and have a radius of curvature r. The centers of
the inner circles are symmetrically placed on a circle
concentric to the central air hole (6=45°). The birefringence is
added by rotating the centers towards the x-axis by 1° (a= 1°).
Fig. 1 shows the geometric model of the structure, where the
central hole diameter is d. and the gold layer thickness is t.
The substrate material of the MOF is silica, which is most
widely used and readily available. The core is formed of silica
with the small central air hole. The material property of silica
is described by the Sellmeier equation [12]

BiA?2 | ByA% | B3A?
n(l) = \/1 + -c, + 7-c, + -c, (1)
Here, n and A are the refractive index of silica and the
operating wavelength in um, respectively. The Sellmeier
coefficients are B;= 0.696163, B,= 0.4079426, Bi=
0.8974794, Ci= 4.67914826x103 pm?, C»=1.35120631x107
um? and C3= 97.9340025 pm?.

Here the plasmonic material is gold. It is preferred over
silver due to its chemical stability. The gold layer is added at
the outer surface of the cladding which makes the metal
deposition easier. The characteristics of gold are modeled by
the equation [8],

Ae.0?
w2+jypw  (w2-Q%)+jTLw

wh

2)

EAu(w) =&x —

(c) (d)

Fig. 2. Electric field distribution of core guided mode, (a) and (b) for X- and
Y-polarization, respectively, (c) and (d) for SPP mode X- and Y- polarization,
respectively.

Here, €4, represents the permittivity of gold, e, is the high
frequency permittivity having a value of 5.9673, ® is the
angular frequency, yp and wpare the damping and plasma
frequencies, respectively, where yp /2n = 1592 THz and
wp/2n=2113.60 THz.Ae = 1.09 is the weighting factor while,
I't/2n = 104.86 THz and Q;/2n = 650.07 THz. The numerical
calculations of the proposed MOF sensor were carried out
using the structural parameters: R=2 pm, r = 1.6um, ri/r = 1,
do/r =0.27, l/r=1.2 and t=40nm.

m. Results and Analysis

The MOF structure shown in figure has two tunable
parameters, the inner radius (1) and the length (/), by which
one can achieve resonance or phase matching at wavelengths
in visible and near-infrared band. The effects of changing
these two parameters on sensor performance will be discussed
herein details, but a qualitative description is possible
observing the structure. The effect of increasing the inner
radius keeping the length constant is an increase in effective
index of the core mode. Because an increase in r; decreases the
curvature and results in an effective increase in core region.
Thus, it is expected to have lower confinement loss for a
higher inner radius. Similarly, the effect of increasing the
length of the hole keeping other parameters unchanged is a
decrease in the coupling between plasmonic mode and core
mode, as the core mode field gets narrower space to leak into
the gold layer to excite plasmonic mode. We have used water
as analyte (n,.=1.33) and ri= r while /=1.2r. In this work, y-
polarized fundamental and the corresponding SPP mode were
preferred over the x-polarized mode due to their higher modal
loss. The dissimilarity between these two polarizations is
because of added birefringence in the structure which creates a
possibility of multianalyte sensing.

Fig. 3 shows the variation of effective refractive indices of
both y-polarized core mode and plasmonic mode respectively
along with the confinement loss of the fundamental core mode
with respect to wavelength. It is found that for an analyte with
index of 1.33 (water), the resonant wavelength where the
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Fig. 4. Confinement loss and shift of resonance peak with respect to analyte
refractive index.

confinement loss is maximum matches with the intersection
point of the real part of the effective RI (ner) of the two
modes. This wavelength is found to be 640 nm in this case.
The confinement loss is dependent on the imaginary part of
the effective RI, and is given by [13]

40m.Im(negr) B
= —;‘_h‘l‘;l‘;)ff = 8.686 X ko X Im(neg)dB(cm)~1(3)

where ko = 2@/A represents the free space wave number and A
is the free space wavelength expressed in um. At the resonant
wavelength, power transferred from core mode to the SPP
mode is maximum, and therefore we can see a loss peak at that
wavelength. This wavelength is extremely sensitive to the
refractive index of the analyte surrounding the gold region. A
change in the analyte will shift the resonant wavelength, and
thus sensing is possible by interrogating the resonant
wavelength.

Next, we examine the sensing performance by varying the
analyte refractive index. Fig. 4 shows the loss versus
wavelength for different analytes with refractive indices from
1.33 to 1.345 at 0.005 steps. It is found that the resonant
wavelength shifted to the right as the analyte refractive index
increases. Also, the amplitude of the loss peak has visibly
increased. Thus, there can be two detection techniques,
namely wavelength-interrogation method and amplitude-
interrogation method. Wavelength-interrogation method uses
the shift in resonant wavelength to detect the analyte, while
amplitude-interrogation method makes use of the difference in
modal loss for detection. Sensor performance according to
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---r1=1.0r

_r1=1.1r

Confinement Loss (dB/cm)

Seee

580 600 620 640 660 680 700 720
Wavelength (nm)

Fig. 5. Confinement loss and shift of resonance peak with respect to radius r;
for n,=1.33.
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Fig. 6. Amplitude sensitivity with respect to radius r; for n,=1.33.

wavelength interrogation technique is given by wavelength
sensitivity, defined as, shift of resonant wavelength per unit
change in analyte index, i.e.,

S, = %nm/RIU o

Here, Alpeak is the resonant peak wavelength shift and An, is
the change is analyte refractive index corresponding to that
shift. The proposed sensor has a maximum wavelength
sensitivity of 5000 nm/RIU. Another important measure of
sensor performance is the resolution. The resolution of a
sensor is defined as the minimum change of analyte refractive
index detectable by the sensor, and is given by,
A?\minxAna A}\.min
k= A)L;f)eak - SA (5)

where AAmin is the minimum spectral shift detectable by the
sensor. Assuming Almin = 0.1 nm, the proposed sensor has a
resolution of 2x10”° RIU, and signifies that the sensor can
detect very tiny change in the index of the analyte.

Now we investigate the effects of changing r; and / on the
sensor performance. Fig 5 shows the confinement loss for
different values of r;. It can be seen that higher values of r;
shifts resonance wavelength to the left, along with a decrease
in the confinement loss peak. For example, for r; = 0.9r, the
resonant peak modal loss is 230 dB/cm. The amplitude
sensitivity of the sensor versus wavelength for different values
of r; are shown in Fig. 6. Amplitude sensitivity is calculated
using the equation [13],
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Here, the overall propagation loss at wavelength A at a specific
analyte refractive index n, is given by oA, n,). It can be
inferred from the figure that maximum amplitude sensitivity
increases with the decrease of r;. This can be explained
observing the loss of Fig. 5. The modal loss increases and shift
towards higher wavelength with the decrease of ri, hence the
difference Ao (A,na.) also increases and shift towards higher
wavelengths and thus maximum sensitivity is achieved at
higher wavelengths for lower r;. The maximum sensitivity for
r=0.9r is 500 RIU"'. Assuming an accurate sensing of
minimum 1% change in the transmitted intensity, this
corresponds to a resolution of 2x10- RIU.

Fig.7 shows the modal loss versus wavelength for different
lengths of the holes, keeping ri=r. The curves in this figures
show that increasing the length of the holes spreads out the
loss and shift it towards higher wavelengths. This spreading
out of the loss over the wavelength is predictable as increased
hole length resists leaking of field towards gold layer. Despite
a clear dip in intensity, an increase in amplitude sensitivity is
observed for increasing / in Fig. 8. This is because the effect of
increasing / is to shift the resonant point to higher wavelength.
As sensitivity increases with operating wavelength [10], hence
the observed increase in sensitivity is due to this right shift of
resonant wavelength. The amplitude sensitivity versus
wavelength curves for three different values of / are shown in
Fig. 8, which shows that increasing the length also increases
the maximum amplitude sensitivity. For /=1.25r, the highest
amplitude sensitivity is 500 RIU'. For an accurate
measurement of 1% change in the transmitted intensity, the
corresponding resolution will be 2x10- RIU.

1v. Conclusion

The sensor we have proposed is novel in its structural
design and performance. Four biconvex lens shaped air holes
around the core gives us the design flexibility to enhance its
sensitivity and resolution, even better than the results reported
here. The FEM was used here with finer triangular meshes
over the cross section. Analysis shows a maximum sensitivity
of 5000 nm/RIU for wavelength-interrogation method
corresponding to a resolution of 2x10-3 RIU and 500 RIU"! for
amplitude-sensitivity method with similar resolution. By
tuning the operating wavelength range, this proposed structure
can be operated with very high sensitivity for a small
particular range of analyte index.
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Abstract—Laser-ablated Clad Grating is applied for the first
time to monitor corrosion of reinforced concrete structure in wet
conditions. In this study, the galvanostatic method is executed
to speed up the entire process of corrosion in a controlled
environment. Red-shifts in the cladding resonant wavelengths
are observed in the course of the corrosion process and the
wavelength shifts of these resonances are used to monitor
corrosion.

Keywords—Fiber optic sensor, impressed current technique,
steel rebar corrosion measurement, laser-ablated clad grating.

I. INTRODUCTION

One of the crucial factors undermining small as well as large
engineering and movable transport structures is corrosion. The
risk of damage from corrosion is proportional to how old the
structure is, increasing as the structure ages and service life
is expired. Corrosion has the dual disadvantage of lowering
stiffness leading to loss of structural integrity, and introducing
undesirable stresses due to expansive corrosion products that
can result in cracking of concrete [1]. In order to ensure
prevention of structural damage and mitigate financial and
collateral risk, detecting corrosion as early as possible poses
great importance. An associated exhaustive monitoring system
will go a long way in estimating the remaining service life of
a structure.

A number of techniques, including non-optic as well as
optic based methods has been proposed to monitor corrosion in
structures in wet conditions. With long-term monitoring and
detection of corrosion initiation in mind, a wireless passive
sensor based on 91-mm long PCB has been proposed in
[2]. This system poses strenuous requirements on both time
and labor and therefore not always helpful for detection
of multiple points. Electrochemical impedance was used to
quantify the corrosion level of corroding metal, which can
then be judged against the scale of by-corrosion processes that
occur naturally, including electrochemical noise [3]. Yet, only
uniform corrosion process can be measured in this method.
On the other hand, a range of fiber-optical methods has been
employed for the same purpose, including long-period gratings
(LPGs) [4] and fiber Bragg gratings (FBGs) [5]. The sensitivity
of FBGs are often increased by removing the cladding, which
significantly weakens the mechanical strength of fiber, which
renders it inappropriate to be used in hostile environment.

978-1-5386-3374-8/17/831.00 ©2017 IEEE

Moreover, although LPGs show significant sensitivity to sur-
rounding refractive index (SRI) caused by the light coupling
between the forward propagation clad mode, and core mode
[6], they are also highly sensitive to strain and temperature.
This can lead to undesirable effects as an SRI sensor.

In this paper, a laser-ablated clad grating (LaCG) sensor
is used for the measurement of corrosion in steel structures
surrounded by wet environment. Smaller diameter of fiber
(80p) is chosen for LaCG fabrication because of its higher
sensitivity to RI variations. The asymmetric photo-induced
index modulation in the cladding of LaCG triggers the cou-
plings between core and cladding modes that contributes
to generate cladding resonances. These cladding resonances
are too sensitive to SRI which drives the main motivation
for selecting such sensor to measure corrosion. The rest of
this paper is organized as follows. Section II discusses the
experimental setting. Section III elaborates on the obtained
results and their implications. Finally, Section IV concludes
the paper.

D.C. power supply

o

LabVIEW programme ‘/’3\
Steel bar (Cathode) C 2
)
I
7 \< —1 €~ Nacl solution
Steel bar (Anode)

Tilted FBG é
(4

© ©
+

j€—Optical circulator

Fig. 1. Schematic of the LaCG sensor to the rebar and galvanostatic method
setup for corrosion measurement test.
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II. OPTICAL SENSOR SETUP AND STIMULATED
CORROSION PROCESS

In this section, the stimulated corrosion process of the steel
rebar used in the experiments is described, after which the
entire setup of the experiment is explained. The galvanostatic
method, otherwise known as the impressed current technique,
is a common technique which is employed to expedite corro-
sion process in longevity experiments for steel reinforcement,
in order to simulate the real life scenario over a much shorter
period [7]. A steady and uninterrupted flow of current is
required to the steel rebar that is implanted in concrete in
order to produce corrosion. MEGURO MP 303-3 was utilized
as the source of portable dc power to supply this current. The
quantity of induced corrosion in this process is mathematically
determined from the percentage of real mass loss, which in
turn is theoretically calculated by Faradays law that is rooted
on the applied current and time or gravimetric experiment
on the eroded rebars. If the actual quantity of steel loss is
known, then the density of current of a corresponding erosion
procedure could also be calculated from it [8].

Together with the dc power source, an electrolyte and a
counter electrode was utilized to conduct the galvanostatic
method to induce corrosion in reinforcement steel. Both cath-
ode and anode are steel rebars in this experiment. The anode
and cathode were attached with the positive and negative
terminals of the power source, respectively. NaCl solution was
used to get the rebars immersed. By nature, the electrolyte
(NaCl solution) would act as a medium for the current to
be passed from the cathode to the anode [9], [10]. By this
process, several corrosion products would start emerging into
the electrolyte, including Iron hydroxide (Fe(OH)s3), iron
trihydroxide (F'e(OH)s3), and goethite (a— FeOO H) as major
items [11]. Fig. 1 shows the experimental setup.

The LaCG is engraved in the photosensitive single-mode op-
tical fiber via a hydrogenation process by using highly focused
UV laser pulse energy from an ArF excimer laser. As a result,
a periodic ablation is composed on the surface of the fiber and
the optical damage is expanded from the surface of the fiber
cladding towards the fiber core. The diameter of cladding is
80 w1 and salinity measurement is performed to calibrate the
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Fig. 2. Chosen spectra of transmission for analysis of fluctuation of responses
from low-order to high-order modes.
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Fig. 3. Measured dynamic response of high-order and low-order cladding
mode of the LaCG corrosion sensor.

LaCG [12]. The cladding is made up of fused silica glass layer
devoid of any photosensitive material [13] and therefore, in
general, grating cannot be inscribed on it. In order to make
this task possible, the fiber needs to be hydrogenated up to a
specific mark, at which level the photosensitivity of the fiber
increases by around 40 times. However, the photosensitivity
to be achieved for this process must be at a precise level
while inscribing LaCGs with high-intensity ultraviolet (UV)
laser [12]. A laptop using a LabVIEW program was utilized
to monitor the transmission spectra with a frequency of 1 hour
during the expedited corrosion process.

III. RESULT ANALYSIS

During the expedited corrosion process by galvanostatic
method, the mass of the cathode rebar was decreased from
260 to 184.9 g which is equal to loss of 28.9% mass after 24
h of experiment time. 1528.13 — 1547.6 nm is considered in
order to observe the cladding resonances in the spectrum, as
shown in Fig. 2 [14]. The reason for selecting this particular
wavelength region is that this region contains lower levels of
noise, and noise could be removed to another extent with the
help of a moving average filter. We consider higher and lower-
order modes based on this considered spectra for corrosion
sensing. This figure depicts the superimposed transmission
spectra of the LaCG during the erosion procedure. A point to
note here is that low-order and high-order modes of cladding
have different wavelength shifts. The high-order cladding
modes, when excited, are especially sensitive to the outer
surroundings, since these resonances demonstrate considerably
more wavelength shifts compared to resonances of low-order
cladding, as shown in Fig. 3 [14]. Low-order and high-order
cladding resonances demonstrate wavelength shifts of 0.7 and
1.3 pmh~1, respectively. The variations of wavelength shifts
from high-order to low-order cladding resonances are taken
into consideration for the calculation of magnitude of the level
of corrosion.

Persistent temperature was ensured in the experiment en-
vironment, which was controlled for corrosion measurement
experiment. In our experimental procedure, Bragg wavelength
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did not demonstrate any shift during the whole expedited
corrosion procedure. By taking the unresponsiveness of Bragg
wavelength to RI changes into consideration, it can be said
that variation of strain and temperature to the LaCG was
absent throughout the procedure. However, practical effects
of strain and temperature cannot be evaded, and therefore
comes the necessity to use a supplementary FBG, which could
be included in the sensing system to differentiate strain and
temperature from the calculation of RI variations of LaCG.

IV. CONCLUSION

In this research, the LaCG has been employed in order
for in-position observation of the corrosion in steel rebars
submerged in solution of NaCl. To expedite the procedure
of corrosion, galvanostatic method is utilized. Throughout the
corrosion procedure, it is noticed that the higher order cladding
resonances revealed comparatively higher responsiveness to
the fluctuations of corrosion in comparison with the lower
order cladding resonance existing close to the Bragg wave-
length. For the wavelength range of 1528.13 — 1547.6 nm
in the spectrum of transmission, the lowest sensitivity of
0.7 pmh™! and the highest sensitivity of 1.3 pmh~' have
been acquired for high-order as well as low-order cladding
modes, respectively.
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Abstract—A highly linear two stage CMOS amplifier using 130
nm technology is presented. A linearization technique is employed
using multibias points through a combination of bulk bias control
and floating bulk devices to achieve significant improvement of
intercept points. Forward gain boosting is ensured by utilizing
a cascode topology followed by a common source stage while
maintaining a low ceiling for noise in the S band. Including a bias
controlled feedback path between the stages further improves the
architecture’s expected gain compression. The final design reports
27.6 dB simulated power gain with third order input intercept
of 9.92 dBm and noise figure of 1.22 dB at the center frequency.
Input and output impedances have been matched with the help of
passive appendages to ensure -24 dB input return loss and -27.5
dB output return loss, respectively. Optimized radio frequency
parameters are achieved along with a linearity upgrade which is
better than reported CMOS amplifiers.

Index Terms—Multistage Amplifier, Bulk Bias, Floating Bulk,
Bias-controlled Feedback.

I. INTRODUCTION

With the development of radio frequency (RF) technologies,
the linearity requirement of submicron CMOS Amplifiers
has become increasingly stringent to overcome the limiting
effect of robust interferers in the band of interest [1]. This
issue assumes particular significance in determining the overall
linearization of an RF receiver as its performance depends
largely on the figures of the front-end low-noise amplifier
(LNA). Additionally, as a part of the linearization process,
trade-offs between other RF parameters like port reflection and
signal amplification may become necessary for the amplifier.
Therefore, while optimizing a linearity setting parameter like
the input referred third order intercept point (IIP3), it is
important to ensure that the outcome does not infringe on the
design targets of power and gain overhead set beforehand [2].

In an RF system with multiple cascaded blocks, the sys-
tem IIP3 is typically dominated by the later stages as they
encounter larger signal amplitudes resulting from processing
by the preceding blocks while the noise figure (NF) of the
architecture is dominated by the noise performance of the
input stage [3] [4]. But in the crowded wireless environment
offered by modern communication standards, the LNA at the
start of the receiver should also be able to sufficiently suppress
the out-of-band interferers as well. Without this capability,
the following block (e.g., mixer) encounters unreasonably
strong interferers which demands a higher performance from
it (in terms of linearity) possibly compromising its other
specifications like conversion gain. Thus, an amplifier that is
able to achieve high levels of linearity and consequently high
ITP3 is desired. But the key function of an LNA is to achieve
gain without adding significant noise to the received signal.

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

Therefore, any circuitry that is used in the CMOS amplifier
for the betterment of linearity should not achieve that at the
expense of elevated noise. In this regard, various techniques
have been used by front-end amplifiers to achieve high lin-
earity such as derivative superposition [5], body biasing [6],
post distortion [7], current reused topology [8], fixed biasing,
floating body stages [9] and modified derivative superposition
[10]. But an enhancement in linearization often comes at a
cost of a decrease in gain performance and adversely affecting
other RF parameters.

In order to overcome this limitation, a linearization method
is proposed which exploits a combination of bulk bias con-
trolled and floating bulk devices to achieve reduction in gain
compression and low noise figure at the same time. The design
based on multibias points for its active devices is realized
through a cascode amplifier followed by a common source
gain boosting stage. The multistage configuration allows the
attainment of high gain performance whereas a feedback
network between the stages maintains linearity for the structure
and provides stability by ensuring the absence of oscilla-
tions. Matching circuit is appended to both port terminals to
achieve optimized scattering parameters and reduce the noise
ceiling. Additionlly, negative bulk voltages are provided to
the feedback transistor while the bulk of the second stage
driver is kept floating to reduce the intermodulation product
and consequently improve linearity. This work particularly
focuses on the 2.4 GHz range in the S band, which makes it
compatible with modules used in wireless applications like Wi-
Fi, bluetooth, cordless phone, car alarm, emergency response
information portal (ERIP) and ZigBee, an IEEE 802.15.4-
based specification. Apart from the targeted applications, the
topology offers the feature of reconfigurable operating point
where it is possible to vary its center frequency range by
changing a component reactive element. The paper is arranged
in the following sections: in section II, the proposed config-
uration is explained in terms of enhancement in linearity. In
section III, the simulated results along with contributions of
the presented techniques are explained and designs parameters
are compared with recently proposed configurations. Finally,
the findings are summarized in section IV.

II. PROPOSED ARCHITECTURE FOR IMPROVED
LINEARIZATION

Among various CMOS amplifier topologies, the cascode
structure offers relatively high gain while maintaining an
acceptable degree of linearity. In this work, the linearity perfor-
mance of the cascode topology was bolstered by introducing
bias controlled feedback between the driving block and a linear
output common source stage. The multistage architecture is
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Schematic diagram of the linearized multistage amplifier.

supported by bulk bias control [6] and floating body [9]
techniques. A careful application of these methods is able to
provide good linearity and low noise figure despite maintaining
a high enough gain. The resultant circuit is formed by the ad-
joining of two blocks followed by the formation of a feedback
path from the second stage output to its input provided by the
driving block. The feedback transistor includes a degenerative
resistance along with negative biasing to its bulk to control
the current flow in feedback path. Negative feedback provided
by this branch possibly reduces the voltage gain to some
extent but compensates by improving the gain sensitivity and
bandwidth. The driving stage transistors have bulk connected
to ground whereas the second stage CS transistor has a floating
bulk connection for providing higher linearity by mitigating
the effect of third order intermodulation product.

A. Linearized Multistage Amplifier

In the proposed design, as presented in Fig. 1, M1 and
M2 comprise the first stage cascode driver. Acting as a
standalone stage, this driver is able to provide reasonable noise
performance for a given power, but it suffers from significant
gain compression due to second order non-linearity effects.
Resistive input matching is avoided in the input stage as it
contributes additional noise to the amplifier. Additionally, a
drain to gate feedback inductor is used in the architecture
for regulating noise figure and reflectance. To boost the gain
further, a following common source stage in the form of Mj
is adopted. To complete the cascading, a capacitor C, and an
inductor Lg3 are used in between the stages to maintain flat
gain accomplished by series resonance in the midband [10].

For a two stage cascaded system, each stage contributes
individually to the overall system noise performance and
linearity. If the noise figure of the component stages are
given, the overall figure can be calculated from the following
equation [4]:

NFfI:NFlflJr@ (1)

G
where (G; denotes first stage gain and INF; denotes the
standalone noise figure of the ith stage. Similarly, the overall
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IIP3 of a multistage structure can be calculated as [3]

1 1 G1

~ 2
IIP3 IIP3; +IIP32 @)

where IIP3; denotes the input referred third order intercept
point of the ith stage. The formulations suggest that first
stage dominates the system noise whereas the second stage
has a stronger influence in determining system IIP3. For this
reason, the second stage is targeted in this architecture for
accomodating the multibias point linearization technique. Ad-
ditionally, M3 is biased as a floating bulk transistor as it offers
better linearity performance than a conventional grounded CS
device by reducing third order intermodulation product with
increasing power.

B. Feedback Branch and Output Matching

Gain and linearity performance can be improved for an am-
plifier using transconductance feedback techniques and proper
biasing in the second stage [11]. In the presented design, the
bulk of the feedback device My is biased with a small negative
voltage to control the closed loop transconductance and hence
regulate linearity parameters. It manipulates the threshold
voltage of the active element which minimizes the third order
intermodulation product as a part of the linearization process.
For output matching, a capacitive-resistive network has been
used which improves both linearity and high frequency output
matching as it balances the impedance seen by the load section
with the output impedance of the core amplifier.

III. SIMULATED RESULTS

The presented multistage linearized amplifier is simulated
with an RF simulator using 130 nm CMOS technology. Essen-
tial scattering, reflectance, noise and linearity parameters are
obtained which helps to quantify the gain-noise performance
and linearization of the architecture. The effect of multibias
points on linearity improvement is shown by deriving input
referred intercept points with and without the linearizing
scheme. In addition to specifications in the targeted frequency,
gain and noise performance at reconfigured operating points
are also simulated and the obtained parameters are compared
with some recently proposed configurations.

A. RF Parameters

The presented amplifier’s performance is demonstrated in
Fig. 2-6 with the presentation of voltage gain, power gain
(S21), input return loss (S11), output return loss (S22), inser-
tion loss (S12), noise figure and input intercept point (IIP3).
The peak voltage gain of the two stage amplifier is 28.1 dB at
2.41 GHz as shown Fig. 2. Maximum forward gain (S21) is
27.6 dB at the center point of 2.4 GHz with a 3 dB bandwidth
spanning from 2.23 GHz to 2.53 GHz. Reverse isolation (S12)
is always better than -35.2 dB and is presented in Fig. 4. Input
and output matching parameters (S11 and S22) are -24 dB and
-27.5 dB, respectively, in the demonstration of Fig. 5. Noise
figure and minimum noise figure are plotted in Fig. 3 where
NF is 1.22 dB at the center frequency and remains below
1.26 dB over the entire bandwidth. Simulation results also
reveal that input referred third order intercept point (IIP3) of
the optimized amplifier is 9.92 dBm. Along with IIP3, the
output intercept point (OIP3) is also presented in Fig. 6.
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B. Effect of Multibias Points on Linearity

As mentioned earlier, the input stage dominates the ar-
chitechtures’s noise performance and the system IIP3 is typ-
ically set by later stages, so the focus for IIP3 improvement
is on the output stage to minimize the impact on noise factor.
The multibias technique refers to the application of multiple
bias conditions to the active elements to optimize linearity.
In this design, the common source stage transistor has a
floating bulk condition and the feedback transistor uses a small
negative voltage in its bulk. This biasing combination is able
to improve the system IIP3 by more than 10 dBm from the
linearity obtained with the use of grounded bulk transistors.
The result shows that, with grounded transistors, IIP3 has a
value of -0.14 dBm which improves to 9.92 dBm with the
help of the multibias point technique, as shown in Fig. 7.
This method is advantageous as the improvement in linearity
is achieved without any significant loss of gain or increase in
noise parameters.

C. Reconfigurable Operating Point

The range of peak operating frequency for the amplifier
can be configured by controlling the reactance provided by
the first stage load inductor. Therefore, the CMOS amplifier
is able to achieve a tunable operating range from 1.6 GHz to
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3.6 GHz, where the gain remains relatively unchanged. In this
domain, the peak voltage gain varies between 25 dB to 29
dB and increase in peak noise figure remains reasonable (1.22
dB to 1.78 dB), as shown in Fig. 8. Simulation of scattering
parameters at different peak operating frequencies show stable
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S21 and S12 but an increase in input and output return losses
as the operating point shifts away from 2.4 GHz. Peak S11

ranges from -8 dB to -40 dB and S22 ranges from -10 dB to
-40 dB which is shown in Fig. 9.
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D. Comparison of Results

The results of the linearized CMOS amplifier is compared
with the simulation data of other reported low noise amplifiers
in Table I ([12-16]). From the table, it is apparent that the
presented amplifier exhibits excellent simulated performance
in terms of power gain, insertion loss, noise figure, output
return loss, and input intercept point. Only current reused
architecture [12] and post distortion architecture [13] show
linearity parameters comparable to this work, but the feat
comes at the cost of reduced gain and noise performance. Con-
sidering the parameters presented in Table I, the demonstrated
CMOS amplifier can be useful in simultaneously achieving
gain-boosted and highly linear performance. To evaluate the
performance of different low noise amplifiers, the following
figure of merit (FOM) formula is used.

gain(abs). IIP3(mW)

FOM = (NF — 1)(abs).power(mW)
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TABLE I
COMPARATIVE PERFORMANCE OF AMPLIFIERS.
This

Ref. work [12] | [13] | [14]] [15] | [16]
Teeh. 1 3 1 g | a8 |13 ] a3 | a8
(pem)
Freq.
(GHz) 2.4 25 | 245(24 ] 24 5
S11
(dB) -24 264 | -15 | -14 |-21.5] -8
S22
(dB) -27.5 -20 - -15 - -12
S21
(dB) 27.5 20.1 12 120.8| 182 | 15
S12.
(dB) -352 |47.15| - - - -
NF.
(dB) 1.22 144 [1.597|1.39| 454 | 32
I1P3
(dBm) 9.92 8.9 12 | -15| -2 |-159
FOM 15.45 - - |495] - [0.067

IV. CONCLUSIONS

This work presents a highly linear, gain-boosted, low NF
CMOS amplifier in 130 nm technology for wireless applica-
tions. The architecture exhibits excellent linearity performance
with the help of a multibias scheme resulting in a positive
IIP3 of 9.92 dBm. This is achieved after an increment in
linearization of 10.06 dB which is rarely reported among
linearity enhancement techniques. Linearity compensation is
further improved by bulk bias settled interstage feedback
which is supported by passive networks for impedance match-
ing. Besides, noise figure of 1.22 dB and power gain of 27.5
dB are achieved which makes it a good candidate for low
voltage and low power applications.
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Abstract—A novel Zeonex based photonic crystal fiber (PCF)
is proposed in terahertz frequency band for alcohol detection
in beverages. Characterizing the fiber using Finite Element
Method (FEM), simulation results shows an extremely high
relative sensitivity of 88.6% with very low effective material
(EML) loss of 0.0222 cm™' and negligible confinement loss
of 3.63 x 107!' em™! at an operating frequency of 1.9 THz.
Another important advantage of the proposed fiber is that
it shows nearly flat characteristics of relative sensitivity and
EML in a broad frequency of 1-4 THz. The design of the
sensor is extremely simple in that it facilitates the fabrication
possibilities. The proposed PCF based sensor can be used for the
alcohol detection in beverages as well as low loss transmission
of terahertz waves in a bandwidth of 3 THz.

Index Terms—Alcohol sensor, terahertz, PCF, EML, disper-
sion.

I. INTRODUCTION

In the last few years, porous core PCF have
demostrated enormous potential in the field of optical
fiber communications, nonlinear optical devices, fiber lasers,
highly sensitive sensors [1], [2], [3], [4], [5], [6] as well as
low loss transmission of terahertz waves [7], [8], [9]. The
main reason for this interests is that, the fiber characteristics
including relative sensitivity, EML, confinement loss,
dispersion, effective area can be modified easily just by
tuning the position and size of air holes used to design the
PCF. In a PCF, the key design parameters including pitch
size, air hole radius, size of core diameter, and operating
frequency can be adjusted freely based on the requirements
of terahertz applications [10]. In a porous core PCF, the
absorption loss of the used material is reduced compared to
a solid core fiber, as much of the energy is guided through
air [8]. Moreover, using a number of microstructured air
holes inside the core increases the probability of transmitting
signal through air. In addition, instead of using air inside
the air holes different analytes like gas/liquid can be used.
This provides enhanced light-matter interaction with great
potential for sensing applications.

For the detection of alcoholic beverages it is important
to detect ethanol (ethyl-alcohol) as it is the primary active

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

ingredient [11]. There are a number of PCF have been
proposed [12], [13], [14] for sensing application in the
optical wavelength (100 nm to 1 mm). In 2006, Cordeiro
et al. [1] proposed a PCF using different analytes in the
core air holes. After, theoretical and experimental study
of their proposed PCF based sensor they obtained a low
relative sensitivity with high absorption loss. Monro et al.
[5] for the first time shows that porous structure both in core
and cladding can be used for evanescent PCF sensing. To
improve the sensitivity, Ademgil et al. in 2014 proposed an
octagonal PCF with only 21% relative sensitivity [13]. In
the following year, for liquid analyte sensing application a
highly birefringent PCF was proposed by the same research
group proposed [14]. But, again they failed to improve
the sensitivity of their proposed fiber. Later, a number of
research works [15], [16], [17], [18], [19] were carried out to
increase the relative sensitivity and reduce the confinement
loss. But in most of the cases researchers failed to achieve
both at the same time. Recently, Paul et. al [20] proposed
a folded cladded PCF and obtained a relative sensitivity of
65.18% and confinement loss of 2.07 x 107° dBm™!.

Therefore, from the proposed [12], [13], [14], [15], [16],
[17], [18], [19], [20] PCF it is found that the designed sensor
only operates in the optical wavelength and used silica as
the material. Also, their applications are limited to low
frequency region.

In order to bring diversity in application it is necessary
to design sensor to operate at high frequencies. In the
electromagnetic frequency spectrum, terahertz waves (0.1-
10 THz) have immense potential to the researchers due to its
enormous demand in the field of sensing, communication,
time domain spectroscopy, pharmaceutical drug testing and
in biomedical engineering [21], [22], [23], [24], [25], [26].
Though optical wavelength is technologically well developed
for sensing applications, there are few areas where terahertz
sensing is better. Firstly, in terahertz sensing it is possible
to achieve few times sharper spatial resolution and better
spectroscopy of the concealed material that needs to be
detected. This is because terahertz waves have few times
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lesser wavelength than optical wavelength. Moreover, in
terahertz sensing, it is possible to detect skin cancer [27],
[28] because it can go through few millimeter of human body.
In addition, due to non-ionizing effect it is safer to human
body than z-ray radiation [29], [30], [31], [32]. Moreover,
terahertz signal can go through non-mettalic and non-polar
mediums so it can easily detect any harmful materials
contained within those mediums. Again many hazardous
chemicals have transmission spectra in the terahertz band so
a terahertz sensor can detect those concealed chemicals easily.

In this manuscript, we propose a novel Zeonex based ter-
ahertz sensor for alcoholic beverage detection. The proposed
terahertz sensor contains a simplified kagome structure with
circular shaped air holes inside the core. In addition to high
relative sensitivity, the terahertz sensor shows extremely low
EML and negligible confinement loss over a broad operating
frequency range. Another advantage of the proposed sensor
is its extraordinary simplicity in design that can be fabricable
easily using the existing fabrication techniques.

II. PHYSICAL CHARACTERIZATION OF THE
PROPOSED TERAHERTZ SENSOR

The physical architecture of the proposed Zeonex based
terahertz sensor is shown in Fig. 1. The full-vector FEM
based software COMSOL v 4.3b is used to compute different
characteristics of the PCF. In the cladding region, simplified
kagome lattice with few simple struts are used while the core
consists of hexagonal structure with only circular shaped air
holes. The compact geometry of core is responsible for high
relative sensitivity as well as EML. Moreover, the simplified
kagome lattice and core air hole diameter is responsible for
negligible confinement loss. We selected extremely finer mesh
in COMSOL during simulation and found an average element
quality of 0.93 that indicates the computational error using
COMSOL is less than 1%.

Fig. 1.

Cross section of the proposed terahertz PCF based sensor.

In the cladding, the parallel struts are 170 pm apart where
the strut width is 6 pum. The core diameter (D..-.) and
diameter of each air holes in the core were kept fixed at
350 pm and 66 pm respectively. The pitch distance between
the air holes in the core region was kept fixed at 67 pm.
Attention were also given so that the air holes do not overlap
with each other. The distances between the air holes were
taken as such it does not affect the fabrication process. A 4
pm distance was kept from the beginning of the cladding
region from the core. A perfectly matched layer boundary
condition has been used at the outer part of the cladding,

which is about 10% of the fiber radius.

There are a number of polymer materials that can be
used as the base material to design a PCF based sensor.
These include Teflon, polymethylmethacrylate (PMMA), high
density polyethylene (HDPE), Silica, Topas and Zeonex. We
use Cyclo-olefin Polymer (COP) commercially named as
Zeonex as the bulk material of our proposed PCF because
Zeonex have a lower material absorption loss of 0.2 cm™? in
terahertz frequency range, a constant index of refraction of
Nmat= 1.53, negligible material dispersion and other optical

properties that are suitable for terahertz sensing [33].

III. SIMULATION AND RESULTS

The intensity of light interaction with the given analyte
inside the core air hole at 1.9 THz is shown in Fig. 2. It
is observed that mode fields are well confined to the porous
core region, which is essential for efficient terahertz signal
propagation.

Fig. 2. Intensity of light interaction with ethanol at 1.9 THz frequency with
fixed (Dcore) and core air hole radius (a) z-polarization,(b) y-polarization

It is also observed from Fig. 2 that, the core structure is
a purely symmetrical and the light interaction with ethanol
is almost same for both the polarization mode. For the z-pol
the obtained effective refractive index is 1.358 and as the
structure is symmetrical so the effective refractive index for
the y-pol is found to be the same at 1.358. From the effective
refractive index of = and y pol it can be said that the fiber
operates in one mode. So when a light pulse is emerged at
the centre of the core only the fundamental modes will be
excited and the fiber will operate in the single mode region
[33].

The relative sensitivity of a PCF sensor can be measured
from the intensity of light interaction with the matter to
be sensed. The amount of light interaction with matter is
measured through the absorption coefficient at a particular
frequency. According to the Beer-Lambert law, amount of
light attenuation with the intensity of absorbance of the
evanescent field can be calculated by [18],

I(f) = Io(f)exp[—raml.] (D

Where, I(f) and Iy(f) are the intensities of light at the
input and output of PCF, r is the relative sensitivity, o,
indicates the absorption coefficient, /. is the channel length
and f is the operating frequency.
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The absorbance of the material to be detected can be
calculated by [18],

A= ZOQ(IL) = —ramle 2

0

The relative sensitivity of a PCF based sensor can be
calculated by [14],

Ty

R=

X e

3

Neff
where, R denotes the relative sensitivity, n, represents the
refractive index of the analyte needs to be detected which is
1.354 in case of ethanol, n.g denotes the effective refractive
index of the guided mode and e is the amount of light
interaction with the analyte which can be calculated by [14],

fsample Re(EgEHy - Esz) dzdy

e = X 100
Jioia1 Be(ExHy — EyH,) dzdy

“

here, E,, E, and H,, H, are the electric field and magnetic
field component of the guided mode respectively.
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Fig. 3. Relative sensitivity of ethanol with respect to frequency at fixed
core diameter and core air hole radius

At a fixed core diameter and core air hole radius the
relative sensitivity as a function of frequency is shown
in Fig. 3. It is observed from the figure that sensitivity
is increases up to 1.9 THz and then start to decrease
with further frequency increase. This technical explanation
is that at 1.9 THz the interaction of light and matter
reaches a maximum. Further increase of frequency tends
to reduce the light interaction with matter, as more of
the light penetrates the cladding, leading to a decreased
sensitivity. We set 1.9 THz, 66pum core air hole diameter
and 350um core diameter as optimum because at 1.9 THz
the obtained sensitivity is highest, also the core air hole
diameter is chosen as optimum in such a consideration
so that 66pum=+2% variation in diameter is suitable for
fabrication, and there may be 66pum=£2% variation from
optimum parameters. So at optimum design parameters the
obtained sensitivity is 88.6%. To our knowledge, this is the
highest sensitivity obtained in any form of PCF sensing for
ethanol detection.

In the terahertz frequency bands, most of the polymer
materials are very leaky, so it is a major challenge to design a
low loss terahertz waveguide. The so-called effective material
loss can be calculated by [35],

€0 (fmat nmat|E|2amatdA>
Oleff = -
V Ho ‘fall SzdA|

&)

where, € and po designates the relative permittivity and
permeability in free space respectively, auyat 1s called the bulk
material loss of Zeonex, n,,¢ indicates the refractive index of
Zeonex and S, implies the z-component of Poynting vector
S, = $(E x H*)z., here, E is the electric field component
and H* is the magnetic field component.
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Fig. 4. EML vs frequency at fixed core diameter and core air hole radius

Fig. 4 shows the nature of EML variation with frequency
at optimum design parameters. It is observed that, the EML is
not constant over the frequency but increases with frequency
[35]. This is true because according to the empirical formula
[35]: a(v) = v? +0.63v — 0.13 [dB/cm], it is experimentally
found that, the bulk material absorption loss depends on fre-
quency. This matter is carefully handled when calculating the
frequency response of EML. It is seen that, the obtained EML
is almost flat throughout the whole numerical simulation. The
EML variation is 0.023 & 0.01 cm~! within the frequency
range of 1 THz to 4 THz. At 1.9 THz the obtained EML is
0.0222 cm~! which is extremely low in terahertz frequency
range.
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parameters

Confinement loss with respect to frequency at optimal design

Confinement loss is also an important guiding property
that can limit the length of terahertz transmission system.
Confinement loss depends on the core air hole radius and
the number of air hole rings used in the cladding. It can be
calculated by [9],

4
L.= (Z) Im(neg),cm ™

(6)

where, Im(neq) reflects the imaginary part of effective
refractive index and c is called the velocity of light in free
space.
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TABLE I
COMPARISON OF THE PROPOSED PC-PCF SENSOR WITH PRIOR PCF SENSORS FOR ETHANOL DETECTION

Ref. Operating Relative Qeff Lc Background Material
Region Sensitivity(%) (cm™h) (cm™)
[13] 1.0um 21.1 - 1.319 x 10~ 7 Silica
[14] 1.5um 23.75 - 5.5 % 1077 Silica
[15] 1.33pm 49.17 - 6.3 x 10711 Silica
[16] 1.3pm 53.35 - 3.7x 107 Silica
371 1.33um 67.66 - 7.5 x 10712 Silica
This manuscript | 1.9 THz 88.6 0.0222 | 3.63 x 10~ Zeonex

Fig. 5 shows the characteristics of confinement loss with
the variation of frequency. It can be seen that, confinement
loss is scaled down with frequency increase because
as the frequency increases more light start to constrict
strongly in the porous core region. At optimal design
parameters, the obtained confinement loss is in the order of
3.63 x 107'' cm™! which is better than previously reported
[12], [13], [14], [15], [16], [17], [18], [19], [20].

It is also necessary to explore the fabrication possibilities
of the proposed PCF. There are a number of ways to fabricate
porous core PCE. The most frequently used methods are
capillary stacking, drilling, stack and draw, extrusion and
sol-gel etc. The hexagonal structured circular shaped air
holes can easily be fabricated using capillary stacking [8] or
sol-gel [36] technique. Moreover, we proposed a simplified
kagome cladding structure instead of complex kagome
structure. The complex Kagome structure has already been
fabricated using the existing fabrication technology [37],
[38], [39], [40]. Moreover, the extrusion technique [37],
[38] and 3D printing [39], [40] technique paves the way
of fabricating complex structures in both core and cladding
region. So, it can be said that, the proposed PCF based
sensor is feasible to fabricate using the existing fabrication
techniques.

Table 1 indicates that this sensor has the higher relative
sensitivity compared to other proposed PCFs, as well as low
EML and negligible confinement loss.

IV. CONCLUSIONS

We have presented a Zeonex based PCF sensor for Alco-
holic beverage detection in the terahertz range. After theoret-
ical modelling and numerical simulation using COMSOL we
obtain a high relative sensitivity of 88.6% and negligible con-
finement loss of 3.63 x 10711 cm~! at 1.9 THz. Moreover, a
flat sensitivity of 87.3+1.3% and flat EML with a variation of
0.02340.01 cm ™! is obtained within a broad frequency range
of 1 THz to 4 THz. The obtained high relative sensitivity is
suitable for detecting alcohols in beverages as well as skin
cancer in human body. Moreover, the obtained ultra-low loss
properties potentially have a significant application in longer
distance transmission of terahertz waves. Again, simplicity in
design and the realistic size makes the proposed PCF feasible
in terms of fabrication. So, considering all the aforementioned

properties, we can conclude that, if the proposed fiber can be
utilized properly with state of the art technology then it will
open a new window for sensing application as well as longer
distance transmission of terahertz waves.
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Abstract—A simplified semi-objective scheme is proposed to
optimally design a coarse wavelength demultiplexer (CDeMUX),
based on the structure of multimode interference (MMI). The
objective function of the CDeMUX is given as the difference
between the desirable and actual output power. The conversion
degree restriction (CDR) is defined as the upper limit of average
permittivity difference in the multimode interference (MMI)
region, which is divided into q % p conversion cells. The value of
p or q increases alternately until the CDR is reached. The
optimal design of CDeMUX with the insertion loss of 0.58 dB and
0.55 dB, extinction ratio of 26.3 dB and 27.6 dB is achieved for
the quasi-TE mode at 1310 nm and 1550 nm, respectively. The
scheme reduces the complexity of device structure and
fabrication process.

Index Terms—Integrated optics devices, Wavelength division
multiplexer, Multimode interference.

I. INTRODUCTION

Wavelength division multiplexing is an important strategy
to improve the capacity of optical communication links, and
on-chip wavelength demultiplexer is an essentially key
component for realizing wavelength multiplexing systems [1].
Compared with other kinds of wavelength demultiplexer such
as Y branch and Mach—Zehnder interferometers, wavelength
demultiplexer based on multimode interference (MMI) shows
advantages of low loss and large fabrication robustness [2].
Until now, most MMI-type wavelength demultiplexers are
designed and fabricated on silicon-on-insulator (SOI) or
InP/InGaAsP platform. However, due to large index
difference between the waveguide and substrate, most of them
are polarization-dependent and could be only used for one
polarization state. A polarization-insensitive wavelength
demultiplexer has been proposed on a sandwiched waveguide
structure, but the fabrication progress is more complicated [3].
In addition, the performance inconformity between 1310nm
port and 1550nm port is another problem, where the
performance parameter at one wavelength obviously worse
than at the other wavelength is often the case [4].

For the design of a wavelength demultiplexer, the structure
and function of the device are limited by the designers’
professional knowledge and intuition [5]. In order to eliminate
this issue, several approaches, including the particle swarm
optimisation, the genetic algorithm and level set method, have
been reported [6]-[8]. Although a proposed structure can be
optimised to achieve the best performance, it is not trivial to
propose a novel and effective structure. Recently, a novel
method named inverse design algorithm has been developed
for nearly all linear photonic devices [9]. However, the
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optimised structures obtained by the algorithm are very
complex, which are not trivial to be fabricated by the standard
complementary metal-oxide—semiconductor (CMOS) process.
Fabrication constraints are considered in a modified version of
the direct-binary-search algorithm [10]. Nevertheless, the
computation time is extremely long and the DBS algorithm
may converge to local optimum. Therefore, an efficient
optimisation algorithm which produces a device with high
performance and achievable fabrication process is highly
needed.

In this paper, we propose and develop a novel simplified
semi-objective scheme so that can obtain the optimal design
of a coarse wavelength demultiplexer (CDeMUX).

II. PRINCIPLE OF SCHEME

The CDeMUX with one input port and N output ports is
designed to work at M wavelengths, as shown in Fig. 1. The
MMI region between the input port and output ports is divided
into q X p conversion cells, where p and q are positive integers.
Suppose an unit power is injected into the input port, the
desirable output power to the i (i=1, 2, 3, ..., N) output port
is a; while the actual output power is b;. Thus the
characteristics of the device can be described with the power
transfer efficiency between input port and output ports. In the
design scheme, the objective function is defined as the
difference between the desirable output power and the actual
output power, which is

1 M N
F=mzz|%—bﬂ (M

i=1 j=1
where the coefficient M*N is a normalized factor. For two
different device structures, the output power of each port is
simulated and the values of objective function are calculated.
The structure with lower value of objective is closer to the
target device.
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Fig. I Schematic of a CDeMUX with one input port and N output ports.

The simplified semi-objective scheme involves two
iterations. In the initialization, the value of p and q equals one,
which means the MMI region include only one conversion
cell. For the inner iteration, each conversion cell is filled with
one proper geometric component. The shape and dimension
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parameter are optimized to obtain a smaller value of objective
function. For the outer iteration, the value of p or q increases
by one alternately. The MMI region is divided into more
conversion cells as the values p and q increase, which results a
more complicated device structure. In order to prevent the
device structure from being too sophisticated to be fabricated,
a conversion degree restriction is set in the scheme. The
conversion degree is defined as the average of absolute
permittivity difference of all conversion cells in the MMI
region, which is normalized between 0 and 1. The value of
conversion degree represents the geometry complexity of the
device structure and it is noted that the MMI region with
smaller value of conversion degree is easier to be fabricated.
The conversion degree restriction (CDR) is defined as the
upper limit of the conversion degree of the MMI region.
When the CDR is reached, the values of p and q stop
increasing and the outer iteration ends. Until now, the
structure and parameter with the smallest value of objective
function is obtained as the target.

III. DESIGN AND OPTIMIZATION

Following, the design of a 1x2 1310/1550 nm CDeMUX is
taken as an example to prove the capability of the scheme. For
the CDeMUX, the most crucial performance parameters are
the insertion loss (IL) and the extinction ratio (ER).
Considering these performance parameters, the objective
function F is defined as

1
F:Z(2+a”+a22—a21—a22) 2)

where a;; and ay; is the normalized power at 1310 nm for
output ports 1 and 2, respectively. While a;» and ay is the
normalized power at 1550 nm for output ports 1 and 2,
respectively. Considering the standard CMOS process, the
CDR of the MMI region is set to be 0.4. Thus the design and
optimisation problem is reduced to search for a device
structure with proper parameters that minimises F, which
simultaneously satisfies the CDR condition.

The design of the CDeMUX is based on silica-on-silicon
(SoS) waveguide, which is compatible with the CMOS
process and with high coupling efficiency to the single mode
fiber [11]. The refractive index of the silica buffer layer is
taken as 1.4444 at the wavelength of 1550 nm and the relative
index difference, A is taken as 1.5%. Before the scheme starts,
a simple three-port structure with one input port, a rectangular
MMI region and two output ports 1 and 2 is initialized. In the
implementation of the scheme, the actual output power of the
device is obtained by the three-dimensional full-vector beam
propagation method [12]. The output power from the output
port 1 is defined as the output power (OP) at 1310 nm, while
the output power from the output port 2 is defined as the OP at
1550 nm.

The design and optimisation process last for about 120 h on
an Intel Xeon CPU E5-2687W v2 @3.40GHz. After running
the scheme, the MMI region of the CDeMUX is divided into 2
x 3 conversion cells as shown in Fig. 2a. The conversion cell
(1, 1) and (2, 1) are bonded into a bulk rectangular waveguide
MMWI. It can be noted that the length of the MM W2 mostly
influences the output power at 1310 nm while has little effect
on the output power at 1550 nm. The situation is converse for
the length of MMW3. The coupling loss increases with an
increase of the propagation mode difference between the
multimode waveguide and the single mode waveguide [13].
The MMW2, MMW3 and MMW4 are mainly applied to
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reduce the width of the electric filed and confine the electric
field intensity. Moreover, with these multimode waveguides,
the ERs can be improved by filtering the power at undesirable
wavelength. Finally, extinction ratios can be further improved
by filling the conversion cell (2, 3) with a parallelogram single
mode waveguide instead of a rectangular single mode
waveguide as shown in Fig. 2a. The output power at 1310 and
1550 nm wavelengths is hardly influenced by the tilt, as
illustrated in Fig. 2b. As the value of tilt changes from
negative to positive, the ER at 1310 nm decreases
monotonically, while the ER at 1550 nm firstly increases to
the maximum point and then decreases. Therefore, the tilt
value is chosen to be -3.5 um, where the negative symbol
represents the tilt is towards MMW4.
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Fig. 2 (a) Structure of the CDeMUX. (b) Output power and extinction ratio
change with tilt.

IV.RESULTS AND DISCUSSION

The simulated intensity distributions for the quasi
transverse electric (quasi-TE) and quasi transverse magnetic
(quasi-TM) polarised light at 1310 nm and 1550 nm are
shown in Fig. 3(a). It can be observed that the input light for
1310 nm and 1550 nm is separated by the CDeMUX for both
the polarisations. The optimal CDeMUX with the insertion
loss of 0.58 dB and 0.55 dB, extinction ratio of 26.3 dB and
27.6 dB can be achieved for the quasi-TE mode at the
wavelengths of 1310 nm and 1550 nm, respectively. With the
identical structure, the insertion loss of 0.57 dB and 0.56 dB,
extinction ratio of 28.7 dB and 22.3 dB are obtained for the
quasi-TM mode at the wavelength of 1310 nm and 1550 nm,
respectively.

The wavelength response of the CDeMUX for the both
polarisations is shown in Fig. 3(b). It can be noted that the 1
dB bandwidth exceeds 60 nm and 70 nm at centre wavelength
of 1310 nm and 1550 nm, respectively. Thus, the
characteristics of the CDeMUX is tolerant to the wavelength
variation. Besides, it can be noted that the polarisation
dependent loss of the CDeMUX is lower than 0.01 dB. Hence,
the CDeMUX has similar performances for the both
polarisations. In the end, we consider the tolerance of the
CDeMUX to the fabrication process. As the beat length of the
multimode waveguide is positively related to its width, a



CDeMUX with a smaller width is more sensitive to the
fabrication error [2]. It is found that the characteristics of the
CDeMUX is the most sensitive to the change of MMW3
width. Within a derivation of + 0.25 pm for the width of
MMW3, the insertion loss is less than 1 dB and the ER is >23
dB at 1550 nm. Therefore, the CDeMUX can be fabricated
easily by the standard CMOS process.
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Fig. 3 (a) Intensity distributions at 1310 nm and 1550 nm. (b) Wavelength
response at output ports 1 and 2.
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Abstract—In this paper performances of maximum likelihood
detection (MLD) and zero forcing equalizer (ZFE) in MIMO
OFDM systems are analyzed with the combined effect of phase
noise, timing jitter and normalized CFO over Rayleigh fading
channels. Results include the bit error rate (BER), power penalty
and BER floor for different value of SNR, number of receiving
and transmitting antennas, variance of phase noise and variance
of timing jitter. It is observed that OFDM system suffers due to
the presence of normalized CFO, phase noise and timing jitter.
Significant improvements in this system can be obtained by using
multiple antenna techniques. Results show that compare to ZFE
the performance of MLD is better for a given parameter of power
penalty at a given BER due to timing jitter. Also MLD gives lower
BER floor over ZFE due to phase noise.

Index Terms—Multiple input wmultiple output (MIMO),
OFDM, Maximum likelihood detection (MLD), Zero forcing
equalizer (ZFE), Bit error rate (BER), BER floor, Power penalty,
timing jitter, phase noise.

I. INTRODUCTION

Multiple input multiple output (MIMO) system is rapidly
popular in wireless communication system for robustness to
fading, increasing data rate and efficient system capacity. For
high data rate and high performance, a MIMO OFDM is an
efficient feature to sustain with multiple antennas [1]. OFDM
system is very much sensitive to synchronization errors such
as carrier frequency offset, timing jitter and phase noise [2]-
[4]. The performance of OFDM can be enhanced by using
multiple antennas in both input and output. An MIMO OFDM
system can be also under the loss of orthogonality and effected
by ISI [5]. So such systems require efficient transmission and
reception techniques.

Performance analysis of a MIMO OFDM system with
efficient way of zero forcing (ZF), Minimum mean square
error (MMSE), Vertical bell laboratory layered Space-Time (V-
Blast) and maximum likelihood detection(MLD) methods are
popular [6], [7]. Among them, MLD method is optimum for
minimizing error, low order transmitting antenna and constel-
lation [8]. Zero forcing equalizer or ZFE is a linear equalizer
which reduce the system ISI (inter symbol interference) to
zero and also very simple to implement. By MLD decoding,
diversity order can be achieved by only receiving antenna
where ZF demand both transmitting and receiving antenna
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scheme. MLD has also a SNR advantage with increasing
number of transmit antennas [9].

BER performance of a Single input single output (SISO)
OFDM system in the presence of CFO , phase noise and
timing jitter are presented in [10]. BER performance of a
single input multiple output (SIMO) system with diversity
technique are presented in [11], [12]. Single input single output
(SISO) and single input multiple output (SIMO) techniques
due to normalized CFO, phase noise and timing jitter are
analyzed by several authors.However a MIMO OFDM system
with this error parameters should be analyzed. In this paper we
evaluate the BER performance of the MIMO-OFDM systems
with Zero forcing equalizer(ZFE) and maximum likelihood
detection (MLD) in the presence of CFO, jitter and phase noise
for BPSK modulation and also compare their performance .

II. THEORETICAL ANALYSIS
A. OFDM

In OFDM system binary data scheme converter into serial
to parallel (S/P) and modulated by BPSK modulation in our
analysis. OFDM method is done by IDFT operation. The
parallel to serial (P/S) is done by inserting of cyclic prefix.
Though channel, OFDM system have to face Rayleigh and
AWGN noise. At the receiver, demodulation scheme is done
by the inversion system of modulation. The output signal at
kth receiving subcarrier can be modeled as [1].

1 —j2nkn
_ N
N 2 yne

n=0

= X(K)HE) +W(k),0<k<N—-1 (1)

Where, W (k) is noise and H (k) is the channel frequency
response with transmitting data stream X (k).

B. MIMO OFDM System

MIMO OFDM system is multiple transmitting antenna and
multiple receiving antenna in an OFDM system. We can as-
sume the uncorrelated signal if there is enough space between
transmitting and receiving antennas [1]. Let us assume an
MIMO OFDM system which has M number of transmitting
antenna and R number of receiving antenna. So the system is
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a M x L MIMO system. If X is the transmitting vector stream,
Y is the receiving vector then this system can be presented as

Y=HX+W 2

Where, H is the channel matrix or the channel transfer
function which is a L x M matrix. Also W is the noise vector
which is L x 1 matrix. Now the system can be presented as
Eq. 3.

Y1 Hyy Hin Wh
Y, Hoy ... Hoym Wy
N I : | X X Xul+|
Yr Hr, Hy Wi
3)
C. ZFE

Zero forcing equalizer or ZFE is a linear equalizer which has
a transfer function of inverse of the channel. A ZF equalizer
has the filter coefficients of C(f) such that the filter response
will be: H(f) = =+ or, H(f) x C(f) = 1. A system with

a(f)
ZFE can be represented as

v=(H"H)"'H"y @)

Where HYH is a M x M, a square matrix and
(HEH)='HH is the left inverse matrix of H which is
applicable for different number of transmitting and receiving
antenna such that L can be greater than M (no need to
L = M). Which is flexible for multiple user. ZFE model
is very simple to implement and it brings the ISI to zero.
As it’s implementation is easy, this technique is not optimum.
BER performance of a ZFE depends on both the number of
transmitting and receiving antennas.

D. MLD

MLD is maximum likelihood detection in terms of mini-
mizing total error with small number of transmitting antenna.
Maximum likelihood method depends only on number of
receiving antennas. MLD scheme has high computational
complexity to find an optimum solution [13] But in our
analysis we use low order constellation and perfect CSI to
simplify the BER computation [14].

III. SYSTEM MODEL

A. MIMO OFDM System with ZF

A MIMO OFDM system with BPSK modulation in
Rayleigh fading channels gives similar BER as a SIMO OFDM
system with MRC. The bit error probability for MIMO ZF
with BPSK modulation can be obtained as Eq. 5.

. ( 1 >L‘M“ y (2L—2M+1> )

"~ \4SINR L—M+1
Where, SINR is average signal to interference plus noise
ratio considering phase noise, timing jitter and normalized

CFO obtained from [4]. And probability density function or
PDF of Rayleigh channel with L > M can be represented as

efw/Fc

L—M %
L—M+1
(L — M)ITLM+

(6)

PPY,L,M(x) =T

Where, L is the number of receiving antenna and M is the
number of transmitting antenna. Here, v is the SNR per bit
and I'c = E(v). For MIMO system with ZF value of ' can
be expressed as Eq. 7 [10].

202 x SINR

'~ =
CT L -M+1 @

Where o2 is the variance of fading parameter «. Then
BER for a BPSK OFDM system in Rayleigh fading channels
considering normalized CFO, phase noise and timing jitter can
be calculated as Eq. 8.

o0 o0 (o)
pER= [ [ [ Bfele.n)POPQ)PO)dedcdy
—o0 J—00 JO
3
Where, P({) and P(e) are PDF for timing jitter and
normalized CFO assumed Gaussian.

B. MIMO OFDM System with MLD

MIMO MLD technique normally performs at receiver. MLD
is optimum receiver scheme that will perform better than
V-BLAST, ZFE and MMSE. With some restriction, BER
performance of MIMO MLD system is described in [8]. MLD
has high computational complexity but in our analysis with
some assumptions and boundary we use a less complex MLD
system. At perfect CSI and low order modulation, such as
BPSK modulation which is assumed in this analysis, MIMO
MLD bit error probability impaired by phase noise, timing
jitter and normalized CFO can be calculated as

= e« (570
"~ \4SINER L-1

Where, SINR the average SINR considering normalized
CFO, phase noise and timing jitter over Rayleigh fading
channel obtained from [4].

It should be noted that the result is depend only on number
of receiving antenna L not on number of transmitting antenna
M [14]. Performance of Rayleigh fading channel of MLD
system can be obtained from [8], [15]. From ML estimation of
Rayleigh fading channel we obtain probability density function
or pdf of channel will be as Eq. 10.

e 20
2mo?

Where, 02 = ||d||?> + Ny and d is the transmitted signal
vector at a particular time instant and Ny is single sided power
spectral density for AWGN noise. p can be expressed as Eq.
11.

9

P(u) =

(10)
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=L
pr =Y _||Yi = H(a)X||? (11)
=1

Where, « is the fading parameter so p is the function of
fading parameter and also depends on L. Now BER perfor-
mance of BPSK MIMO OFDM system with MLD considering
normalized CFO, timing jitter and fading parameter is

BER - / / / Py(ele, ¢, a)P(e) P(¢) P(u)dedCdy
—o00 J—00 JO (12)
IV. RESULTS AND DISCUSSIONS

Following analytical approach presented in section III, we
evaluate the BER performance results for MIMO OFDM
systems using MLD and ZFE. System parameters used for
this result section are shown in Table-I.

TABLE I: System parameters used in simulation.

Modulation Type BPSK
Channel Type Rayleigh channel
Number of Subcarrier (N) 64,1024
SNR (dB) 20 dB
Variance of phase noise o2 .005
Variance of timing jitter o7 01
Variance of normalized CFO o2 .03

Fig. 1 shows BER performance of MIMO OFDM systems
with ZFE and MLD without the presence of timing jitter, phase
noise and normalized CFO. This plot shows that BER=10""°
obtained at 10 dB SNR for 4 number of receiving antennas
using MLD but at ZFE same BER value is obtained at higher
value of SNR. So MLD with higher number of receiving
antennas gives better performance. Fig. 1 also shows that at
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Fig. 1: BER vs. SNR (dB) without considering phase noise, timing jitter and
normalized CFO for both MLD and ZFE for different number of Transmitters
(Tx) and Receivers (Rx).
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Fig. 2: BER vs. SNR(dB) for SISO OFDM, MIMO OFDM with MLD and
ZFE detection for o, =.005, 0 =.01 and o7 =.03

Rx=2, 3, 4, MLD gives better BER performance than ZFE
for equal number of receiving antennas. Without the presence
of synchronization errors MLD gives better BER performance
over ZFE.

Fig. 2 is for BER performance comparison between SISO
and MIMO OFDM systems in presence of CFO, jitter and
phase noise. BER=10"2 obtained for the values of 4 dB, 6 dB
and 13 dB input SNR for MLD method, ZFE detection and
SISO system respectively. This represents that MIMO OFDM
systems give better BER performance than SISO OFDM
systems in presence of synchronization errors.

Fig. 3 and Fig. 4 show BER performance comparison
between ZFE and MLD in MIMO OFDM systems. Fig. 4
shows that BER floor gives lowest value for MLD with higher
number of receiving antennas. For example, Tx=2 and Rx=6
BER floor is 1.5x107® for MLD where ZFE with equal Rx
and Tx gives BER floor 1.5x10~7. So, MLD gives better BER
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Fig. 3: BER vs. SNR (dB) for MLD and ZFE for 02 =.005, 02 =.01 and o2
=.03 for different number of Receivers(Rx) and Transmitters("lgx).
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Fig. 4: BER floor vs. number of receiving antenna (L) for MIMO with MLD
and ZFE for o7, =.005, o¢ =.01 and o2 =.03

performance than ZFE with presence of CFO, jitter and phase
noise.

Fig. 5 shows power penalty vs. timing jitter for MLD
at BER=10"3 varying number of receiving antennas in the
presence of timing jitter, phase noise and CFO. It can be
noticed that system is less effected by jitter for MLD if
higher number of receiving antennas are used. For example at
variance of timing jitter = 0.05 at L=5 penalty is 2dB where
at L=2 penalty is 5 dB for BER=10"2.

Fig .6 illustrates Power penalty vs. variance of timing jitter
for both MLD and ZFE. This graph is plotted for 2 transmitting
antennas and 3 receiving antennas. Fig. 6 shows that the
system is less effected by jitter for MLD compared to ZFE.
Power penalty is almost similar for lower value of jitter but
for higher value of timing jitter, ZFE suffers more penalty
compared to MLD.

Fig. 7 shows the effect of variance of phase noise for MLD
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Fig. 5: Power Penalty (dB) vs. variance of timing jitter for MLD at BER=10"3
considering o2 =.005 and o2 =.03 varying number of receiving antennas (Rx
or L)
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Fig. 6: Power penalty comparison for MIMO ML and ZF detection with
respect to variance of timing jitter for o2 =.005 and o2 =.03

and ZFE in MIMO OFDM systems. This plot is variance of
phase noise vs. BER floor plot for ZFE and MLD in presence
of CFO, jitter and noise for different value of receiving
antennas and two transmitting antennas. Fig. 7 shows that
MLD gives better BER floor performance than ZFE for equal
number of receiving antennas. But ZFE with higher number
of receiving antennas gives lower BER floor than MLD with
lower number of receiving antennas. Also results show that
BER floor is increasing with the increasing value of variance
of phase noise. MLD with higher number of receiving antenna
is suffered less by phase noise than ZFE. For example, at L=5
at variance of phase noise =0.03 , MLD gives BER floor =
10~° where ZF at L=5 gives BER floor = 10~* and ML L=3
gives BER floor = 1073, where L is the number of receiving
antenna.
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Fig. 7: BER floor vs. variance of phase noise for MIMO OFDM system with
MLD and ZFE for different number of receiving antenna L considering Ug

=01 and 02 =.03

125



V. CONCLUSION

This paper proposes two multiple antenna techniques to
improve OFDM channel performance and also compare their
performances. Results show that MIMO OFDM systems with
MLD and ZFE give better performance than SISO OFDM
system in the presence of normalized CFO, phase noise and
timing jitter. Again it is observed that MLD method suffers less
penalty and gives lower value of BER floor due to timing jitter,
phase noise and normalized CFO over ZFE. System suffers
less penalty and BER loss due to phase noise, timing jitter
and normalized CFO if higher number of receiving antennas
are used. This analysis can be used in practical applications
where fading, jitter and noise strongly exist.

REFERENCES

[1] N. Achra, G. Mathur, and R. Yadav, “Performance analysis of mimo
ofdm system for different modulation schemes under various fading
channels,” International Journal of Advanced Research in Computer and
Communication Engineering, vol. 2, no. 5, pp. 2098-2103, 2013.

[2] M. Tiwari and K. P. Kaur, “Analysis on lowering the effect of timing

jitter in ofdm system using oversampling,” International Journal of

Engineering and Advanced Technology (IJEAT), vol. 3, no. 5, 2014.

J. Desai and S. Kulkarni, “Effect of noise on ber of bpsk, qpsk, dpsk,

and gam modulation techniques,” International Journal of Research and

Scientific Innovation (IJRSI), vol. 3.

S. Mallick and S. P. Majumder, “Performance analysis of an ofdm system

in the presence of carrier frequency offset, phase noise and timing jitter

over rayleigh fading channels,” in Electrical and Computer Engineering,

2008. ICECE 2008. International Conference on. 1EEE, 2008, pp. 205—

210.

[5] K. J. P. Pratibha Singh, “Ber performance comparison of mimo ofdm
with channel equalizers,” INTERNATIONAL JOURNAL OF INNOVA-
TIVE RESEARCH IN TECHNOLOGY, vol. 2.

[6] B. A. Bjerke and J. G. Proakis, “Multiple-antenna diversity techniques
for transmission over fading channels,” in Wireless Communications and
Networking Conference, 1999. WCNC. 1999 IEEE, vol. 3. IEEE, 1999,
pp. 1038-1042.

[71 P. W. Wolniansky, G. J. Foschini, G. Golden, and R. A. Valenzuela,
“V-blast: An architecture for realizing very high data rates over the
rich-scattering wireless channel,” in Signals, Systems, and Electronics,
1998. ISSSE 98. 1998 URSI International Symposium on. IEEE, 1998,
pp- 295-300.

[8] X.Zhu and R. D. Murch, “Performance analysis of maximum likelihood
detection in a mimo antenna system,” /IEEE Transactions on Communi-
cations, vol. 50, no. 2, pp. 187-191, 2002.

[9] R. Van Nee, A. Van Zelst, and G. Awater, “Maximum likelihood decod-

ing in a space division multiplexing system,” in Vehicular Technology

Conference Proceedings, 2000. VIC 2000-Spring Tokyo. 2000 IEEE

51st, vol. 1. IEEE, 2000, pp. 6-10.

T. H. Nipa and S. P. Majumder, “Impact of inter-carrier interference

(ici) on simo ofdm system over rayleigh fading channel,” in Electrical

and Computer Engineering (ICECE), 2010 International Conference on.

IEEE, 2010, pp. 598-601.

M. Hasan and S. P. Majumder, “Performance limitations of a simo

ofdm wireless link impaired by carrier frequency offset, phase noise

and rayleigh fading,” in Communication Software and Networks, 2010.

ICCSN’10. Second International Conference on. 1EEE, 2010, pp. 573—

577.

D. Lee, G. J. Saulnier, Z. Ye, and M. J. Medley, “Antenna diversity

for an ofdm system in a fading channel,” in Military Communications

Conference Proceedings, 1999. MILCOM 1999. IEEE, vol. 2. IEEE,

1999, pp. 1104-1109.

K. Letaief, E. Choi, J.-Y. Ahn, and R. Chen, “Joint maximum likelihood

detection and interference cancellation for mimo/ofdm systems,” in

Vehicular Technology Conference, 2003. VIC 2003-Fall. 2003 IEEE

58th, vol. 1. IEEE, 2003, pp. 612-616.

R. D. Murch and K. B. Letaief, “Antenna systems for broadband wireless

access,” IEEE Communications Magazine, vol. 40, no. 4, pp. 76-83,

2002.

[3

[t

[4

=

[10]

(11]

(12]

[13]

[14]

[15] S.J. Grant and J. K. Cavers, “Performance enhancement through joint
detection of cochannel signals using diversity arrays,” IEEE Transactions
on Communications, vol. 46, no. 8, pp. 1038-1049, 1998.

126



2017 IEEE International Conference on Telecommunications and Photonics (ICTP)

26-28 December, 2017, Dhaka, Bangladesh

Homodyne versus Self-Coherent Detection 1n
Polarization Diversity Optical Transmission Systems

Kazi Abu Taher!"and Satya Prasad Majumder!
1Department of EEE, Bangladesh University of Engineering and Technology (BUET), Dhaka,
Bangladesh

“kataher@yahoo.com

Abstract—Analytical results of the performance of homodyne
coherent detection (HCD) and self-coherent detection (SCD)
schemes in a polarization division multiplexed (PDM)-
quadrature phase-shift keying (QPSK) polarization diversity
optical transmission system are discussed focusing to highlight
their relative merits. Analytical results are compared for the two
detection schemes for different parameters including the cross-
polarization induced crosstalk, received signal power, data rate
and ASE induced crosstalk of EDFA. It is found that the HCD
receiver has more sensitivity than the SCD receivers under
similar operating conditions. For BER of 10~ and for the data
speed of 100 Gbps, the requirement of received optical signal
power in SCD receiver is 7.05 dB more than that in HCD
receivers at mean misalignment of 40°. But SCD receiver has
better resilience to mean misalignment at the polarization beam
splitter (PBS) than HCD receivers.

Index Terms— Polarization, self-coherent, homodyne
coherent detection, misalignment.

I. INTRODUCTION

Higher receiver sensitivity of coherent detection emerged
as the solution to support high speed optical fiber long haul
transmission and to meet up the future demands for internet-
based multimedia and data services [1,2]. Multilevel
modulation schemes with higher spectral efficiency (SE) and
coherent detection powered by efficient digital signal
processing (DSP) algorithms have raised the data transmission
speed even with existing legacy optical network systems that
were designed initially for lower data rates [3].

When the high intensity waves propagate through the fiber,
power dependent nonlinear effects inflect nonlinear changes
in the refractive indices along the two modes. The refractive
indices of the modes induce a nonlinear coupling giving rise
to nonlinear birefringence causing nonlinear polarization
rotation [4-6]. This nonlinear rotation causes the eigen-mode
of the fiber to change randomly with respect to the eigen-
mode of the PBS at the receiver causing misalignment [7,8].
This misalignment will have fading effect on the signal as
well as inter-channel crosstalk. HCD receiver raises the
system sensitivity by using LO which also remained as the
source of complexity. Of late, the cross-polarization (XPol)
induced cross-talk on the performance of a PDM-QPSK
optical transmission system with HCD is reported in [9,10].

SCD system came up with lower complexity without the
need for LO and related synchronization mechanism at the
receiver. It is reported as the alternative to the HCD mainly
for short range connectivity [11]. PDM-QPSK SCD receiver
with lesser complexity without LO has emerged as an efficient
scheme for supporting short range high-speed optical
transmission. It combines the features of DD and HCD. In
[12,13], the authors have reported simulation and

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

experimental results of SCD system. Analytical results of
BER performance of SCD system considering the XPol
induced effects is reported in [14]. Since both HCD and SCD
systems seem promising, a comparison between them is
necessary.

We present a comparison for the first time, of the
performance of optical PDM-QPSK polarization diversity
HCD and SCD receivers taking account of the XPol induced
crosstalk, received optical power and data rates in light of [10]
and [14]. This paper is arranged as follows; the system model
is explained in Section 2, the theoretical analysis of the
models is given in Section 3, Section 4 contains the results
and discussion. Finally, Section 5 concludes the paper.

II. SYSTEM MODEL

Transmitter and fiber section of PDM-QPSK self-coherent
and coherent homodyne transmission systems are identical
and its block diagram is shown Fig. 1. Four data streams
X1k Xqk Yik and Yo modulate the same laser by the two
QPSK modulators. X and Y indicate the two orthogonal
polarizations modes. The upper QPSK Mach-Zender
modulator (MZMs) modulates the carrier using two input data
streams Xj and Xq . Similarly the lower QPSK modulator
modulates the same laser using two input data streams
Yk and Yqx. A PBS is used in at the transmitter to separate
the orthogonal polarizations of the input laser which are used
as input to the two optical QPSK modulators. Each of the
QPSK modulators modulates the in- and quadrature-phase (I1Q)
of the laser by two input data streams. Output of the two
QPSK modulators are combined at the polarization beam
combiner (PBC) and generate the PDM-QPSK signal E(t) as
shown in Fig. 1(a). SMF of fixed length with EDFA form a
span and the total link consists of number of spans. The
attenuation of the fiber is just equal to the gain of the EDFA.
The modulated signal E(t) is fed into the fiber link and signal
Eq(t) is received at the receiver end after passing through N
number of spans as shown in Fig. 1(b). The transmitter and
fiber link of both HCD and SCD systems are identical.

(@
SMF

Es(0)

X1k XQk

Yix Yok

(@) (b)

Fig. 1. Block diagram of (a) PDM-QPSK transmitter system and (b)
optical fiber link with erbium doped fiber amplifier (EDFA).
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Fig. 2. Block diagram of a PDM-QPSK polarization diversity HCD
optical receiver.

The block diagram of the receiver section of a HCD PDM-
QPSK polarization diversity transmission system is shown in
Fig. 2. The received signal Es(t) is fed to a PBS in the absence
of PC which is the striking feature of polarization diversity
technique. The PBS provides the X- and Y-polarized signals
at the output. The X-polarized (X-Pol) signal is fed to the
upper 90" hybrid and the Y-polarized (Y-Pol) signal is fed to
the lower 90° hybrid. The output laser from the LO is linearly
polarized at 45" with respect to the receiver polarization and is
fed into the lower PBS. The outputs of the lower PBS are the
local reference laser and are fed into the two 90" hybrids as
shown in Fig. 2. The received signal is thus gets coupled with
the LO laser in the 90° hybrids. The 3-dB couplers within the
90" hybrids beat the LO laser signal with the signal to
generate the baseband signal following homodyne approach.

Fig. 3 depicts the block diagram of the receiver section of
optical PDM-QPSK polarization diversity SCD receiver. Here
the received signal at the receiver end is Ey(t) which is passed
to the PBS and there is no PC. The X-Pol signal E(t) and Y-
Pol signal E(t) from the output of the PBS are fed into two
splitters to split the signal into two halves. Outputs of each
splitter are the two copies of the same signal. One of the
outputs of each splitter is passed through a delay
interferometer (DI) after introducing a delay of one symbol
period. Thus one input of the X-Pol 90° hybrid is the X-Pol
signal and the other input is the delayed version of the X-Pol
signal. Similarly the Y-Pol 90° hybrid has inputs from Y-Pol
signal and its delayed version. There is no local oscillator in
this model. Delayed signal of the previous symbol period acts
as the reference. The original signal and its delayed version
gets coupled in the 90° hybrids and beat together to generate
the data iy ;(K), ix o(k), iy (k) and iyq (k) of k™ symbol.

III. THEORETICAL ANALY SIS

The signal entering the PBS of the HCD and SCD receiver
section of Fig. 2 and Fig. 3 respectively, is given by [10,14]:

Es(t) = Esx(DX + Esy(Dy )
where
Esx(t) = Ex (Dcos[wot + dx ()] — Exo(Dsin[w,t +
dxo®] )
Esy(D) = Ey (D cos[wot + by (t)] — Eyq(Dsin[wot +
dyo®] 3)

where Egy(t)®and Esy(t)§ are the X-Pol and Y-Pol
components of the received signal respectively,
Ex1, Exq, Eyyand Eyq are the IQ components of the X-Pol
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Fig. 3. Block diagram of self-coherent PDM-QPSK polarization
diversity SCD optical receiver. DI: Delay interferometer

and Y-Pol components respectively, w, is the optical carrier
frequency, ¢x, dOxq, Py;and dyq are the phase angles
associated IQ components of the X-Pol and Y-Pol components
respectively. Since the X-Pol and Y-Pol modes carry data
independently and act as channels, they can be termed as
subchannels Ux and Uy respectively. Considering fading and
crosstalk suffered by subchannel Uy at the PBS due to
nonlinear birefringence induced random rotations of the
subchannel SOPs, the output signal at the X-Pol and Y-Pol are
E's;c x (1) and E'g;¢ y (1) respectively, where

E'i6x(0) = EpEsx (D) + ExEgy(D) 4)

E'sigy(t) = EpEgy (D) + ExEgx (D) (5)
where € and Ex are the fading and crosstalk coefficients
respectively and €&p = cosg and &y = sing where 6
represents the mean misalignment angle between the
eigenmode of the received signal and eigenmode of the
receiver PBS. The outputs of the PBS are the similar for both

HCD and SCD receivers, but their subsequent processing are
different as explained below.

A. HCD Receivers

Instantaneous X-Pol input from the local oscillator to the
X-Pol 90" hybrid of HCD as in Fig. 2 is given by

ELox(t) = Epox coswyt

(6)

Considering crosstalk and fading suffered by subchannel Uy
due to the random polarization rotation of the subchannel
SOPs at the PBS, the signal at the upper input of the X-Pol
90° hybrid is:

E'si6x () = EpEsigx(t) + ExEgigy () @)

The instantaneous output signal at port C1 of X-Pol 90°
hybrid is giver by
Exc1(t) = E'si6.x(t) — ELox(0) = EpEggx (D) +
ExEsicy(t) — ELox (D (®)
Squaring both sides of (8), detail synthesis is carried out to
separate the in-phase terms to get the baseband signals. The

useful total photocurrent at the output of the single ended
detector of port C1 is:

ixc1 = Rea [glz:(PSIG,x + PLO,X) — 28/ Px1PLox cos by +
€%Psigy + 28Ex/Px1PLox cos dx +

nggFﬁ PX,I\/% Py, COS(‘PX,I - ¢Y,I)] )



The total useful photocurrent at the output of the single ended
detector of port C2 is:

ixc2 = Req [EI%‘(PSIG,X +Pox) + 2€p/Px1PLox cos &y +
€%Psigy + 2Ex4/Px PLox cos by +

ZEXEF\E PX,I\E Py COS(¢X,I - ¢Y,I)]

Here, Ry and R, are the effective responsivities of the PDs
for iy ¢y and ixc, respectively. The output of the balanced
detector is the differential photocurrents from the output ports
C1 and C2 which can be obtained from (9) and (10) as ix ¢ =
ix c2 — ixc1. Then the crosstalk term and the faded signal can
be segregated to calculate the signal-to-noise (SNR). The
faded signal is:

isicxcuep = €&[Rcz — Rea) (Psigx + Prox) +

2€r[Rcz + Reyly/PxPLox cos dx

The interchannel crosstalk term due to XPol is:

ixtaikx.cHep = Ex[Rcz — Re1lPsigy + 2€x[Re, +

Rec1ly/PyiPLox cos by, + 2ExEp[Rc, +
RC1]\/§ PX,I\/% Pyycos(dxr— dyr)  (12)

In HCD, the inline amplifiers and LO will contribute to the
total noise. HCD receiver has a noise with variance o2 details
of which is given at [10]. The output signal of the HCD
receiver includes shot noise, thermal noise and amplified
spontaneous emission (ASE) with noise variance 0;2:

(10

(11)

(13)

2 _ 2 2 2
ONoise,HCD = OshotHCD T OthermalHCD T OASEHCD

where

Oahotrcp = 2qRei(Po + PSIG)B[]- +6—
2,/(T = 18y cos@y,| + 2qRczPoB[1 + 6 +
21 —-ws COSQ)X_,)]

2 — P2
Othermal HCD = 2(1 - rth) lthB

OASEHCD = Oasgshot T Os—sp + O2p—sp
=2mBmG+g@+4mfmw%+
212 B\ B
n°lsp (2 - B_o> By’
where q is the electric charge, R¢; and R, are the effective
responsivity of the PDs at the port C; and C, of 90° hybrid,
Pyo is the LO power, Psig is the received signal power, 6 is the
ratio of received signal power to the LO laser power, B is the
transmitted data bandwidth, p is the quadrature power
imbalance ratio, and @y is the phase angle of the X-Pol in-
phase signal considering no correlation between single ended
noise current densities. Here, 1, is the correlation coefficient
of the differential thermal noise power, iy, is the input
equivalent noise current spectral density of the single ended
input, I, and I; are the photocurrent equivalent of the ASE
noise power and the signal power respectively, n is the
quantum efficiency of the detectors, G is the amplifier gain
and B, is the optical band-width.
Adding X-Pol induced crosstalk to the Uy subchannel for a
particular mean misalignment angle 6, and total noise, we

0<B<
2
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can find the conditional signal to crosstalk plus noise ratio
(SCNR) for HCD receiver as:

. 2
lisigx,cHCD|

SCNRHCD (9) =

, ) (14)
lixtalcx,cep| + 0Foise Hep
Using this SCNR, we can define conditional BER before the
DSP as:

BER;cp(8) = 0.5 * erfc,/SCNR ;¢p (0) (15)

As the misalignment angle originates from the random
rotation of the eigenmodes caused by nonlinear birefringence,
the distribution of the misalignment angle is also considered
have Maxwellian distribution and the probability density
function (pdf) of the random phase angles is given by [11,12]:

32 —(20)?
Py(0) = s 0%exp (Tgr) (16)

where 0 is the instantaneous misalignment angle and (8) is the
mean misalignment angle. Using this pdf, the average
BERy¢p can then be obtained as:

BERycp = [

/2 BER ¢ (6) Py (8) dO

(17)
B. SCD Receivers

The signal of (4) and (5) are processed by passing them
through the splitter as shown in Fig. 3. Delay equal to one
symbol period is introduced to one part of the signal by
passing it through the DI. The direct signal Eg(t) and its
delayed version Ep(t) delayed by one symbol period T, are
given as the input of the 90° hybrid and details of the 90°
hybrid is shown in [10]. Considering the crosstalk and fading
suffered by subchannel Ux due to subchannel Uy, the input
signal at the X-Pol 90° hybrid of Fig. 3 is:

Es(t) = EpEgx (V) + ExEgy(t)
Ep(t) = EgEsx(t —T) + ExEgy(t—T)

(18a)
(18b)

The instantaneous output of the signal at port C1 of X-Pol 90°
hybrid of Fig. 3 corresponding to the input signal of (18) is
giver by [14]:

Exci(t) = Es(t) — Ep(t) = EpEgx(t) + ExEgy(t) —

EpEsx(t—T) — ExEgy(t—T) 19

Detail synthesis is carried out by squaring both sides of (19) to
separate the effective in-phase signal and interfering terms.
Effective responsivities of the PDs are considered as Ry and
R, that are used to generate the currents at the output of the
balanced detector as:

ixc = ixcz —ixc1 = 2€F[Rez — RealPx + 2€¢[R¢, +
R¢1]Py cos (¢X,I(t) = Oyt — T)) + 2E%[Rez —
Rea] Py + 2€5[Rez + Req]Py cos (¢’Y,1(t) -

Py, (t—T)) (20)
After segregation, the crosstalk term and the signal are:
ixcscp = 2€¢[Rcz — RealPx + 2€R[Rc, +
Re1]Px; cos (q)x,l(t) — dxi(t— T)) (21)
ixcaex,csco = 2€%[Rcz — ReilPsy + 2[R, +
Rc1]Py; cos (¢Y,1(t) — by, (t— T)) (22)
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In the absence of the LO in SCD system, the main source of 10° .
the noise is the inline amplifier. Total noise variance is given _ m&%
as (16) but there is no LO related terms in SCD receiver [14]. B ‘g\q
2 2 2 2 107°f ‘R: iy ]
ONoise,SCD = Oshotscp T Othermal,scp T Oasgsco  (23) % \kz
LY
where Y LS
- 10} i kﬂq E
! 1 1
Olhotscp = ZqRCIPSIGB[l =21 — oy COS@X,I] + i --e-- SCD, R, =150 Gbps bt
- [}
2qR¢,P. B[1+—2 (1 — )8 cos® )] || -2 SCD- R, =100 Gbps Y
2tsic xI 10" {[ --p-- sCD. R, = 50 Gbps VT
- il
Utzhermal,scn =2(1—r1y) irth HCD, R, =150 Gbps I‘§> H i
16° 1| == HED. R, =100 Gbps bl
2 — <2 2 2 1 [
OASESCD = Oaskshot T Osesp + O2p_sp —p—HCD,R_ = 50 Gbps .t
— 2 B : T T : T
= 2qnB(LiG + L) + 4Gn®Lilg, T 30 25 20 5 10 5 0 5

nzlszp (2 - %)BE'

o

0<B<
2

Adding X-Pol induced crosstalk to the Uy for a particular
mean misalignment angle 6,, and total noise, we can find the
conditional SCNR and BER for SCD receiver as:

. 2

SCNRgp (8) = —oxeseol (24)
lixtalkx.c.5cD| "+ OFoisescD

BERSCD (9) = 05 * eI'fCﬂ SCNRSCD(G) (25)

Considering the Maxwellian distribution, the pdf of mean
misalignment angle 0, Py(0) is used to calculate the average
BER similar to (16). The average BER can then be obtained
from the conditional BER as:

/2
BERgcp = [

BERscp (8) Py (8)d6 (26)

IV.RESULTS AND DISCUSSIONS

Using the analytical expressions presented in Section III,
we compare numerically the required signal power and
penalty in power caused by X-Pol at the output of the HCD
and SCD PDM-QPSK receivers for a particular mean
misalignment 0. The comparison between the HCD and SCD
detection system is compared for different received signal
powers, misalignment angles data rates and BER. The
findings of this paper are post FEC values and no DSP

Table 1. Table of parameters used in numerical computation

Parameter

Received optical signal power, P_ _ (dBm)

SIG
Fig. 4. BER versus received signal power for various data rates in HCD
and SCD receivers.

algorithm is used. Different parameters and their values used
in this simulation are shown in Table 1.

Fig. 4 depicts the plots the BER as a function of received
signal power Psic of HCD and SCD receivers for mean
misalignment of 40° and different data rates. It presents the
BER performance of HCD and SCD receivers in one graph
and thus can be compared easily.

It is clearly evident from the graph that at a particular BER
and mean misalignment angle, the SCD receiver needs more
signal power than HCD receiver. Moreover, in both the
receivers, the required signal power increases with the
increase of data rates. For BER of 107* and for data rates of
100 and 150 Gbps, SCD receiver needs 0.92 and 1.8 dBm but
HCD receiver needs -9.65 and -7.1 dBm. Again, for BER of
1072 and for the same data rate, SCD receiver needs 3.05 and
3.96 dBm but HCD receiver needs -4.0 and -1.95 dBm
requiring an increase of required optical signal power in SCD
receiver by 7.05 and 5.91 dB respectively.

Fig. 5 shows the plots of the required signal power Psig for
BER of 10 as a function of data rates for various mean
misalignment angles in HCD and SCD receivers. The
continuous lines show the plots of the required power of HCD
receivers at LO power of 10 dBm and the dashed lines show
the plots of the required power of SCD receivers. At higher
misalignment angles, the need of required signal power

Value increases comparing to the power requirement for no-
Effective responsivity at port C1 0.14 A/W 6
Effective responsivity at port C2 0.18 A/'W B it it =522t
Phase of the X-Pol signal @y, 22.5° E T oh - e
Phase of the Y-Pol signal @y, 30° 30
Power split ratio between polarizations 0.41 &fﬁ
LO power split ratio for HCD 0.46 %
[=5
SMF link length 100 km =
i)
1 w
Attenuation loss 0.2 dB/km E —o-soD0_~ 45" —e—HCD, 6 =45°
Optical carrier wavelength 1550 nm s 10 ~EF- SCD. 6, = 40° | | —B—HCD, 8, = 40°
Spontaneous emission factor 1.4 ?::: 19k SCD, 6, = 30° HCD, 8, =30° |}
Gain of the EDFA 20 dB g b " SCD.6,=20° |, pop g =20° |
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rate for different mean misalignment angles in HCD and SCD
receivers.
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misalignment condition. Moreover, the requirement of the
signal power increases with the increase of the data rate. The
graph shows that in HCD receiver, the required signal power
for BER of 1072 at 100 Gbps and LO power of 10 dBm are -
5.148, -3.994, -2.364 and -1.34 dBm for misalignment angle
0f 20°,30°,40° and 45’ respectively.

The dashed lines of Fig. 5 show the plots the received
optical signal power. At higher mean misalignment angles, the
need for required signal power increases comparing to the
power requirement for no-misalignment condition. Moreover,
the requirement of the signal power increases with the
increase of the data rate. The graph shows that for BER of
1072 at 100 Gbps, SCD receiver 2.834, 3.083, 3.582 and
4.012 dBm received signal power for misalignment angle of
20°,30°,40" and 45° respectively. It is clear that the increase
in signal power in HCD receiver is much larger than that of
SCD receiver that is required for a particular rise in the mean
misalignment angle. Thus it is clear that the changes in
misalignment angles have very less effect in the power
requirements of SCD receivers. The graph shows that to
achieve a particular BER with the increase of specific mean
misalignment angle, the amount of signal power requirement
is much higher in HCD receivers. The requirement of signal
power increases by 2.784 dB in HCD receiver when
misalignment angle increases from 20" to 40° at data rate of
100 Gbps, but under the same condition the increment is only
0.748 dB in SCD receiver.

Fig. 6 plots the power penalty for BER of 10~ versus mean
misalignment angles in HCD and SCD receivers taking the
signal power required at 50 Gbps setting mean misalignment
angle at 0°. The continuous line graph represents power
penalty in HCD receivers and the dashed lines represent that
of SCD receivers. It is clear from the graph that SCD receivers
have better tolerance to the change of mean misalignment
angle than HCD receivers.

V. CONCLUSIONS

Comparison of the performance of PDM-QPSK
polarization diversity HCD and SCD receivers are presented
considering standard fiber parameters. The performances are
quantified in terms of BER, required signal power,
misalignment angles and power penalty for both the systems.
Results show that SCD and HCD suffer significant BER
deterioration due to XPol induced crosstalk and significant
amount of signal power penalty occurs at a particular BER. It
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is found that HCD receiver has more sensitivity over SCD
receiver at a given BER and misalignment angle. HCD
receiver has out-performed the SCD receivers in terms of
better BER and higher sensitivity but SCD receiver has lower
complexity and higher tolerance to misalignment angles.
Further, HCD system suffers more power penalty compared to
SCD system due to a particular misalignment angle. It is
found that SCD receiver has higher tolerance to misalignment
induced crosstalk than HCD receiver. The both the receivers
will require robust DSP algorithms and advanced photonic
integrated circuit to handle the nonlinear birefringence
induced random misalignment of the eigenmodes of the fiber
and that of the PBS that results in the misalignment. Results of
this work can be used in designing high-speed optical PDM-
QPSK polarization diversity transmission systems.
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Abstract—Orthogonal  Frequency Division Multiplexing
(OFDM) based light fidelity (LiFi) scheme provides the
opportunity of high speed data transmission along with room
illumination. This paper proposes Hybrid Diversity Combined
OFDM (HDC-OFDM) for LiFi by combining the aspects
of existing diversity-combined asymmetrically clipped optical
OFDM (DACO-OFDM) and direct current biased optical OFDM
(DCO-OFDM). The proposed HDC-OFDM has the benefits of
power efficiency of DACO-OFDM and the dimming flexibility of
DCO-OFDM. In HDC-OFDM transmitter, the lower subcarriers
are modulated with DACO-OFDM, and the higher subcarriers
with DCO-OFDM. In order to remove the impact of DCO-
OFDM clipping noise on DACO-OFDM component, a high DC
bias is applied on DCO-OFDM. On the other hand, the effect
of DACO-OFDM clipping noise on DCO-OFDM element is
reduced by estimating the DACO-OFDM clipping noise and then
deducting the noise from the received signal of DCO-OFDM.
In order to obtain the optimum bit error rate performance of
HDC-OFDM, the percentage of subcarriers and the ratio of
power levels for DACO-OFDM and DCO-OFDM components
are varied. Simulation results show that the dimming flexible
HDC-OFDM is 5 dB better than DCO-OFDM and only 1.5 dB
inferior to DACO-OFDM in terms of optical power efficiency.

Index Terms—LiFi, OFDM, diversity combined ACO-OFDM,
DCO-OFDM, dimming.

I. INTRODUCTION

The demand for reliable and high-speed wireless data ser-
vices is growing enormously. However, with the increase in
bandwidth-intensive applications, the radio frequency (RF)
spectrum is becoming more and more congested. RF commu-
nication is also experiencing issues like spectrum licensing,
security, electromagnetic interference, etc. As a result, optical
wireless communication (OWC) is regarded as a supplemen-
tary technique to RF communications [1]-[10]. Moreover, light
fidelity (LiFi) systems, a subset of OWC, are having increasing
attention to offload mobile data traffic along with existing
RF based wireless fidelity (WiFi) solutions. In a generalized
LiFi system, data are first modulated in the electrical domain
and then converted to an optical signal by optical modulators.
The transmitted signal is received by photodetectors. For such
systems, laser diodes (LD) or LEDs are examples of opti-
cal modulators whereas positive-intrinsic-negative (PIN) and
avalanche photodiodes are some examples of photodetectors
[11-12].

LiFi has a number of advantages over WiFi [6]-[10]. Firstly,
a huge unregulated optical bandwidth is available for commu-
nication in the optical spectrum. The optical signal in LiFi
does not interfere with surrounding RF signals. In addition,
optical signals are blocked by room walls and thus cannot
be received by eavesdroppers. Optical signals can be made
narrow and highly directional with the use of beam-shaping
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elements. Hence, information security is higher in LiFi than
WiFi. However, the achievable data rates of LiFi are restricted
by the modulation bandwidth of the optical modulators. For
instance, white LEDs offer only 20 MHz bandwidth. Hence,
the data rate in LiFi has to be increased by the application of
the multiple-input multiple-output (MIMO) technique, which
uses a number of transmitting and receiving elements [6]-[7].

LiFi uses arrays of white LEDs to provide wireless inter-
net service and room lighting simultaneously. The lighting
requirements for LiFi regulate the allowable transmitted optical
power. For the case of LiFi, illumination or dimming the LEDs
has always been a crucial problem to address because the light-
ing requirement may be different depending on time, location,
weather and level of comfort to the human eye [10]. LiFi is
based on intensity modulation and direct detection (IM/DD)
where the signal is modulated onto light intensity. Hence, the
data-carrying transmitted signals have to be only unipolar or
positive-valued. Since LiFi uses orthogonal frequency division
multiplexing (OFDM) [11]-[21] for encoding large volumes of
data, the bipolar OFDM signal has to be converted to unipolar
before transmission.

Several OFDM forms such as asymmetrically clipped opti-
cal OFDM (ACO-OFDM) [11]-[12], diversity-combined ACO-
OFDM (DACO-OFDM) [18]-[21], direct current biased op-
tical OFDM (DCO-OFDM) [11]-[15] and asymmetrically
clipped DC biased optical OFDM (ADO-OFDM) [16]-[17]
are developed for optical communication. In [12], it has been
shown that for a specific DC bias level, ACO-OFDM is
approximately 4.5 dB more efficient than DCO-OFDM in
terms of optical power. The required bias level for DCO-
OFDM has been demonstrated for a 2-D spatial channel
[4]-[5]. The use of different bias levels is also shown for
ADO-OFDM in [17]. With the selection of an optimum DC
bias value, DCO-OFDM can have comparable performance as
ACO-OFDM in terms of optical power. ADO-OFDM is shown
to have slightly better BER performance than both ACO-
OFDM and DCO-OFDM in some particular scenarios [17],
but for many cases ADO-OFDM does not show comparable
performance as ACO-OFDM and DCO-OFDM. It is shown in
[18]-[19] that theoretically, DACO-OFDM can have a gain of
approximately 3 dB with respect to ACO-OFDM. Therefore,
DACO-OFDM has the potential to be more power efficient
than its counterparts. However, when room illumination is
considered, DCO-OFDM is much more flexible than other
OFDM formats. Therefore, there is a need to develop a
modulation scheme which has the benefits of power efficiency
and illumination capacity. In order to achieve both of these
benefits simultaneously, this research focuses on combining
the aspects of DACO-OFDM and DCO-OFDM for forming a
new modulation scheme termed as hybrid diversity combined

132



OFDM (HDC-OFDM).

It can be noted that similar to the proposed HDC-OFDM, the
existing ADO-OFDM [17] is also a combination of two mod-
ulation schemes. However, the basic difference between ADO-
OFDM and HDC-OFDM is that for the case of ADO-OFDM,
odd-index subcarriers carry ACO-OFDM and even-index sub-
carriers carry DCO-OFDM, whereas in HDC-OFDM, the
lower-index (both odd and even) subcarriers carry DACO-
OFDM and higher-index (both odd and even) subcarriers
carry ACO-OFDM. In HDC-OFDM, the power and subcarrier
proportions can be varied according to the requirements of the
system. On the other hand, in ADO-OFDM, the proportion of
subcarriers is not changeable, but the power proportion can be
changed in this OFDM system.

The main contributions of this work are summarized in the
following.

1) Firstly, a framework for the proposed HDC-OFDM mod-
ulation is developed combining the aspects of DCO-OFDM
and DACO-OFDM. The merging of DCO-OFDM and DACO-
OFDM is not straightforward. The DACO-OFDM is computed
on low-index subcarriers while DCO-OFDM on high-index
subcarriers. When these two signals are added, they interfere
with one another. The clipping noise due to DCO-OFDM
signal impairs the performance of DACO-OFDM element.
This is reduced by using a high DC bias on DCO-OFDM
which results in less clipping noise. On the other hand, when
DACO-OFDM signal is generated in the transmitter side, a
clipping noise is formed affecting the DCO-OFDM signal. At
the receiver side, the DACO-OFDM clipping noise is estimated
and then deducted from the received signal of DCO-OFDM.

2) Secondly, the proportion of DACO-OFDM and DCO-
OFDM elements in HDC-OFDM that results in the best BER
performance is investigated in this paper. It is shown in this
work that the optimum BER result is achieved when half of the
subcarriers are modulated by DCO-OFDM and the remaining
ones by DACO-OFDM where the power levels on these two
signals are set equal.

II. PROPOSED HDC-OFDM MODEL

It has already been mentioned that the proposed HDC-
OFDM system is a combination of the ideas of DACO-OFDM
and DCO-OFDM. A typical HDC-OFDM scheme is described
in the following.

A. HDC-OFDM Transmitter

Fig. 1 shows the transmitter of an HDC-OFDM system. In
the transmitter, serial data are first converted to parallel and
then mapped to the constellation points being used. For M-
QAM based HDC-OFDM, the binary data will be mapped to
the M constellation points. The resultant complex signal is
given by the input data vector X as follows

X = [Xo, X1, X2, oo Xn_1] (1)

where N is the number of subcarriers. The X vector is
constrained to have Hermitian symmetry and the values of
Xo and X/, are kept zero. This symmetry is required to
confirm that the resultant signal from the IFFT block has a real
value. The Hermitian Symmetry condition is mathematically
described as

Xp=XyNy_1 , 0<k<N/2 2)
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where k is the subcarrier index and X}, is an element of X .
Next, the complex signal X given in (1) is divided into lower-
index subcarriers, X7y, , and higher-index subcarriers, Xg. The
terms Xy, and X are to be transformed into DACO-OFDM
and DCO-OFDM, respectively. When only the independent
data-carrying subcarriers are considered (excluding the Her-
mitian Symmetry portion), Xy, can be represented as follows:

Xy, = [Xo, X1, Xy oo Xp_1,0, e, NI

as
Xg =1[0,0,0, ccovee..e. Xp, Xpgron Xn_1] (@)

First, the case for Xy, (the DACO-OFDM part) is considered.
The complex signal Xy, is input to an IFFT block resulting
in a time domain real and bipolar signal x1,. The negative
portion of the signal xy, is removed by clipping the amplitude
at zero. Next, the resultant unipolar signal sy, is transformed
from parallel to serial (P/S) and then a digital to analog (D/A)
operation is performed. After these conversions, the signals are
filtered by low pass filters leading to xr,(¢) where ¢ represents
time. This is the continuous time domain transmitted DACO-
OFDM signal.

Now the case for Xy (the DCO-OFDM part) is considered.
The complex signal Xy is input to an IFFT block resulting
in a time domain real and bipolar signal xg . The negative
portion of the signal xgg is removed by adding a DC bias. The
resultant unipolar signal sy is then passed through the P/S
and D/A blocks. After these conversions, low pass filtering
is done on the analog signals resulting in x g (¢) . This is the
continuous time domain transmitted DCO-OFDM signal. Next,
the DACO-OFDM and DCO-OFDM signals are added to form
the HDC-OFDM transmitted signal x(t):

w(t) = wr(t) + wu(t) (5)

A cyclic extension known as cyclic prefix (CP) is appended
to x(t) and then the resultant signal is input to an optical
transmitter to generate optical signals p(¢). This is the HDCO-
OFDM transmitted signal in the optical domain.

III. HDC-OFDM RECEIVER

Fig. 2 presents the receiver of an HDC-OFDM system. The
received optical signal ¢(¢) is transformed into the electrical
domain by the photodetecting elements. Like previous research
papers, it is assumed that the channel noise modelled as ad-
ditive white Gaussian noise (AWGN) is added to the received
signal in the electrical domain. Next, the resultant electrical
signal is low pass filtered and converted to digital from analog.
After that the CP is removed and the signal is converted into
parallel streams. The parallel signal is passed through a single
step frequency domain equalizer. The equalized signal, Y, is
divided into lower-index subcarriers, Y7, , to perform DACO-
OFDM demodulation, and higher-index subcarriers, Yy, to
perform DCO-OFDM demodulation.

First consider the demodulation of DACO-OFDM compo-
nent. By excluding the Hermitian Symmetry part, the term Y7,
can be expressed as

YL = [Yo, V1, Yo, Vs, e Yp_1,0,.0]  (6)

Next, Yy, is divided into odd-index subcarriers Y, oqq and
even-index subcarriers Y7, even. The term Yy, oqq can be
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Fig. 2. Block diagram of a HDC-OFDM receiver.
expressed as where « is a constant. An FFT is computed on yr, to form the
frequency domain estimate of the DACO-OFDM signal, Yr.
Yrodd = [0, Y1, 0, Y3,0.......... Yp_1,0,........ 0] @ The term Y7, can be expressed as
Similarly, Y1, even can be written as YL = [Yo, Vi, Yo, Vi e, Yp_1.0,.......0] (10)
Yreven = [Y0, 0, Y2, 0, Yyoooooeo Yp_2,0,0........ 0] (8 1t can be noted that the clipping noise generated on DCO-

After that Y, oqq and Y, even are converted to time domain
signals by two IFFT operations. The terms y1, oad and y1, even
are combined together to form an estimate of the time domain
DACO-OFDM signal as follows:

y~L = (1 - Oé) X ¥YL,odd +a X Sgn(yL,odd) X YL,even (9)

OFDM signal impairs the performance of DACO-OFDM ele-
ment. This is reduced by using a high DC bias on DCO-OFDM
which results in less clipping noise. Now, let us consider the
DCO-OFDM demodulation. The combined signal, Y71, odd,
obtained from the equalizer is converted to a time domain
signal by an IFFT operation. On the other hand, the signal



obtained from the equalizer is converted to time domain by
another IFFT operation. It can be noted that when DACO-
OFDM signal is generated in the transmitter side, a clipping
noise is formed affecting the DCO-OFDM signal. At the
receiver side, the DACO-OFDM clipping noise is estimated
and then deducted from the received signal of DCO-OFDM.
This clipping noise estimation technique is the one described
in for ADO-OFDM [17]. This is explained in the following.
The signal is bipolar and thus is clipped at zero to estimate
the DACO-OFDM clipping noise generated at the transmitter
side. This resultant signal is deducted from the term y to
form the time domain estimate of DCO-OFDM signal yy,.
The frequency domain equivalence of yy, is generated by an
FFT operation forming Y. The term Yy can be expressed
as

(1)

Next, ?L and \?H are added to form an estimated signal Y
as follows

Yu =1[0,0,0,0,......... Yp, Ypi1,

Y =Y.+ Yu (12)
The expression in (12) can be rewritten as
¥ = [Yo, V1, Vo, Voo Vp 1, Vi Vg ¥y 1]
(13)

The signal is demapped to recover the original binary data.

IV. PERFORMANCE EVALUATION OF HDC-OFDM

In this section, the performance of HDC-OFDM based
LiFi is evaluated in terms of BER. Both average electri-
cal and average optical power are taken into consideration
for the performance evaluation. For an electrical signal of
x, the average optical power and average electrical power
depend on E{z} and E{x?}, respectively, where E(.) is
defined as the expectation operator. In this paper, Ejp(ciec) /N,
and Ey(,pt)/No are considered as performance metric where
Ey(ciecy 18 the received energy (electrical) per bit, Fyopy) is
the received energy (optical) per bit, and NN, is the noise
spectral density (single sided). With the use of MATLAB tool,
simulation results have been presented for an ideal AWGN
optical channel with no other distortion. Simulations were
carried out considering 256 subcarriers N=256, a CP of 10%
and constellation sizes M of 4 and 16. It can be noted that in
ACO-OFDM and DACO-OFDM, only the odd subcarriers are
modulated, whereas in DCO-OFDM, both the odd and even
subcarriers are modulated for data transmission. Similarly, for
the case of DACO portion in HDC-OFDM, only the odd
subcarriers carry data and the even subcarriers are kept unused;
while for the DCO portion all the odd and even subcarriers
transmit data. In order to take this variation in the spectral
efficiency of different modulation forms, the total transmitted
optical power is normalized to unity. The BER performance
of HDC-OFDM is a function of the power level on DACO-
OFDM and DCO-OFDM elements. Fig. 3 presents the plots
for BER versus Ej(eiec)/No for 4-QAM HDC-OFDM for
different percentage of power levels on DACO and DCO
components. The percentage of subcarriers and the power
level on DACO-OFDM is represented in the figure as ppaco.
For example, pp4co=50% means the power on DACO and
DCO components is the same and the number of subcarriers
belonging to DACO is also the same as that of DCO-OFDM.
Fig. 3 indicates that the BER performance degrades when the
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Fig. 3.  BER versus Eb(elec)/No for 4-QAM HDC-OFDM for different
power levels on DACO element.

values of ppaco increase or decreases from the mid value
PpAco=50%. In other words, the best BER performance is
achieved when pp 400 reaches 50%. The degradation is about
2 dB when the ppaco value increases from 50% to 87.5%.

Now, the modulation forms are compared considering the
same overall data rate. It can be noted that like ACO-OFDM,
DACO-OFDM carries data by using only the odd subcarri-
ers providing half data rate. Therefore, 16-QAM stand-alone
DACO-OFDM and 16-QAM ACO-OFDM have the same data
rate as 4-QAM DCO-OFDM. Similarly, the DACO component
within HDC-OFDM has only the odd subcarriers to transmit
data; however, the DCO-OFDM part has all the subcarriers
useful. Therefore, to obtain the same data rate as 4-QAM
stand-alone DCO-OFDM, the DACO component of HDC-
OFDM should be mapped by 16-QAM and the DCO part
by 4-QAM. The BER performance of ADO-OFDM depends
on the levels of power on ACO-OFDM and DCO-OFDM
elements within ADO-OFDM. It is shown in [17] that the BER
performance for ADO-OFDM depends on the optical power
loaded on ACO-OFDM component, constellation size and the
level of DC bias used. When ADO-OFDM is considered in
the simulations, it is assumed that 50% power is on ACO-
OFDM element and 50% power on DCO-OFDM component.
Fig. 4 shows the plots of BER versus Eb(elec)/N(, for the
same overall data rate that is the same bits/sec/Hz. The plots
show that at a given BER of 10~%, the BER performance
of HDC-OFDM is 5 dB better than ADO-OFDM. Moreover,
HDC-OFDM is 3 dB better than 4-QAM DCO-OFDM, 2 dB
better than 16-QAM ACO-OFDM, but only 1 dB inferior
to DACO-OFDM. Therefore, HDC-OFDM is very close to
DACO-OFDM in terms of electrical power efficiency.

Fig. 5 presents the plots of BER versus Ejy(op) /N, for
different optical OFDM forms with the same overall data rate
that is the same bits/sec/Hz. It can be seen that for a given data
rate, HDC-OFDM (16QAM DACO and 4-QAM DCO) is only
1.5 dB less efficient than 16-QAM DACO-OFDM. However,
this HDC-OFDM is now better than 16-QAM ACO-OFDM
and 4-QAM DCO-OFDM by 1 dB and 5 dB, respectively.
Moreover, for the cases considered, HDC-OFDM is almost 7
dB more optically power efficient than ADO-OFDM.
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V. CONCLUSIONS

This paper proposes a new modulation format termed as
HDC-OFDM. This HDC-OFDM is a combination of the
aspects of existing DCO-OFDM and DACO-OFDM modu-
lations. Simulation results indicate that the BER results of
HDC-OFDM varies depending on the proportion of DACO-
OFDM and DCO-OFDM components. Since the HDC-OFDM
has a DCO-OFDM component, the dimming facility is easily
achieved in HDC-OFDM by only increasing/decreasing the
DC bias level without using any other additional system.
It is also shown that the performance of HDC-OFDM is
close to DACO-OFDM in terms of electrical and optical
power efficiency. In HDC-OFDM, the lower subcarriers are
modulated with DACO-OFDM and the higher subcarriers with
DCO-OFDM. As long as a stand-alone AWGN channel is
considered, the results will not change if the DACO-OFDM
is mapped to higher subcarriers and DCO-OFDM at lower
subcarriers. The BER performance results in this paper are
illustrated for a target BER of 10~*. In a data communication
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scenario, a target BER of 10~ is desirable. By the use of
convolutional channel coding, the BER plots in this work can
be extended to a BER of 10~?. In future, a multipath dispersive
channel can be considered to evaluate the effectiveness of the
proposed HDC-OFDM.
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Abstract— A decoding method, multi-stage threshold decoding
for multicarrier code division multiple access (MTD/MC-CDMA)
is proposed. Under two different channels, AWGN and Rayleigh
fading (multipath), the comparative studies of BER performance
between MTD/MC-CDMA and uncoded MC-CDMA is presented.
Results show that MTD/MC-CDMA saves 5dB power under
AWGN channel and 12dB power under Rayleigh fading channel
(18-paths) for same process gain. MTD/MC-CDMA reduces BER
to 10 at 20dB Eu/N, (fading channel) and 8dB Eus/N, (AWGN
channel).

Index Terms— MTD, AWGN, MC-CDMA, BER, Rayleigh
Fading.

I. INTRODUCTION

The wireless communication system is nowadays preceding
to the highest peak of its efficiency. Wireless communication
system will have Multi-carrier Code Division Multiple Access
(MC-CDMA) as a popular candidate for having high spectral
efficiency. Code division multiple access (CDMA) in
combination with orthogonal frequency division multiplexing
(OFDM) composes MC-CDMA. This combination helps to
have robustness in opposition to inter-symbol interference.

High data rate broadcasting is a major issue for a
communication system. The multi-carrier transmission has an
advantage over all other techniques in high data rate
broadcasting by reducing the signal processing complexity. In
the mid-1960s, Chang presented the idea of multi-channel
transmission in his paper [1], [2]. He had shown that single
band limited channel can be used to simultaneously transmit
data. This transmission method avoids inter channel and inter
symbol interferences i.e. ICI and ISI respectively. This was the
starting of orthogonal multi-carrier transmission. Further,
Weinstein and Ebert had shown in [3] that multi-carrier
transmission can be done in the frequency domain. To avoid
ICI and ISI, they presented the idea of the guard time. In 1993,
Fazel introduced a unique multiple access scheme combining
OFDM and CDMA in [4]-[5]. Several other authors
simultaneously came with similar ideas. It was then termed
MC-CDMA.

Despite having a range of advantages of both OFDM and
CDMA, MC-CDMA has some drawbacks of having high ratio
of peak to average power i.e. PAPR. It also has multiple access
interferences (MAI). These drawbacks can be overcome with
the use of forward error correcting codes having high coding
gain [6]. Authors of [5], [7], [8] used linear convolutional codes
in the multi-carrier system. Several authors presented turbo
coded MC-CDMA with different configurations in [9]-[12].
But being computationally complex, turbo code increases the
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system complexity. Recently, researchers are incorporating
LDPC codes into MC-CDMA. Different researchers presented
LDPC coded MC-CDMA systems in [6], [13], [14]. LDPC is
less complex than turbo codes which reduces the system
complexity but not completely.

Threshold decoding (TD) is considered less complex
decoding techniques among all other codes presented before.
The modified version of threshold decoding i.e. multi-stage
threshold decoding (MTD) is presented in [15]-[18]. Authors
of [19] employed MTD in optical communication. In this paper,
MTD is incorporated with MC-CDMA and its performance is
evaluated.

The paper is structured as follows. Section II gives idea of
system architecture. Section III presents simulation
environments and results in detail. At last, section IV concludes
the paper.

II. SYSTEM ARCHITECTURE

Fig. 1 shows the system architecture of the MTD/MC-
CDMA. The stream of data is generated in the form of bits. The
generated data are then MTD encoded. These encoded data are
forwarded to the MC-CDMA transmitter. In the transmitter,
data are modulated and multiplexed with the corresponding
pilot symbols. Then it is forwarded to the channel after digital
to analog converted. The analog signal is then received by the
receiver. Then it is again converted to digital and demodulation
is done. Pilot and reference symbols are derived from
demodulated data which are used in channel estimation. After
that data are sent to MTD decoder. Finally, data are received
and estimated data are used along with generated data for BER
calculation.

A. MC-CDMA transmitter

The transmitter designed for MC-CDMA for j-th user with
QPSK format is presented in Fig. 2. Here, QPSK modulated
data is multiplexed with pilot data. These multiplexed data are
converted from serial to parallel. They are then multiplied by
the spreading code chip. Inverse Fast Fourier transform is
performed for generating an orthogonal multi-carrier signal.
Then finally, Guard interval (GI) is added to overcome ISI and
ICI resulted from multi-path fading. The complex equivalent
signal is represented as —

U-1P-1K-

S(t) = ZZZ Ck P(t_kT)e]ZTL'(Pk+p)(t kTs) Af

u=0 p=0 k=0
(1)
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Fig. 1. System Architecture of proposed algorithm

Table-1 shows meanings of the symbols used in equation (1)

TABLEI
CORRESPONDING SYMBOLS” MEANING OF EQUATION (1)
Symbols Meanings
K Processing Gain
User number
P Transmitted bits per user
dy € {1} p-th bit of user U
Cy e {1} k-th chip of u-th user’s spreading
sequence
Ty Symbol duration
Af Separation of sub-carrier
Ps(t) Rectangular waveform of symbol pulse
Data
Modulator
Multiplexing » SP P Spreading
Pilot
Transmitted |, | Guard Interval
) . [FFT
Signal Insertion
Fig. 2. MC-CDMA transmitter
. Guard
Received De- Data
Sl [ el = T sradig | | B m Demodulator
o Deletion predie
Symbol
Timing
Detection

Fig. 3. MC-CDMA receiver
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The transmitter of MC-CDMA is nearly similar to the
OFDM transmitter. The main dissimilarity is that MC-CDMA
transmits same symbol in parallel through different sub-carriers
whereas OFDM transmits different symbols.

B. MC-CDMA Receiver

The receiver of MC-CDMA is presented in Fig. 3. At first,
the signal is received from the channel. Then the previously
added guard interval is deleted. After that, Fast Fourier
Transformation is done and the symbols are despread. Then the
parallel symbols are converted into serial. Then they are
demodulated. The received signal can be written as —

Uu-1

r© = ) e +n@®
e @
Where,

-1K-1

P -
e = ) ) 240 di G A
p=0 k=0

_ kTs)ej 2m (P.k+p) (t—kTs) Af

3

In the equation (3), Z,,(t) denotes received complex
envelope at the (P. k + p)-th sub-carrier of the u-th user.

C. Walsh-Hadamard as spreading codes:

In this proposed system, Walsh-Hadamard spreading codes are
incorporated. They are orthogonal and easy to generate
recursively by Hadamard transform. Hadamard transform is
stated in [20] as —

“

H, Hp
Ho= |y 7 O
Here, Hadamard matrix, H,is only for n = 2% where i > 1.1t
is a square shaped matrix and symmetric in nature. Each row
or column here corresponds to a n length Walsh code. Each
row of H, is orthogonal to remaining all rows.

D. Multi-stage threshold decoding:

Multi-stage threshold decoding is used in this paper as error
correction code. It is an iterative bit flipping algorithm. The
hamming distance between the decoded code word and
received word becomes shorter when each information bit is
flipped. Self-orthogonal convolutional code of type-2 (SOCC
T-2) is considered in this paper. As stated in [17]-[18], in SOCC
T-2, by using n information bit stream of N/n bits, multiple
generating polynomials originate n parity bit streams.

In the threshold decoding technique, a syndrome bit sequence
is generated by using received bit sequences. All the syndrome
values are first checked and then summed by the comparator
circuit used in threshold decoding. The result is called check-
sum value. When this check-sum value exceeds the predefined
threshold value, the comparator circuit holds ‘1° as its output.
When this decision is taken, the syndromes are updated and
register contents one position right shifted. As threshold
decoding does not give satisfactory error performance, it is
further modified as Multi-stage Threshold Decoding (MTD),
keeping the main techniques same. MTD is described by the
authors of [15]-[18]. Here iterations are done in each decoding



stage. Difference register (DR), an additional shift register, is
introduced in MTD against an information shift register. The
whole algorithm is thus called multi-stage threshold decoding
with difference register (MTD-DR).

DR introduces a new specialty in MTD. The contents of the DR
supplies the Hamming distance value of received word and
decoded code word. At the very beginning of the process, DR
possesses all the ‘0 bits because of the similarity of received
word and decoded code word. Following the same process, as
stated in [17]-[18], the checksum value of the MTD for SOCC
T-2 is evaluated by,

(b)
u

h
® _ E E () (®)
Ly = S +d;
j J'+gg,2 j

p=1la=1

(6)

The meanings of the symbols used in the equation (6) is
mentioned in table II.

The threshold value is calculated by,

(b)
_ 2:1,, +1
b= 2

(7

When the checksum value L; exceeds the threshold value Tb,
the information bit, syndrome bit and related DR are inverted.
If more than half of bits from difference register possesses ‘1°,
the bit is flipped. This decision also produces same number of
bits. Following this process, the Hamming distance reduces
after each bit flipping.

III. SIMULATION & RESULTS

A. Simulation Parameters

To assess the performance improvement of MTD/MC-CDMA,
simulation results are compared with un-coded MC-CDMA
system. The simulation environment for both the systems is
kept same. Table III shows the simulation parameters.

TABLE II
CORRESPONDING SYMBOLS” MEANING OF EQUATION (2)

Symbols Meanings
a Tap connection position
p Number of tap connection set
b Number of shift register
]I()b) Number of Taps
Sj(p) + g;ﬁg j+ gz(,lﬁ-th syndrome bit in
the p-th syndrome register
a® j-th bit in b-th difference
/ register
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TABLE III
SIMULATION PARAMETERS
No. of packet 1000
Symbol duration 6.4 us
Packet Length 40000
Baseband modulation QPSK
Channel AWGN & Rayleigh Fading
Channel Estimation Pilot Based
MTD iterations 15
Minimum distance and 11 & 0.5
code rate of code
Process Gain 1&4
No. of multi-paths 18
Spreading Code Walsh-Hadamard
B. Results

Results of uncoded MC-CDMA is tabulated in table I'V.

TABLE IV
TABLE FOR UNCODED MC-CDMA IN AWGN CHANNEL

Eb/No (dB) BER
12 6.1 x 1075
10 40 x 107*

Fig. 4 shows the simulation results of MTD/MC-CDMA in
AWGN channel for process gain (PG) = 1. The MTD/MC-
CDMA has a gain of 4 dB over MC-CDMA at BER level of
10* and 5dB at BER level of 107

For Rayleigh Fading Channel of 18 paths, the results are
summarized in table V and table VI. Here, flat fading is
considered. Fig. 5 and Fig. 6 show the curve of MTD/MC-
CDMA and MC-CDMA in Rayleigh fading channel for process
gain 1 and 4 respectively. At BER level 10~3 the MTD/MC-
CDMA system has a gain of 12dB over MC-CDMA system for
PG=1. Increasing the process gain at 4, the MTD/MC-CDMA
system has performance gain of 10dB over the MC-CDMA
system at BER level 10™*. Thus, the use of MTD in MC-
CDMA significantly improves the error correcting capability of
the system. The error correcting capability of the MTD depends
upon its minimum distance, Dpin. In the MTD/MC-CDMA,
Dmin = 11 and Hard Decision MTD (HMTD) are used. The code
rate is 0.5. Though HMTD has limitations in correcting error
bits for a given code in error floor region, its performance in
MC-CDMA system is promising both in AWGN and fading
channel.



TABLE V

COMPARISON OF UNCODED AND MTD/MC-CDMA IN RAYLEIGH
FADING CHANNEL AT PG =1

Ev/No (dB) | MTD/ MC-CDMA Un-coded MC-
CDMA
09 516 x 1073 3.50 x 1072
18 3.26 x 10~* 530 x 1073
27 2.70 x 1075 7.60 x 10+
TABLE VI

COMPARISON OF UNCODED AND MTD/MC-CDMA IN RAYLEIGH
FADING CHANNEL AT PG =4

Eb/No (dB) MTD/ MC-CDMA Un-coded MC-
CDMA
09 9.90 x 10~* 2.60 x 1072
18 7.50 x 107° 1.30 x 1073
27 - 430 x 1075
10t T T T T T T
MTD/MC-CDMA —+—
102F
103k
-4
g 10-«1 L.
13-5-
10-6 L
10.7 1 1 1 1 1 1
0 1 2 3 4 ] 7 B
Eb/No(dB)

Fig. 4. BER vs. E,/No for MTD/MC-CDMA in AWGN channel (PG=1)

100 T

5 103
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Fig. 5. BER vs. Ey/No for MTD/MC-CDMA and Un-coded MC-CDMA in 18
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MTD/MC-CDMA ==
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Fig. 6. BER vs. Ey/No for MTD/MC-CDMA, Un-coded MC-CDMA in 18
paths Rayleigh Fading channel (PG=4)

IV.CONCLUSIONS

The MTD/MC-CDMA successfully reduces the number of
error bits in the system. The MTD/MC-CDMA achieves BER
level of 107° at 20dB Ey/N,. MC-CDMA cannot achieve that
level of BER in the simulation process.

The proposed system saves much power in fading channel
compared to AWGN channel. The complexity of the
MTD/MC-CDMA is less than LDPC coded MC-CDMA or
Turbo coded MC-CDMA as MTD is itself a less complex
decoding technique. The BER performance of MTD/MC-
CDMA might be improved by using other advanced MTD
techniques like Soft decision MTD or Combined MTD. Using
advanced MTD techniques will increase system complexity
and execution time. Though the time and complexity is less
compared to other contemporary decoding techniques in MC-
CDMA. So, MTD/MC-CDMA may be taken as a promising
technique where lower BER is required in wireless
communication.
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Abstract— Analysis of crosstalk due to inter-core coupling in
a 7-core heterogeneous multi-core optical fiber (MCF) based
optical communication system is presented. The analysis is
further carried out to find crosstalk power at the output of any
core with excitation to other core of an MCF. The expression for
optical signal to crosstalk power ratio is developed at the output
of the desired core. At the output of the excited core Signal to
Crosstalk plus Noise Ratio (SCNR) is determined. Finally, Bit
Error Rate (BER) performance results are evaluated for
different system parameters. The power penalty due to crosstalk
is determined for a given input power and data rate for various
propagation distance and core parameter. It is noticed that
power penalty due to crosstalk is significant and can be reduced
by increasing the core-to-core separation (pitch). For example,
the power penalty is found to be 57 dBm for a core pitch of 15 pm
at a given BER of 10e-9 for a propagation distance of 135 km,
where as it is found to be 37 dBm for the same distance and BER
with a pitch of 30 pm.

Keywords—Multi-Core  Fiber,  Coupling  Coefficient,
Coupling Length, Crosstalk, Mode Coupling, Strong Coupling,
Weak Coupling

L INTRODUCTION

lintensive research works on Multi-core Optical fibers
(MCFs) are being undertaken in order to explore their huge
application in optical communications, fiber couplers, optical
sensors, optical lasers, and microwave photonics etc. In the
fields of optical communications, MCFs have the high
potentials to be used in space-division multiplexing (SDM) or
mode-division multiplexing (MDM) systems to overcome the
limit of transmission capacity [1-4]. Performance analysis in
terms of Bit Error Rate (BER) in MCF considering assumed
crosstalk (Xtalk) has been done in [5-6]. Extensive research
works have been done on MCFs for their use in optical
communications and optical fiber sensors [7] etc. Reducing
the inter-core Xtalk is the main issue in respect of the design,
manufacture and use MCFs. In order to estimate the inter-core
Xtalk in MCFs, Coupled-mode theory (CMT) and Coupled-
power theory (CPT) have been introduced [8].

There are two types of Xtalk in MCF: intra-core and inter-core
Xtalk. The inter-core Xtalk arises from the mode coupling
between the neighboring cores. On the other hand, the
coupling between the fiber modes within each core because of
the fiber imperfections, like, index perturbations, bends, and
twists etc cause the intra-core Xtalk. Generally, weak coupling
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among cores is required to overcome Xtalk, while strong
coupling is essential for the application in MDM systems to
form super-modes in the use of MCFs [1-4].

However, behavior of coupling coefficients based on various
geometry and arrangements of the cores, and performance
deterioration due to Xtalk caused by inter-core coupling in the
MCF have not yet been analyzed. In this paper, we have
analyzed the propagation dynamics of both optical signal and
Xtalk power in heterogeneous MCFs. The performance
deterioration in terms of Bit Error Rate (BER) has also been
analyzed in this paper.

II. SYESTEM MODEL

Fig. 1 shows the system model/schematic diagram or of a 7-
core MCF optical communication link consisting of a 7-core
MCF. Two Tapered Multi-core Connectors (TMC) are used to
couple the individual signals in-and-out of the MCF. Seven
commercially available un-coupled Distributed Feedback
Fiber (DFB) transmitters are used as the stable light sources,
and PIN Photo Diodes are used in the receivers. The DFB
Laser Diodes (LDs) are considered to be set at 1550 nm and
are directly modulated at 2.5 Gbit/sec message signal. All the
cores are terminated via the second TMC and seven detectors
to seven optical receivers to receive the data bits.

OA
X-Section of MCF AR e -
1

T s Pl T e

Stable ight] o Optical ‘ e ’g
source-7 Fibre | H

Stable Light|
source-1

Fig. 1. System Model Diagram of a 7-core MCF communication
Link

The MCF is made of seven cores arranged in a hexagonal
array with a given core-to-core distance (pitch), and is
assumed to be designed for operation in 1.55 pm window (
single-mode) when in isolation. The output optical signals of



the MCF cores are pre-amplified by optical amplifiers and are
given input to direct detection receivers via PIN photodiodes.

III. THE COUPLED-MODE EQUATIONS

We consider the 7-core MCF made of a centre core (core 1)
and 6 surrounding cores (core 2 to 7), as in Fig 1. The radius,
a, and refractive index, ni, respectively identify the p™ core.
On the other hand, n; is the cladding refractive index. In order
to apply the traditional coupled-mode theory for analyzing
the mode coupling dynamics in the cores, the same are
spatially placed to ensure relatively well isolation of the fields
from each core [1], [4]. If the mode field of each core is

Ep = Ap exp(—jﬂp Z), where

A, , amplitude of the field at the p™ core and B, . propagation

constant of the single core in the absence of other cores [4].

To describe the propagation of the fields in every core, a set of
Coupled Mode Equations (CME) are written in matrix form as

[4]
dA(z)

dz

where, A(z) = [Al(z) A2(z)------- An(z)]" is a column vector, T
is the transpose, z denotes direction of propagation, and C is a
nxn matrix. Cpq is the coupling coefficient between p'" and g™
core. As it defines, Cyq is a measure of the spatial overlapping
of the mode fields of core p and q over the cross-sectional area
of core q [4]. In order to explain the mode field of core p with
the help of the local coordinate system of core ¢, addition
theorem is used. Using the eigenvalue equation for a step-
index fiber Cpq can be obtained as [4].

c, ={J'Cpq eXp[j(ﬂp —ﬁq)Z],piq

= 0’ p=q
where B, is the propagation constant for the LPo; mode of core
p- Analytically, Cpq can be evaluated using the mathematical
model as done in [4]

C,=N2AWUK || =
3)

where, Ji, 1| and K; denote the Bessel function of the first kind
and the modified Bessel functions of the first and second kinds
of order / respectively. The pitch, dpq is the core-to-core
distance. U, V, and W, are the normalized fiber parameters
which are expressed as Up=a,[(2mnip/n)® - B,21'"? , V, =
a,[(27/p)(n1p? - m22)'2 W, = ap[(Bp? - (2mna/p)? 112 with A as the
operating wavelength. The relative refractive index difference
ap = (m1p> — m2?)/ (2n1p?), approximated as (n1, — n2)/n1p [4]. For
simplicity we shall take the normalized values of Cpq for our
analysis.

= —CA(z) (1)

2

vr(u)r 2,

I Y Py
w U va W

a‘,W,,Jﬂ(U‘,)I,( "”"J (”,, . Ta, v)
a

»

Ey(2), the electric field of individual core is expressed as in [4]

Eo(2) = Ap(2) exp (- Bp2) @)
Translating equation (4) to an eigenvalue problem using
equation (1) we get
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dE(z)/dz = -RE (z) (5)
where E(z) = [El(z) E2(z) --- En(z)]" and R contains z-
independent elements rpq given by
Tpa= {Cpq p#q

JjBr r=q (6)

To get the solution to equation (5) we use the substitution
formula E(z) = exp(-Rz)E(0), as
E(z) = V[exp(~ yp2)Spq] V 'E(0) (7
and V =[v1vz—— — vn] 3

Where 8¢ denotes the Kronecker delta function, y; represents
the eigenvalue of R, whose eigenvector is expressed as vy.
Equation (7) provides a generalized solution for an n-core
MCF describing the inter-modal power exchange between the
modes of individual cores as the light signal propagates.

In this paper we shall analytically investigate the propagation
dynamics of input signal power as well as Xtalk power in 7-
core heterogeneous MCFs arranged in a triangular lattice as
shown in Fig. 2.

IV. ANALYSIS OF MODE COUPLING DYNAMICS FOR
HETEROGENEOUS 7-CORE MCF

Let us consider the MCF with Ay = A4 = Ne, As=As = A7, A#
A, # A3 as shown in Fig.2 below.

Fig. 2. Heterogeneous 7 core MCF with three types of
cores, Ao = Ay =As, As=As =A7, AEA £ A5

For making a heterogeneous one, the 7-core MCF is made of a
centre core along with 2 core groups. Each group has 3 similar
cores. The matrix C is given as in [4]

2 2 = - iz e
0 C e Ce e Ce C ¢ C é

C 0 c ce”

C5jxce”™ ¢ ¢ o ¢ 0 9)

ce™ 0o ¢ ¢ o0 ¢ ¢
¢ ¢ 0o ¢ ¢ oo ¢
ce” ¢ ¢ 0 ¢ ¢ oo
where ABpq = Pp - Bq. The specific eigen values are obtained

as

V=7 =|:az+073+\/(a2_073)2+cz3c32 +ﬁ1:|’



o+
23 3+ﬁ])’

v, =Jj(g+h+

NE I @+a
7 =—(g—h))+j[——(g+h>+ : J”ﬂ’
2 2 3

% =—£(g—h>)+j[—§(g+h>+5‘2;5‘f +A},

2
Where,
azzﬂl_ﬂl-‘rzcll aBZﬂS_ﬂl+2C35
- ﬂ;_ﬂl_cz‘t — ﬂ3_ﬂ1_c35
azz ’a3:
2 2

1
u=a,a; —3(C,,Cy +C;Cy,) —4C,Cy, — g(az + a})z

2 1
V= _ﬁ(az + a3)3 + g(az +ay)la,a,—3(C,C,, +C5C;)) —4C,,Cy, ]
+3(C3Cya, + C,C, a;) = 6(C5,C, G, + C,C5C5)),

2 2 % } 2 2 % 3
v u v v u v
g=——+||=| +| = +r L h=9——=4+|| = | +| = +
2 GROIEER X ORGH
When core-2 is excited, the expressions for mode powers are
calculated as in [4] :

14,(z) \2—l+§cos2 {_](%2_7/5)2}

99

(10)

9 2
The propagation nature of the mode powers in the MCF
( fOI”A2 < Al , A3 ) with core parameters as

A=Ay (2) = Esin? {W}fomﬁ%%

A, =037%,A, = A, =A, =0.325%,
and Ay = Ay = A, = 0.36%
and a=4.5 um, A= 30 um are shown in Fig. 3.

The coupling length is obtained as in [4]:

fOl"A2 < AI,A3 (11)

c2

T i(r-7)

V. DETERMINATION OF CROSSTALK POWER AT THE OUTPUT
OF THE MCF

When the center core is excited i.e. A;(0)=1 and A,(0) = 0 for

p#l in the MCF, the expression for mode amplitude at

distance z are obtained analytically as

Ai(z) =[cos (VIC122) +ﬁ sin (V7C12 2) Jexp(- j Ci2z) (12)

An(z) = _T; sin (\/7C12 z) Jexp(-jCizz) p#1 (13)

The signal obtained through equations (12) and (13) would be
at the output of the MCF.

As a result of inter-core crosstalk, signal of p™ core will also
enter the other cores of the MCF. As such, the expression for
the signal in q™ core is given by
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_ Jot .
E(tzy=¢"e—-jfz,p#q (14)

The signal passing through all q" cores will constitute the total
crosstalk signal, and is obtained as

M
E, =Y Etz:q#p (15)
gq=1
At a distance z, the signal in core 1 is given in [5- 6]
E (z) =£ (0) cus(B2) + £ (0) cos(C 2) +——+E (0) cos(C 2) -
" " (16)

J1E (0) Sin(Bz) +E (0) Sin(C 2) + e +E (0) sin(C 2)}

So, upon launching the light into core 1, signal power (Psig)
and Xtalk power (Pct) can be obtained as in [5-6]

P, = |E (0)f a7

E, (0)Cos(C,z)+E, (0)Cos(C,z) +———+ |
p o=l :

T

(18)

using the two equations (17) and (18) the signal to Xtalk ratio
for core 1 can be evaluated as

P
(SCR)optical = — (19)
Iy
At a distance z from the transmitter, the optical signal along
with Xtalk received at the input of receiver's photo detector is
obtained as

er- (t’ Z) = \/2G})wg (Z) e/@l + \/21)67' (Z) e/(lu‘/fﬁz) (20)

where G denotes optical pre-amplifier gain. The photo current
at the output of the photo detector is evaluated as

i, =R E|R{e .2} 1)
The current at the output of pre amplifier is given by

1,0=1,@.G+1, O+, O+, O

+L, O+ O+, ,O+,O
where I(t) is the thermal noise caused due to preamplifier.

(22)

The variance of the noise components can be expressed as:

o, =2eB(R,G.P +R, P +R,P,,)

shot

O-CTZ = (Rd’Pcr)z)

P,=0, =n(G-1)hyB,

ASE

Oy =4R.P P Cos'fBz

Sig-CT

Cyve =2.R.P _[n (G-1)hy.B ]

Sig - ASE sig

Cors =2.R7 P, [n (G-1)hy.B ]

CT - ASE
, 4KT
o, =—8B8B
RL

wherein the symbols Gshoi, OcT, OsigcT, O denote the shot
noise, Xtalk noise, spontaneous noise with Xtalk and thermal
noises respectively. Rg, nsp, 7 symbolize the receiver
responsivity, spontaneous emission factor and frequency of
light wave respectively. B, denotes optical amplifier
bandwidth and B is receiver's electrical bandwidth. Therefore,



the electrical signal to crosstalk plus noise ratio (SCNR) at the
output of low pass filter is obtained as

1,.G2
SCNR= (23)
2 2 2 2 2 2 2
O:m +O-CT +O-ASE +O—ngfc7 +OT§z'g—ASE +O—CT—ASE +O:/1

where Ict =Rq4 Per and Ir = R¢P;. For the given direct detection

system the Bit Error Rate (BER) is evaluated as

vV SCNR
NG

BER = 0.5erfc
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where erfc is the complementary error function.
Numerical computations are shown in Table 1.
Table - 1: MCF Parameters

Parameter Value

Core Index, n; Varies with A

Cladding Index, n, 1.444

Core radius, a 4.5e-6 m

Core-to-core distance, dpq 30e-6

Operating wave length, lamda 1550 nm

Relative Index difference, A% 0.37%, 0.325% and 0.36%
Data rate, R, 2.5 Gbps

VI. RESULTS AND DISCUSSIONS

The variation of mode power in a heterogeneous 7-core MCF
as determined by using the equation (10) is shown in Fig. 3
with MCF parameters as,

A =037%,A, =A, =A

. 4 6 = 0.325%, and A, =A

s = A, =036%

and a =4.5 um, A= 30 pm when core 2 is energized. The
figure shows that the strong effect of core-2 on the coupling
dynamics of cores 4 and 6.

1
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0.4

Mode Power (Normalized)

0.2

0 10 20 30 40 50
Propagation Distance, Z (m)

Fig. 3. Variation of mode power in a 7- core heterogeneous

MCF with index contrast, A; = 0.37%; Ay = Ay = Ag =

0.325%; As= As= A;= 0.36 when core 2 is energized.
F1g. 4 shows the plot ot coupling coetticient as a tunction of
relative index difference of the cores. It is noticed that the
coupling coefficient decreases with the increase of the relative
index contrast in the core groups of the MCF.
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Fig. 4. Plot of coupling coefficient as a function of relative index diff
in a 7 core heterogeneous MCF while light is launched into core 2.
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Fig. 5 shows the variation of Xtalk power as expressed in
equation (18) for heterogeneous 7-core MCF considering
inter-core coupling with the geometry and parameter
arrangement as

A, =037%,A, =A, =A =0325%,andA, =A_=A, =0360%,

identical radii, a = 4.5 pum, pitch A=30 pm when light is
launched into core 2. It is found that the crosstalk occurs in a
periodic manner, and there are maximum and minimum values
of the crosstalk with increase of propagation distance. This

pattern of variation may be due to the three distinct groups of
cores with three separate index contrasts.

>
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Propagation Distance (m)

0 1000

Fig. 5. Variation of crosstalk power as a function of
propagation distance in a heterogeneous 7-core MCF
when light is launched into core 2.

In Fig. 6 the BER performance are depicted as a function of
input signal power at different propagation distance of the 7-
core heterogeneous MCF. It is noticed that inter-core coupling
induced crosstalk degrades the BER performance and system
suffers power penalty due to crosstalk at a given BER. For
example, input power, Pin with crosstalk at a distance of 10
km to achieve BER 10-9 is 26 dBm when the required Pin is
found to be 32 dBm when the link distance is 100 km.
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Fig. 6. BER performance as a function of input power (at diff
propagation distance) and identical core radii for 7-core
heterogeneous MCF considering Xtalk power

The variation of crosstalk induced power penalty with respect
to propagation distance is shown in Fig.7. which depicts the
relation of power penalty (PP) versus propagation distance. It
is noticed that power penalty increases with the increase of
propagation distance for maintaining the same BER value
(say, 10e-9) for a given core-to-core distance (pitch).
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Fig. 7. Plot of power penalty as a function of propagation
distance in a 7-core heterogeneous MCF
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Fig. 8. BER performance as a function of input power with
varying core-to-core pitch at fixed propagation distance, z=135
km for 7-core heterogeneous MCF considering crosstalk power

In Fig. 8 the BER curves shown as a function of input power
at a given propagation distance (135 km) with respect to
various core-to-core distance (pitch) of the 7-core
heterogeneous MCEF. It is noticed that input power needs to be
increased to achieve the desired BER (say, 10e-9) for MCF
with lower values of core-to-core distance, meaning the higher
values of coupling coefficient, that is, for stronger coupling.
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Fig. 9. Power Penalty as a function of relative index contrast ()
at varying propagation distance (z km) for 7-core heterogeneous
MCEF considering crosstalk power
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The variation of crosstalk induced power penalty with respect
to core-to-core distance is shown in Fig.9. which depicts the
relation of power penalty (PP) versus core pitch. It is noticed
that power penalty increases with the decrease of core-to-core
distance for maintaining the same BER value (say, 10e-9) for
a given propagation distance. It is also seen that power penalty
due to crosstalk increases with the increase of propagation
distance.

VII. CONCLUSION

An analytical approach is developed to evaluate the amount of
crosstalk due to inter-core coupling in a 7-core heterogeneous
MCF based optical communication link. Dependence of the
crosstalk power on the geometry and other parameters of the
fiber in the MCF is investigated. Signal to crosstalk plus Noise
Ratio (SCNR) at the output of the energized core of the MCF
link is analytically determined. The performance analysis in
terms of Bit Error Rate (BER) of the MCF link is carried out
for a given input power and data rate for various propagation
distance and fiber parameter. It is found that crosstalk is
significant and deteriorates the BER performance and can be
minimized by increasing the inter-core separation of the MCF.
The outcome of this research work may find its application in
designing and implementing optical communication systems
using MCFs to enhance transmission channel capacity.
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Abstract—Single photon avalanche detector is widely used for
the optical detection of weak signals utilizing photocurrent
multiplication mechanism beyond the breakdown voltage. In the
present work, photocurrent characteristics of InGaAs/InP based
SPAD device are analysed. The device in the model employs self-
differencing method and operates in gated mode with 1GHz
gating frequency in near infrared region. Dark count
probabilities have been generated for varying single photon
detection efficiency (SPDE). The results of current-voltage
characteristics (for operating temperatures -50, -30, 0 and 20
degree Celsius) and dark count probability as a function of SPDE
have been examined by comparing them with published
experimental results. Error analysis shows that the deviation of
the present model from the experimental results is low in room
temperature and agrees with the experimental values within 3%
range.

Index Terms—Avalanche Photodiodes, Single Photon
Avalanche Photodiode, Avalanche Probability, Dark count
probability, Single photon detection efficiency

I. INTRODUCTION

Single Photon Avalanche Detector (SPAD) with low dark
count rate has gained increasing interest in optical
communication systems and optical quantum information
applications in recent years. There is a widespread interest of
the development of III-V based SPAD in near infrared range
to exploit the advantage of low loss and low dispersion
window at 1.3 and 1.55um. SPAD has overcome operational
limitations of other photon counting technologies like
superconducting SPDs in practical applications [1]. Due to its
special internal photoelectric effect mechanism beyond
breakdown, they have higher detection efficiency than other
photodetectors [2]. As the prerequisite for SPADs is to ensure
high output signals in response to a single incident photon, to
be processed by electronic circuits, therefore high
multiplication gain is a prime necessity. Operation of SPAD
beyond the breakdown voltage ensures higher multiplication
gain characteristics than in conventional APDs.

These detectors find applications in fields where images are
to be obtained in the shortest possible duration of time and in
quantum information technologies where individual photons
are encoded with information. SPADs have gained wide use
for single photon counting and time correlated single photon
counting. SPADs have versatile applications like quantum key
distribution (QKD), light detection and ranging (LIDAR) [3],

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

fluid velocimetry, optical time-domain reflectometry, single
molecule detection, astronomy, distributed sensing [4].

Single photon detectors are basically p-n junction operating
beyond the breakdown voltage resulting in high electric field
in the depletion region for reliable detection of single photon
excited carrier that triggers a self-sustaining avalanche in the
multiplication region and the device provides output sensing
the leading edge of avalanche current. As the triggered
avalanche is self-sustaining, it needs to be quenched soon by
resetting the SPAD to a lower voltage below the breakdown
level for a while and then restored again to the operative level
for detection of subsequent photons. Gated pulse biasing is
one of the methods of quenching the avalanche and restoring
the operation. A schematic cross-section of InGaAs/InP based
SPAD has been presented in Fig. 1.

| p contact |
l p" InP J

i- InP multiplication region

i- InGaAs absorption region

)]
«

n* InP substrate

b))
€4

n contact Ianti reflection coating[ n contact

TTT

optical input

Fig. 1 Simplified schematic cross-section of InGaAs/InP based Single Photon
Avalanche Diode (SPAD) structure.

In the present model, dark count probability as a function of
single photon detection efficiency (SPDE) and current-voltage
characteristics have been studied.

In the absence of illumination, the device may provide false
counts or dark counts where carriers are generated by
mechanisms other than photo excitation. Thermal excitation,
tunneling excitation, trap assisted tunneling excitation are
some of those mechanisms. These triggers result in false
avalanche in the multiplication region which consequently
leads to dark counts [1]. Dark counts may also be enhanced by
after-pulsing effect. This phenomenon results from the release
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of carriers during a pulse which were trapped in previous
pulses due to the defects and the impurity levels in the
multiplication region of the material.

The trapped carriers require considerable time to get de-
trapped which is denoted by de-trapping time (7). The time
period for which the SPAD remains insensitive to incoming
photon inputs and remains quenched, is called the hold off
time. If the de-trapping process of trapped carriers takes
longer time than the hold off time, release of previously
trapped carriers during active operation time may trigger false
avalanche later even in the absence of photons. So, the longer
the hold off time is, the lower the afterpulse effect. However,
this condition limits the maximum count rate. Increasing the
operational temperature may shorten the de-trapping time but
results in an increase of the dark count rate. As a result, it
requires trade off with other performance parameters to
acquire the desired afterpulsing performance.

In [5], Kang et al. established a physical model for dark
count probability as a function of detection efficiency for
single photon avalanche diode. Exploration of the
experimental data presented by Comandar et al. [3] and later
finding the congruence between the results and our theoretical
model has been the target of our analysis. To check the
validity of our presented model, it is compared with the
experimental results in [3] and a good agreement has been
obtained.

II. CURRENT-VOLTAGE MODEL

The variation of multiplication with the biasing voltage is
expressed as [6]-[7],

_r
i
1_(var)

where M is the multiplication gain of the avalanche
photodiode, V is the biasing voltage, V}, is the breakdown
voltage and n is an empirical parameter the data. n is a
function of temperature, device structure and wavelength of
incident radiation. The breakdown voltage is a strong linear
function of temperature that is expressed as [3],

M= (1)

Vir (T) = Vipr(To) + v(T = To) (2)
where y is the temperature coefficient of V,,. that strongly
depends on the semiconductor material properties.

The voltage at which the depletion region extends through
the charge layer to the edge of absorption layer is referred as
punch-through voltage. Before punch through occurs, most of
the photo generated carriers of the absorption layer lack in
sufficient energy to travel across heterojunction interfaces and
therefore the photocurrent level is very low before punch-
through voltage. This can be referred as unity gain reference
point. Punch-through occurs before the electric field in the
multiplication region is enough to produce gain and so the
photocurrent after punch-through remains relatively constant
[8]. Before punch through transition voltage, there is a very
small dark current present in the device that is dominated by
the primary dark current.
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The total current I,,; in a photodiode comes from two
different contributions namely photocurrent and dark current.
Dark current has two components, unmultiplied dark currents
and multiplied dark currents. The dark current, I; thus can be
written as

Ig = Mlgm + lgum 3)

where [g,, is multiplied dark current and Ig,, is

unmultiplied dark current. Unmultiplied dark currents

originate from surface contribution and from regions where

multiplication is insignificant. Multiplied dark current

originate before multiplication region and go through
avalanche multiplication process.

Total current,/,,; in a photodiode is expressed as

Loyt = Mlpho + Iy 4)

Where I, is the photogenerated current. This multiplied
photocurrent is added with the dark current to get final
contribution. L5, can be expressed as [3]

7

Ipho =7 Popt Z_C (5

where 7 is the quantum efficiency, P,y is the incident

optical power, e is the elementary charge, 4 is the wavelength

of the incident photons, h is Planck’s constant and ¢ is the
speed of light.
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Fig. 2 Variation of photocurrent with applied voltages in different
temperatures. Gate pulse width used in this calculation is 400ns.Punchthrough
occurs around 36V.The lines (solid lines) indicate our simulation result while
the bullet points represent plots obtained by Comandar ef al. [3].

From Fig. 2 we can observe that before punch through,
multiplication is negligible. As the biasing voltage increases,
the multiplication gain also increases. Near breakdown
voltage multiplication rises quickly. In real devices, at highly
multiplied current levels, the maximum achievable
multiplication is limited by several factors;(1) the voltage drop
across the load resistor, across the contacts series resistance,
and across the undepleted bulk material; (2) the space charge
effects in which carriers drift through depletion region
reducing electric field; (3) microscopic device defects which



limit the desired electric field in regions; (4) reduction of the
electron and hole ionization coefficients and hence reduction
of the electric field. This is caused by thermal resistance
which results in heating of the junctions [8]. A fast
photodetector should sense the onset of avalanche and provide
an output proportional to it. After detection is made, the
photodetector must be reset or quenched to detect photon
again.

III. DARK- COUNT MODEL

Single Photon Detection efficiency (SPDE), nsppr can be
expressed as [1]
Nsppe = NeQE Pava Paet (6)
where P,,, is the avalanche probability which quantifies
the probability that an avalanche event is to occur following
an impact ionization event, P,,; is the detection efficiency of
the photodetector and 7gqp is the external quantum efficiency
of the photodetector. External quantum efficiency, NEgE is
expressed as,
NEQe = Pabs Priransit 7
where Py, is the absorption efficiency of the photodetector,
which is the ratio between number of photo-generated
electron-hole pairs and incident photons and P,y 1S the
transit probability which depends on the material of the
absorption region of the SAGCM structure and the device
architecture. The avalanche probability can be derived from
the relationship between quantum efficiency (QE), n and
single photon detection efficiency (SPDE), nsppg-

In our analysis, we used avalanche probability, P,,, as a
parameter in finding different values of single photon
detection efficiency and dark count probability. To understand
the dark count phenomena, the mechanisms that create dark
count have to be understood. One statistical model was
proposed by Kang et al. [5]. Primary dark carriers can be
generated inside multiplication region due to thermal
processes even when the gate pulse is off. When the gate pulse
is activated above break down voltage, trapped carriers in
intermediate traps or defect states during previous pulses may
get released to create dark counts [9].

Before the arrival of the pulses, thermally generated or de-
trapped dark carriers can go through a series of impact
ionizations with DC gain. Some of these released carriers
from traps may also stay in the multiplication region when the
pulse arrives. The probability of dark count P; can be
expressed as

Py =1—exp(— Ny Fava) (®)
where N, is average number of dark carriers in
multiplication region. When the photodiode circuit is on, there
always remains the probability that a current pulse will be
initiated in the photodiode by generated carriers. The
probability that the current is triggered by photo generated
carriers or dark carriers while the device is in active mode,
namely combined probability P,,, can be written as

Ppp=1- exp(— Non Pava) ©
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where N,, is the number of total carriers that includes
photon-generated carriers along with previously stated dark
carrier. Using values of P,,, and P;, we can calculate nsppg as,

Pon—Pgq

(10)

NsppE = Pon

where P,, = 1 —exp(— Ny) is the probability of whether
an incident optical pulse contains any photon or not and Ny is
number of incident photon per pulse. The dark count
probability P; and Combined carrier (i.e. dark and photo

generated) generation probability P,, are calculated
respectively as following,
Ipu T IpyMy®
Pp=1- —Poa |—
da exp ava q an ,B

an

exp(T/Td) -1

+ PNy ———7—
on'Vtr exp(AT/Td) -1

+ POTleT'

(12)

where 1 is the gate pulse width, t,; is the de-trapping time
of the carrier, 7., is effective transit time of dark carriers in
the multiplication region, AT is the gating bias period, Ny, is
average number of carrier trapped after a pulse, f is gain
bandwidth product, M, refers DC gain, n is quantum
efficiency and I, is the primary multiplied dark current [5].

Relations among the variables P,,, Py, Nsppp and n are
implicit functions and does not have any conventional
algorithm to solve them. Hence, we pursued an iterative
method to solve them.

IV.RESULTS AND DISCUSSIONS

To check the validity of the presented model, its results
have been compared with the experimental results reported in
[3]. While carrying out the analysis, iteration procedure was
employed to get more accurate values of P,, andP;. For
temperatures of -30°C, 0°C, 20°C, Ipj, was considered as
0.1fA, 1fA and 10fA, respectively. In the presented
calculations, a gating frequency of 1 GHz and effective gate
pulse with of 400 ps were used. DC gain was selected between
5 and 20. In Fig. 3, the dark current probability P; of SPAD
has been plotted for different single photon detection
efficiency for different operating temperatures. In this figure,



the results of the presented model have been compared with
experimental results reported in [3].
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Fig. 3 Dark count probability (P,4) as a function of SPDE calculated by the
iteration method (solid lines) and experimental values measured by Comandar
et al. [3] (bullet points) for different temperatures.

As shown in Fig. 3, the results of present calculations are in
good agreement with the experimental results especially
within the range of 10% to 30% single photon detection
efficiency region, which is the region of operation for most
commercial SPADs [10]. Among the curves, 20°C curve has
the best match in this region. As the temperature rises,
breakdown voltage increases due to increase of non-ionizing
collisions.

1E-04 5
+ -30°C
*¥ 0°C ;
1E-054 » 20°C >
(LA™
v e
o] e d BowX 4
RIS gad e LT o
w FRIHRHHRINHHANT 4
<n JourX o»
= e sorl P40 00 00 000%*
o4 oK Claad
b
*
08l .
1E-08 “0
1E-09 T T T T
0 10 20 30 40
SPDE range [%]

Fig. 4 RMS error (mismatch) between simulated and experimental results
plotted against SPDE range for different temperatures.

To check the accuracy of the calculated results in
comparison with the experimental results reported in [3], Root
Mean Square (RMS) errors of the calculated P, in comparison
to those of the measured values for different SPDE range have
been calculated and are plotted in of Fig. 4.

The RMS error is found to be within the order of 10 in 10%

to 30% SPDE range. Since the assumption of the
multiplication gain being constant with the variation of the
biasing voltage does not remain valid for higher SPDE values,
our simulated results deviate significantly from the
experimental results above 35% SPDE range. The dependency
of M, on the biasing voltage should be studied more
thoroughly and taken into consideration to have more accurate
results. As the avalanche gain is actually a function of
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ionization coefficient, hence it is also a function of electric
field in the multiplication region. So, the effects of doping,
thickness of the photodetectors’ dead space width region and
the related parameters are needed to be analyzed to predict the
values of dark count probability P; for higher SPDE regions
in Fig. 3.

Most commercial self-differencing InGaAs SPADs
reported to have efficiencies around 10% at operating
temperature 240K [11]. To find the congruence of the
experimental and the simulated data obtained by our
simulation model, the standard deviation for the extrapolated
values of P; has been calculated in the range of 10% to 30%
single photon detection efficiency (SPDE). We found that the
calculated values of dark count probabilities vary around 18%,
12%, 15% and 3% from the experimentally measured values
in the limited range of SPDE for operating temperature -50°, -
30°, 0° and 20°C, respectively. For room temperature
condition the physical model is in good agreement with the
experimental results resulting in a low percentage of deviation.

The shorter the gate pulse, the more improvement in after-
pulse behavior is expected because of larger hold off time. As
our analysis has been mainly focused on dark count
probability, P; and SPDE relationship excluding the dark
counts generated by afterpulsing, therefore afterpulsing effect
must be considered negligible here. If the gate pulse period is
denoted with AT , we justify this by making the de-trapping
time 74 << AT so that afterpulse effect is minimized.

V. CONCLUSIONS

In this paper, we have presented a semi numerical iterative
model of the photocurrent and the dark count probability for
single photon avalanche detector (SPAD). At punch through
voltage, the electric field starts to penetrate the absorption
layer. Multiplication before this voltage is negligible and
hence current is dominated by dark current mainly. After
punch through, the output current is dominated by
photocurrent. This model has been validated by comparing the
simulated values with experimental results and a good
agreement has been found. In room temperature range around
20~ C and within 10% to 30% SPDE range, our model shows
good match with the experimental data and has only 3%
mismatch. RMS errors between the experimental data and
simulated data are in the order of 10 in this SPDE region.
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Abstract— In this work, two different designs of mid-infrared
(IR) quantum cascade detectors (QCDs) based on non-polar, m-
plane IlI-nitride material system have been presented and the
temperature dependent detector characteristics have been
investigated. The carrier transport in these QCD structures is
modelled using a simplified rate equation approach. The major
carrier scattering mechanisms responsible for the intersubband
transitions of carriers in non-polar, m-plane III-nitride quantum
cascade structures have been identified and included in the rate
equation model. The carrier scattering rates are calculated using
Fermi’s golden rule approximation. The detector performance
characteristics have been predicted through the evaluation of
current responsivity. It is observed that the resonant tunnel
design gives higher responsivity performance compared to the
scattering tunnel design whereas the thermal stability of current
responsivity of the scattering tunneling design is much better
than the resonant tunneling transport design. Both the structures
show thermal stability of detection wavelength.

Index Terms— Quantum cascade detector, m-plane III-
nitrides, carrier transport, scattering rates, resonant tunneling,
rate equations.

I. INTRODUCTION

Semiconductor quantum cascade detectors (QCDs) [1], [2]
are stealing attention of the researchers due to their
performance advantages compared to other detectors. QCDs
are semiconductor heterostructure photon detector that works
on the principle of cascaded transport of carriers through a
quantum cascade structure. After their first demonstration [1],
QCDs have gone through lot of improvements in their design
to get better performance characteristics. Presently, QCDs are
able to detect radiations in the whole infrared (IR) spectral
region even in terahertz (THz) region with high responsivity
and detectivity performances at moderate temperatures. Apart
from the design of QCDs, use of different material systems
improves the performance of the detector greatly. Use of III-
nitride material system for QCD design enables them for high
temperature near- and far-IR optoelectronic applications. c-
plane Ill-nitride materials are mostly used for the design of
optoelectronic devices. This material system shows strong
internal polarization fields due to presence of spontaneous and
piezoelectric polarizations [3]. Polarization induced strong
internal electric field in polar Ill-nitrides decreases the
intersubband optical transition strength and bounds the
accessible wavelength range and also makes the device design
more complicated. Non-polar, m-plane IlI-nitrides [4] are free
from internal polarization fields which makes the device
design using this material system much easier and extends the

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

range of accessible wavelengths while maintaining the other
advantages of III-nitrides. In the last few years, lots of studies
have been carried out on non-polar, m-plane Ill-nitride
quantum well structures both theoretically and experimentally
[4]-[12]. However, in those researches, major focuses have
been made on the structural and optical properties of quantum
wells of this material system. There has no such research in
literature describing the carrier transport in non-polar, m-plane
II-nitride heterostructures.

Here, in this research work, we have designed two QCD
structures using non-polar, m-plane IlI-nitride material system
for the mid-IR detection applications and the carrier transport
in these structures has been modelled theoretically. For the
transport modelling, most of the important carrier scattering
mechanisms are identified and calculated using Fermi’s
golden rule approximations. For the device design, it is very
important to know the electronic band structure of the m-plane
[II-nitride heterostructure. Conduction band profile, electron
energies and corresponding wave functions are calculated by
solving coupled Schrodinger-Poisson equation  self-
consistently. Carrier transport in the designed QCD structures
has been modelled using simplified rate equations formulation.
Finally, the responsivity performances of the QCDs have been
evaluated and the effect of temperature on the current
responsivity has been investigated.

II. DESIGN OF NON-POLAR, M-PLANE III-NITRIDE QCD
STRUCTURES

To model the carrier transport and investigate the output
characteristics of the detector, we have presented two separate
designs for the QCD using non-polar, m-plane III-nitrides.

A. Scattering tunneling transport design

The energy band diagram of the two consecutive periods of
the QCD structure along with eigen energies and
corresponding wave functions is shown in Fig. 1. The layers
thicknesses of a period of the QCD are as follows:
3.12/1.56/1.35/1.17/1.9/1.17 (nm). The quantum wells in the
QCD structure are of GaN material. The barrier layers
(Alp.6Gag4N) are represented in bolded font. The first layer is
the active quantum well which is doped intentionally with n-
type dopants. The doping concentration is 7x10'® cm™. n-type
doping of the active well provides free electrons which
occupy the ground energy state of the active well at
equilibrium. Upon incidence of the optical radiation on the
QCD structure, electrons in the ground energy state in the
active well get excited and jump to the excited energy state in
the active well. The photoexcited electrons then extracted
from the active well by scattering tunneling transport
mechanism and transported to the active well of the next
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period. To achieve the scattering tunneling transport, the
extractor wells are designed in such a way that the ground
energy states of the extractor wells and the excited energy
state of the active well together form a phonon ladder. The
photoexcited carriers get transported to the next period by
phonon scattering mechanism.

1 —
i 5
e mNabin
SRt SO NN, PSP i T N
S
=
>
5 /\J(\/\ A
=
E ~ R
/ \ Ak
J/ \\
0 , ,

Length (nm)

Fig. 1 Conduction band diagram of two consecutive periods of scattering
tunneling transport QCD design.

B. Resonant tunneling transport design

To make the extraction of the photoexcited carriers more
efficient, a narrow quantum well has been inserted between
the active well and the extractor period. The dimension of the
inserted potential well is adjusted in such a way that the
ground energy state of the well will be in resonance with the
excited energy state of the active well. As the condition for
energy resonance satisfies, the photoexcited carriers will first
undergo through a resonant tunneling process and gets
extracted from the active well, and then they will again
undergo scattering tunneling process and will be transported
to the next QCD period. The successive layer dimensions of a
period of the QCD are as follows:
3.12/2.6/1.04/1.17/1.35/1.17/1.9/1.17 (nm). A similar doping
arrangement has been used for the both structures. The energy
band diagram of the two consecutive periods of the designed
detector is shown in Fig. 2.
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Fig. 2 Conduction band diagram of two consecutive periods of resonant
tunneling transport QCD design.
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Both the structures are designed for the detection of optical
radiations mainly in mid-IR spectral region. The detection
wavelengths of the designed detectors are around 4.3 um. This
wavelength is very important because one of the most
important environmental gas carbon dioxide has its fingerprint
spectrum at this wavelength. Carbon dioxide shows strong
optical absorption at this wavelength. Therefore, for the
environmental gas sensing, specifically for carbon dioxide
sensing, these QCDs are very useful.

III. BAND SOLUTION AND CARRIER TRANSPORT MODELLING

The conduction band diagrams, eigen energies and the
corresponding wave functions associated with non-polar, m-
plane Ill-nitride QCD structures have been calculated by
solving coupled Schrodinger-Poisson equation  self-
consistently [4], [13]. The conduction band nonparabolicity is
considered in the process of band solution through energy
dependent electron effective masses. Temperature dependent
band solution has been obtained by incorporating temperature
variation of the band parameters according to Varshni
equation. The dimensions of the quantum wells are adjusted in
such a way that the designed QCDs shall be able to detect 4.3
pm wavelength radiations and the successive extractor well
energies will be at phonon resonance with the preceding well
energies. The carrier transport in these QCDs will be
predominantly along the growth direction due to design of the
structures and the transport will be assisted by different carrier
scatterings. There are many scattering mechanisms that
influence the carrier dynamics in  semiconductor
heterostructures. For III-V semiconductor heterostructures,
electron-phonon and electron-interface roughness interactions
are identified as the dominating source of carrier scatterings.
The major carrier scattering processes responsible for the
intersubband carrier transitions in the QCD structure are
electron-phonon scattering, electron-interface roughness
scattering, alloy scattering and ionized impurity scattering.
The electron-phonon scattering is caused by optical and
acoustic phonons in the material. Among different optical
phonons, polar longitudinal-optical (LO) phonons and non-
polar transverse optical (TO) phonons play the dominating
roles. The acoustic phonon scattering is due to deformation
potential coupled acoustic phonons and piezoelectric potential
coupled acoustic phonons. The LO-phonon scatterings,
interface roughness scatterings and ionized impurity
scatterings are calculated using the formulas presented in [3]
whereas the TO-phonon scatterings, alloy scatterings and
deformation potential coupled acoustic phonon scatterings are
calculated according to Jirauschek and Kubis [14]. For the
calculation of alloy scatterings, the unit cell volume of the
zinc-blende structure in the alloy scattering rate equation is
replaced by the unit cell volume of the wurtzite crystal
structure. The piezoelectric potential coupled acoustic phonon
scattering rate is calculated according to [15]. The value of the
mean interface roughness height is taken as 0.1 nm and the
correlation length is taken as 5 nm according to [8] for the
interface roughness scattering rate calculation. The carrier
scatterings due to polarization induced line-charges and
dislocation densities [16] play major role in controlling the in-
plane movements of carriers in bulk I1I-nitrides. However, for
the present study, as we mainly focus on the intersubband
transport of carriers in m-plane IlI-nitride QCD structures, the
above mentioned scatterings (polarization induced line-charge
scattering and dislocation scattering) can be neglected.



The current responsivity of the QCD is given as [2], [3]
R= (Jphom/ m)’ (l)
where the input optical power density (P;,) is considered as

1 mW/cm? and the output photocurrent density (Jphor) is
calculated as [2], [3]

n. n;
— i J

Jphoto =e z [T - r ]
icd,jed" \ "V Ji

The current through the QCD structure is calculated by
considering a reference plane between two consecutive
periods of the QCD structure and taking difference between
the number of charge carriers crossing the plane in the
forward direction and in the backward direction per unit time
interval. The current density calculated under illumination
condition gives the photocurrent density. Here, 4 denotes the
first period and A" is the next period at the right of the first
period. n is the subband electron population density. The
carrier dynamics in the excited state of the active well of the
QCD can be described using the following rate equation [2]
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and for the first extractor well state, it is given as [2]
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where for other energy states in the QCD structure, rate
equation will take the following form [2]
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In the above equations, J,,,. represents the resonant

tunneling current density [2], [3] and N is the number of states
in a QCD period. Resonant tunneling current density will be
significant only for the resonant tunneling transport QCD
design and can be omitted for the case of scattering tunneling
transport design.

The total intersubband scattering rate between two
subbands i and j is given as

-1 _
Tij - rad +Tnon rad)

4)

In the above equation T,._ad is the radiative scattering rate [3]

and Tnon aq 1S the total nonradiative scattering rate which is

given as
-1 -1 -1

Toon—rad = Tphanon + Troughness + Timpurity + 7,

)

aIIO) ’
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and 7 the electron

zmpumv

T—l

where 7, alloy

roughness s are

scattering rates caused by the interface roughness, alloy
disorder and ionized irnpurities present in the structure,

respectively and the term |7 is the phonon scattering

phonan

rate which is mainly due to the interaction of electrons with

optical and acoustic phonons in the material. The total
electron-phonon scattering rate is given as
-1
Tphonon TLO + TTO + Tacaustlc ’ (6)

where TL_(l) is the LO-phonon scattering rate, T}(l) is the TO-

phonon scattering rate and 7 is the acoustic phonon

aLoumc
scattering rate. The acoustic phonon scattering rate has two
components and is given as

-1 _ 1
Tacoustic = Tdef —acoustic + Tptezo acoustic > (7)

where T;elf_awumc is the deformation potential coupled

acoustic phonon scattering rate and 7, is the

ptezu—awus tic

piezoelectric potential coupled acoustic phonon scattering rate.

IV.RESULTS AND DISCUSSION

We have obtained the conduction band diagrams, confined
electron energies and corresponding wave functions of the
non-polar, m-plane I1I-nitride QCDs presented in this work by
solving coupled Schrodinger-Poisson  equation  self-
consistently. The intersubband transition rates of electrons are
obtained by using these energies and wave functions in the
scattering rate equations under Fermi’s golden rule
approximations. The calculated intersubband transition
lifetimes of electrons are then used in the rate equations to
determine the steady state subband carrier distributions. Then,
using these carrier profiles and the intersubband transition
rates, photocurrent generated in these QCD structures are
calculated for a fixed incident optical power density and the
current responsivity of the detectors have been anticipated.
This is the first time in literature to study the carrier transport
in non-polar, m-plane III-nitride QCDs.

Fig. 3 shows the variation of the current responsivity of the
non-polar, m-plane II-nitride QCD structures reported in this
work with temperatures. Fig. 3(a) shows the current
responsivity behaviour for the scattering tunneling transport
design and Fig. 3(b) shows the current responsivity behaviour
for the resonant tunneling transport design. It is observed that
the responsivity of the QCD decreases with the increase of
temperature for both of the designs. It is mainly due to the
decrease in output photocurrent density at higher temperatures
which is caused by the decreased absorption efficiency and
increased nonradiative scattering rates. The current
responsivity for resonant tunneling transport design is much
higher than the scattering tunneling transport design as seen in
the figures. This proves that the resonant tunneling transport
design gives much efficient carrier extraction and transport
than that of the scattering tunneling transport design. However,
the percentage variation of current responsivity for a
temperature variation of 250 K (from 50 K to 300 K) for the
scattering tunneling transport design is 50.8 % which is
smaller than the percentage variation of current responsivity
for resonant tunneling transport design which is 60.6%.
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Fig. 3 Tempearture variation of current responsivity of (a) scattering
tunneling transport QCD design and (b) resonant tunneling transport QCD
design.

Therefore, in terms of thermal stability of the responsivity
performance, scattering tunneling transport design is much
better than that of the resonant tunneling transport design.
Both of the designs are superior in their respective ways and
must be utilized depending on the application requirement.

— & Scattering Tunneling Transport Design
—@® Resonant Tunneling Transport Design

— 4.322-

2 .

— 4.320- 4

= s

N -

50 4.318- R

2 _ -

o 43164 ¢

<

g 4.314- P

= '

S 4.3124 '

b -

2 4.310- __a--

[*) - - - -

S 4308l — —

50 100 150 200 250 300

Temperature (K)

Fig. 4 Temperature variation of the detection wavelengths.
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The temperature dependent detection wavelengths of the
two designs are plotted in Fig. 4. It is observed that the
detection wavelengths for both of the designs are nearly
temperature insensitive.

Detectivity performances of these QCD structures need to
be evaluated in future to get the idea of noise performances of
these detectors. Further optimization can be done for these
two structures for optimized device performance keeping the
design concepts in mind.

V. CONCLUSIONS

Carrier transport in the non-polar, m-plane III-nitride QCDs
has been modelled theoretically for the first time. Major
intersubband carrier scattering mechanisms responsible for
carrier dynamics in the QCD structure are identified. Band
solution of the QCD structure has been obtained by solving
coupled Schrédinger-Poisson equation and the intersubband
carrier scattering rates are calculated using Fermi’s golden
rule approximation. Responsivity performance of the QCD
has been obtained by using a simplified rate equation model
and the thermal behaviour has been evaluated. Two different
QCD designs have been presented and their advantages are
highlighted.
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Abstract— An analysis has been done for the dark current
and detectivity of quantum dot infrared photodetectors
(QDIPs). Dark current being the most influential factor in the
performance of QDIPs has been studied with utmost
importance. The effect of drift velocity on the dark current
model for QDIPs has been taken into consideration. The effect
of variation of electric field on dark current at different
temperature values has been analyzed. Detectivity, which is an
important figure of merit for measuring the performance of the
device, has also been analyzed in accordance with the change in
electric field. The effect of the change in the area of the
photodetector on the dark current has also been analyzed. This
analysis has been done by considering the drift velocity of
electrons along with two electron transport mechanisms — the
microscale and nanoscale transport and the mobility.

Index Terms —
detectivity

dark current, mobility, drift velocity,

I. INTRODUCTION

Quantum dot infrared photodetectors (QDIPs) have made
significant progress in the field of detection in recent years.
The performance of QDIPs has significantly enhanced over
decades by using improved architecture. QDIP is an
important topic of research with various advantages such as
high temperature operation, sensitivity to normal incident
infrared radiation, longer carrier lifetimes [1] etc. However,
the performance of QDIPs gets significantly reduced due to
the presence of unwanted parameters such as dark current
[2]. The study of dark current leads to optimization of the
device and can be useful for the device designers [3].

The dark current consideration of QDIPs is different
from other type of detectors [4]. Different models have been
devised earlier for the calculation of dark current which
utilized the thermal generation rate and capture probability
of the system [5]. The direct band gap semiconductor
devices give a close competition to the QDIPs but the
characterization of the dark current in these detectors is
different from other detectors [6-8]. By considering the
count of mobile carriers in the barrier, we can develop a new
model for dark current. Dark current also leads to noise,
thus, dark current needs to be very cleverly analyzed.

This work focuses on the calculation and analysis of dark
current under the influence of drift velocity and the effects
of microscale and nanoscale transport mechanisms. The dark
current flowing across the potential barrier of the QDIP is
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considered to be equal to the dark current of the total
photodetector.

II. THEORETICAL FORMULATION

The dark current density is estimated by getting the
measure of carrier density in the potential barrier and then
multiplying it with the drift velocity.

<Jdark> =qny,v, (D
where q is charge of electron, #,,is three-dimensional

density [9] and v, is drift velocity of the electrons. Earlier,
the three-dimensional density was estimated as

R 15
m kT E
n3d:2(2ﬂh2J exp[— k;] )

where m" is the electron’s effective mass and E, is the
thermal activation energy [10]. The thermal activation
energy is equal to the energy difference between the Fermi
levels in the dot and the top of the barrier. In this model,
only the thermal activation energy was considered but in
our model we will be considering other transport
mechanisms like microscale and nanoscale transport. So the
three-dimensional density now becomes

* 1.5
n}d — 2[’" kTJ exp(_ Emiﬂm exp(_E/EO) + Enano — ﬂE]

kT 3)

and thus the dark current can be written as:

. 15
m kT Emivro exp(-E/E )+ Enano -pE
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kT
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where k is the Boltzmann constant, 7 is the temperature
taken into consideration, 7 is the reduced Planck’s constant,
E is applied electric field, 4 is the area of the photodetector,

E and E

nano

are the activation energies under

micro
nanoscale and microscale electron transport, respectively,
at no bias applied whereas Fand ﬂ are the rate of

change of the activation energies under microscale and
nanoscale transport energy, respectively. As devices shrink
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to microscale and nanoscale levels, the transmission of heat
and energy takes place in a different form as compared to
macroscale levels. This model shows the effect of
miniaturization of devices on performance of QDIPs.

The drift velocity of electrons depends upon electric field
applied to the device, mobility of the electrons and
saturation velocity of electrons. The drift velocity can be

obtained as:
v, = UE| 1+ ("‘E J ; )

where £ is trap controlled mobility and v, is the saturation

t
velocity of electrons. The trap controlled mobility plays an
important role and is calculated using trap free band
mobility, volume concentration of the traps and effective
trap energy which is equal to the nanoscale transport energy
under no bias. Traps are caused due to the presence of
defects in the device. Increase in the trap energy and trap
concentration can deteriorate the performance of the
photodetector devices.

Mobility can be obtained using these parameters and can
be calculated through the given equation:

E, B gk
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where f{, is the trap free band mobility, £

. 1s the single

effective trap energy which is taken as equal to £ ais

nano °
the radius of the quantum dot, ¢ is the volume
concentration of traps, ¢ is a constant that is related to
carrier which can be obtained as

+ N\O5
2m q
hZ

c=a (7

In this paper, ¢ is assumed to be 0.1 and £, /c =1.

Substituting (5) and (6) in (4), we can now get the
equation for dark current as

(ﬂox)EJz - <
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Using above equation we can calculate dark current for
QDIPs. In this model, QDIPs are considered to be
fabricated using GaAs or InGaAs as these are the most
commonly used materials for the fabrication of QDs [9].

There is a large dependence on electric field for drift
velocity. Thus, dark current also depends on the intensity of
applied electric field. Thus the calculations of dark current
have been made with respect to applied electric field with
the variation in temperature and area of the photodetector.

The normalized dark current, lgak = Ginq can be directly
used to determine thermal detectivity as

(€))

n
D=—2"1___ .
208,/G,,

Detectivity is a parameter that is directly proportional to
the performance of the detector. It is the detector’s signal-
to-noise ratio at 1 watt of input radiation to a detector of
unit bandwidth and a unit area [11]. This figure of merit is
used to characterize the performance of QDIPs.

III. RESULTS AND DISCUSSION

To fully demonstrate the potential of QDIPs, we need to
be accurate and specific with our theoretical investigation.
Earlier, only thermal activation energy was considered for
the calculation of dark current. There are various new
parameters involved in this model which makes the
calculations more accurate. The values considered for the
calculations are f = 2.79 meVem/kV, E ;= 1.62 kV/cm,

E . =346meV, E  =2247meV, v, =5x10" cos, a

=10.5 nm and m"=0.023m,. A range of applied electric field
is considered for the calculations.

nano

This model is used to estimate the influence of few
structural parameters on the performance of the
photodetectors under un-illuminated condition and paves a
way for optimization of QDIP architecture.
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Fig. 1.

The plot in Fig. 1 shows the variation of dark current
within 2x10° — 3x10° V/m of the applied electric field. The
value of dark current goes on increasing with the increase in
applied electric field. However, at 78 K the value of dark
current is lower than the value of dark current at 120 K.
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With a slight increase in temperature value, the value of dark
current also increases slightly. There is a large difference in
the values of dark current at 78 K and 100 K but small
difference in the values of dark current at 100 K and 120 K.
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Fig. 2.  Dark current of QDIP on varying temperature and electric field

A simultaneous increase in applied electric field and
temperature leads to increase in dark current significantly as
shown in Fig. 2. This increasing pattern of the dark current
density shows the contributions of the temperature and
applied electric field to the dark current of the QDIP. Dark
current is an unwanted parameter that deteriorates the device
performance. Lower dark current leads to higher sensitivity
of detector.
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Fig. 3.  Detectivity of QDIP on varying electric field (at the temperature

78 K, 100 K and 120 K)

One more parameter is detectivity which is a measure of
the level of performance of the photodetector. The size of
the QDs and the area of the photodetector affect the optical
absorption of the device and thus affect the detectivity of
the QDIPs. By optimizing the effective area of the QDIP,
we can achieve lower dark current and higher detectivity.
Detectivity gets reduced due to noise produced originating
through trapping mechanism in QDs due to the defects.
We can find out a comparison between detectivities at
different temperatures from Fig. 3. With the increase in
applied electric field, detectivity goes on decreasing. One
important factor which contributes to the reduction in the
detectivity is the presence of trap energy which forms the
basis of this model.
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Fig. 4. Detectivity of QDIP on varying temperature and electric field

Detectivity is high at low electric field and keeps
decreasing at higher values of electric fields as can be seen
from Fig. 4. As temperature is increasing, the detectivity is
also decreasing exponentially and becomes very low around
100 K. Increase in temperature and electric field has adverse
effect on detectivity of the photodetector.
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Fig. 5.

Increase in the area of the photodetector leads to increase
in dark current. In Fig. 5, we can see that dark current
increases with the increase in electric field. The dark current
is low for small area of photodetector as compared to larger
area.
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Fig. 6. Dark current of QDIP on varying area of photodetector and

electric field
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The increase in dark current is gradual at low values of
area of detector. With the increase in area, the increase in
dark current becomes prominent as it can be seen in Fig. 6.
Thus, it can be said that the size of the detector should be
kept optimum to avoid unwanted effects within the device.

IV. CONCLUSION

In this model, a more accurate formulation has been done
considering activation energy under micro and nanoscale
transport. The mathematical model is derived to explicitly
represent the performance of the structure. The dark current
increases with the increasing temperature and electric field.
The parameters of mathematical model are used in such a
way that optimum results are achieved. Proposed model
which gives a relation between dark current, mobile carrier
concentration and drift velocity is deduced. It is important to
have low dark current and this model predicts the amount of
dark current produced. The area of the detector should also
be maintained such that it does not affect the performance of
the detector adversely.

This model can be used in optimizing and estimating the
performance of the device. This model can be extended to
calculate dark current for different quantum structures. This
formulation can be taken as basis for further developments
in the field of quantum structure photodetection. These
results show large dependence on electric field intensity
which can provide ways to optimize the performance of
QDIPs. This will help in wide application of QDIPs such as
defense, commercial fields etc. [12].

[10]

[11]

[12]
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Abstract—In this paper, we propose a novel and improved
structure of a solar-blind back illuminated AlGaN separate
absorption and multiplication avalanche photodiode (SAM APD)
with a modified multiplication layer. It is shown that the excess
noise factor can be suppressed at about 35% due to the higher
threshold impact ionization energy of wide bandgap AIN layer
inserted on both sides of the conventional avalanche layer. The
enhanced polarization at the layer interface improves the pho-
tocurrent and the reduced excess noise limits the dark current.
We use an in-house built simulator to investigate device charac-
teristics of both the conventional and the proposed APDs. Some
important figures of merit of the proposed solar-blind SAM APDs
have been compared with the conventional ones and found to be
superior in all aspects. With improved photocurrent, reduced
dark current, low excess noise factor, excellent responsivity, and
increased efficiency, the proposed device offers optimized solar-
blind applications that can be useful in advanced optical fiber
communication.

Index Terms—Avalanche, Back Illumination, Excess noise,
Polarization, Solar-blind.

I. INTRODUCTION

A photodiode is an opto-electronic device which takes
photon as input and generates electron-hole pair as well as
photocurrent as output [1]. Avalanche photodiode (APD) is
an improved photodiode in which a built-in first step gain is
achieved through avalanche multiplication [2]. APDs show an
internal current gain due to avalanche effect [3]. In order to
achieve higher gain and better responsivity, separate absorption
and multiplication (SAM) APDs are designed. In SAM APDs,
the multiplication process starts with only one type of carrier
as the absorption and the multiplication regions are separated
[4]. It is an avalanche photodiode in which the light-absorbing
area consists of a low-bandgap material and the multiplication
area consists of a high-bandgap material, reducing dark current
and increasing gain [5]. The multiplication factor depends on
the excess noise generated from impact ionization [6]. SAM
APDs generate noise from randomness in the number and
position of arrived photons and photogenerated carriers [7].
Although noise is undesirable in any device as dark current
increases with it, reduction of noise reduces the device gain.
Therefore, there exists a trade-off between gain and excess
noise in SAM APDs. Excess noise factor is considered to
be a figure of merit for APD devices that must be reduced.
One common technique to reduce the excess noise factor is
to decrease the width of the multiplication region [8]. Thin
multiplication layer has increased dead space which is the
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minimum distance that the generated carriers have to cross in
order to gain sufficient energy for impact ionization. Monte-
Carlo studies confirm that the excess noise factor reduces with
dead space [9]. However, the limitation of this technique is
poor tunneling which results in unacceptable amount of dark
current. The other conventional ways to reduce the excess
noise factor include the use of impact ionization engineering,
designing centered-well (CW) multiplication layer, and the use
of different materials [8]. Staircase and superlattice APDs with
heterostructure in the multiplication region are also designed
to generate low noise but with limited performance [10]. New
approaches to suppress the excess noise factor are required to
ensure enhanced device performance.

Solar-blind SAM APD is a solid-state device that is transpar-
ent to the wavelength of the solar spectrum but is responsive
to the ultraviolet (UV) ray (A < 280 nm). III-Nitrides act
as semiconductors of direct and wide bandgaps from deep
ultraviolet (6.2 eV) to near infrared (0.7 eV) range [11].
AlGaN compounds with more than 40% Al composition and
intrinsic solar-blind characteristics to remove natural back-
ground radiation from sunlight, are attracting a great deal of
attention [12]. As a result, UV detectors based on Nitride
compounds with the capability of detecting very weak UV
signals under intense background radiation, have massive
applications in biological and chemical agent detection, missile
detection and interception, national defense, and scientific re-
search [13], [14]. Many variations like GaN/SiC APDs, AlIGaN
solar-blind SAM APDs are designed for various purposes
which override the basic structure of SAM APDs designed
by Pau et al. [15]. To improve the carrier ionization, a low
Al-content multiplication layer along with a photonic-crystal
structure as an optical window is employed in a solar-blind
AlGaN APD [16]. The avalanche ionization can be improved
further by replacing AlGaN homogeneous multiplication re-
gion with a high/low Al content layer which exhibits 51%
higher gain than conventional APDs [17]. Shao et al. reported
that applying a photo-electrochemical experimental process
can recover etching defects and the leakage current of the
fabricated devices [18]. Moreover, Dong et al. proposed an
AlGaN/GaN heterostructure SAM APD to combine the solar-
blind UV absorption properties of AlGaN with the better
avalanche characteristics of GaN [19]. To enhance the perfor-
mance of solar-blind APDs, a new design scheme of device
is also proposed by introducing polarization electric field in
the multiplication region [11].The polarization electric field
induced in the multiplication region reduces the reverse-bias
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breakdown voltage and enhances the multiplication gain of
device [20]. Chang et al. suggested that a moderated gain
should be adopted keeping the noise minimum to get a higher
signal to noise ratio [21]. Although most of these works focus
on lowering the breakdown voltage and increasing the gain,
excess noise factor is still a common problem in all these new
propositions. Unlike other SAM APDs, very few engineering
works on the conventional AlGaN/GaN APD structures to
reduce the excess noise factor are found in literature [22].

In this paper, an improved back illuminated solar-blind SAM
APD design is presented which suppresses excess noise sig-
nificantly with the use of three layered multiplication region.
Impact ionization is limited by the higher impact ionization
threshold energy of the AIN layers placed on two sides
of the conventional AlGaN multiplication layer. The AlGaN
layer still allows impact ionization with low impact ionization
threshold energy but within optimum limit so that high gain
as well as low excess noise can be achieved. Moreover,
photocurrent and other optical properties of the device have
been improved with enhanced polarization and reduced noise.

The rest of the paper includes device structure and modeling
in Section II and detailed analysis of the findings of this
study in Section III. The proposed design is proved to be
superior to the conventional ones by comparing photocurrent,
dark current, excess noise factor, responsivity and quantum
efficiency under optimum simulation conditions.

II. DEVICE STRUCTURE AND MODELING

A. Device Structure

Fig. 1. Schematic model of a conventional back illuminated AlGaN solar-
blind SAM APD

The conventional structure of an AlGaN back illuminated
solar-blind SAM APD is shown in Fig. 1. In this structure,
there are alternating AlGaN layers with different doping
concentrations placed on AIN templates or c-plane sapphire
substrates [18]. From bottom to top, the AIGaN APD consists
of nt-i-n-i-p layers of AlGaN. The two unintentionally doped
1-Aly.45Gag 55N layers work as the absorption and the multi-
plication layers with the same thickness of 180 nm as shown in
the figure. The thickness of n*-Aly 5Gag.5N layer is 800 nm
and that of n-Alg 45Gag 55N layer is 60 nm. It is well-known
that Al composition greater than 40% exhibits outstanding
solar-blind (UV) properties [23]. With reverse bias applied
at the N+¢ contacts, this conventional structure works well
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with back illumination for solar-blind applications. However,
like other SAM APDs, back illuminated AlGaN solar-blind
APDs also suffer from excess noise generated due to impact
ionization in the avalanche process.

Fig. 2. Schematic model of the proposed back illuminated AlGaN solar-blind
SAM APD

In order to overcome this limitation, we are proposing a
novel device structure as shown in Fig. 2 to reduce the excess
noise factor by modifying the multiplication region where
impact ionization takes place. The proposed structure is also
designed to be illuminated from the back side and similar to
the conventional one except the multiplication layer only. We
have divided the multiplication layer into three sections with
different bandgaps and ionization threshold energies. At the
two sides of the multiplication layer, higher bandgap material
1-AIN (E, = 6.02 V) with thickness of x nm and in the mid-
dle, a comparatively lower bandgap material i- Aly 45Gag 55N
(E4 = 4.57 eV) with thickness of (180 - 2) nm are placed. In
this study, we have considered two 60 nm ¢-AIN layers placed
on both sides of a 60 nm i-Alg 45Gag.55N layer to ensure
symmetry in the multiplication layer. Therefore, x = 60 has
been assumed for the simulation. For both APD structures, the
electron doping concentrations for the n-Alg 45Gag 55N and
nt-AlysGagsN layers are 10'® ¢m™3 and 2 x 108 em =3
respectively and for the p-Aly 3Gag 7N layer, the hole doping
concentration is 2 x 10*7 em™3. The doping concentration of
residual electron in the unintentionally doped intrinsic layers
is 1016 em =3 [17].

B. Modeling

2D numerical simulations for both the conventional and
the proposed AlGalN/GaN back illuminated solar-blind SAM
APDs are performed in APSYS software [24] in order to
solve the Poisson’s equation and the continuity equations self-
consistently to investigate carrier transport [25]. The Poisson’s
equation can be expressed as,

d? d? d? 1)
(et o
where,

U is the device potential,

p is the density of charge, and
€ is the dielectric constant.



Piezoelectric and spontaneous polarization effects contribute
largely to the electric field in AlGaN/GaN solar-blind SAM
APDs to reduce breakdown voltage and enhance gain. Incor-
porating polarization vector, (1) becomes,

—5 +
dy®  dz?

<d2 &2 d2)U:_p P

= £y 2
dw2+ o el (2)

where,
? is total i.e. piezoelectric and spontaneous polarization
vector.

After the convergence of the self-consistent solver, the pho-
tocurrent and the dark current of the the device are calculated
[26]. The multiplication factor or gain, M can be expressed
as,

M=—, 3

where, I is the multiplied photocurrent and Ij is the mean
unmultiplied photocurrent.
After that, responsivity of the simulated APD is calculated

as follows, I
0

=0 4

R=3. O

where, P is the input power for the back illuminated APD.
Next, the quantum efficiency of the solar-blind SAM APD
is obtained by,
Rhv
q
where, h is Planck’s constant and v is frequency of the
illuminating light.
The ratio of ionization coefficient of hole and that of
electron is denoted as k, and determined as following,

; ®)

[
«

) (6)

where, (§ is hole ionization coefficient and « is electron
ionization coefficient which are extracted from [27].

Finally, the figure of merit, excess noise factor, F, which is
the point of interest in this study is calculated as,

o (YA o

These APD equations are shown in details with derivation
in [28].

III. RESULTS AND DISCUSSIONS

At first, we simulate the device using the 2D solver to find
the transport characteristics of both the conventional and the
proposed AlGaN APDs. The device is a back illuminated solar-
blind SAM APD, and so for simulation, light illumination is
specified to be directed from the bottom with a solar-blind
wavelength of 275 nm. The simulated dark current and the
photocurrent of the conventional and the proposed devices with
variation of reverse voltages are shown in Fig. 3. It is obvious
that the photocurrent is significantly improved for the proposed
device. At low reverse voltage of 20 V, the conventional APD
shows a photocurrent of 1.06 x 10~® A and the proposed
one shows a photocurrent of 1.62 x 10~8% A. Therefore,
photocurrent is increased about 52%. However, at this voltage,
dark current decreases from 1.53x 10712 A to 1.45x 1072 in
the proposed device which indicates a change of 5% only. The
opposite direction of change in the photocurrent and that in the
dark current suggests that enhanced polarization has increased
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Fig. 3. Variation of photocurrent and dark current of both the conventional

and the proposed devices with change in reverse voltage

the photocurrent, whereas low excess noise has decreased
the dark current in the proposed APD. Both these changes
indicate improvement in APD characteristics. Before the high
breakdown voltage region, this improvement becomes more
significant. For example, at 80 V reverse voltage, photocurrent
increases from 7.73x 1078 A to 3.41x10~8 A in the proposed
device with a rate of change of 126%, which is almost double
compared to the case of 20 V. Also, the dark current at high
reverse voltage (80 V) decreases rapidly from 5.5 x 1079 A
to 3.77 x 107 A in the proposed device indicating a rate of
change of 45%. High reverse voltage enhances the polarization
charge density in the proposed device even more to make
photocurrent rise rapidly. On the other hand, the conventional
device suffers more from impact ionization generated excess
noise at high reverse voltage which is a strong function of
applied reverse voltage and the resultant electric field. Since
the proposed device shows more improvement (decrease) in
dark current at high reverse voltage, it indicates that the
proposed device has significant immunity to excess noise.
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Fig. 4. Simulated energy band diagram of the conventional and the proposed
devices under equilibrium condition

To investigate the physics behind the two-way performance
improvement as indicated in Fig. 3, the energy band diagram
of the multiplication layer of the back illuminated AlIGaN APD
simulated at zero bias is shown in Fig. 4. For the conventional
device, the band diagram is nothing but a homogeneous
bandgap of 4.57 eV without any discontinuity. The proposed



APD is designed with an i-Aly 45Gag 55N layer sandwiched
between two i-AlN layers. It is well known that AlIGaN/AIN
heterostructure provides strong spontaneous and piezoelectric
polarization at the interface. The p-Aly3Gag.7N layer at the
top provides negative polarization sheet charge at its interface
to align the polarization electric field in the same direction as
the applied reverse bias field. The proposed device is simulated
with and without polarization effect by keeping and dropping
the ? term of (2) respectively and the results are shown in
the figure simultaneously. When polarization is considered,
the band diagram becomes much steeper with polarization
sheet charge density of 6 x 107'2¢m ™2 at the interface. As
a result, holes find easier path of transport and the resultant
photocurrent increases. Increasing the reverse bias increases
the steepness as polarization electric field is enhanced which
is in the same direction of the applied reverse bias field. Thus,
inserting AIN in the multiplication layer in order to reduce
excess noise has a substantial benefit of enhanced polarization
charge which increases photocurrent in the proposed design.
Moreover, the energy band diagram indicates that there is
a quantum well formed in the multiplication layer due to the
difference in the bandgaps of AIN and Al 45Gag 55N layers.
The well has a lower impact ionization threshold energy [8]
with respect to its side layers and so impact ionization occurs
in this well which ensures optimum multiplication. On the
other hand, restricted impact ionization in the AIN side layers
with higher impact ionization threshold energy ensures low
excess noise in the proposed AlGaN solar-blind SAM APD.
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- 10
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Fig. 5. Comparison of excess noise factor in the conventional and the

proposed devices at 3 MV/cm electric field (k = 75)

To demonstrate the efficacy of the proposed APD in reduc-
ing excess noise, using (7), a plot of excess noise factor, F
with respect to multiplication gain, M is shown in Fig. 5. The
characteristics impact ionization ratio, k = 75 is considered
in the simulation for the conventional device which is defined
for Alg 45Gag 55N at the critical electric field (3 MV/cm) for
breakdown [22]. The figure depicts that the proposed device
successfully reduces the excess noise exploiting the higher
impact ionization threshold energy of the side layers. For
example, for gain, M = 1000, the excess noise factor reduces
from F' = 577 to F' = 375 at a decrease rate of about 35%.
At very high gain, however, the difference tends to diminish
as it indicates a large amount of impact ionization in the
multiplication layer.
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The proposed solar-blind AIGaN SAM APD is superior to
the conventional ones in terms of responsivity and quantum
efficiency. The responsivity of an APD represents how much
photocurrent is generated using a certain amount of input
power and is a figure of merit that should be increased. Fig. 6
shows the simulated responsivity of the conventional and the
proposed APDs with respect to the wavelength of back illumi-
nation. The conventional APD shows maximum responsivity
of 0.1084 A/W at the wavelength of 266 nm. On the other
hand, the proposed APD shows maximum responsivity of
0.1319 A/W at a wavelength of 270 nm. Thus the proposed
AlGaN SAM APD retains solar-blind property with about 22%
better responsivity.
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Fig. 7. Comparison of quantum efficiency with respect to the wave length
of back illumination in the conventional and the proposed devices

Fig. 7 shows another important figure of merit, quantum
efficiency with respect to the wavelength of back illumination.
The simulated conventional APD works most efficiently (n =
45.66%) at a wavelength of 268 nm. A better efficiency (n
= 51.88%) is obtained in the proposed APD at a wavelength
of 268 nm. Therefore, the proposed AlGaN SAM APD is a
better solar-blind APD than the conventional one with higher
efficiency.

IV. CONCLUSION

We have presented how excess noise factor in a solar-blind
back illuminated AlGaN separate absorption and multiplica-
tion avalanche photodiode (SAM APD) can be suppressed



using multiplication layer engineering. It is shown that the
excess noise can be minimized to a great extent by using
high band gap material as side layers in the multiplication
region. Exploiting the polarization charge induced at the layer
interface, photocurrent is improved in the proposed device.
Moreover, reduced excess noise ensures low dark current. Ex-
cellent solar-blind property is retained with better responsivity
and higher efficiency. The proposed device would be helpful in
further research to design more improved AlGaN solar-blind
SAM APDs for UV applications.
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Abstract—The full vectorial numerical analysis of finite non-
planar hybrid structure reveals that both highly confined bound
surface plasmon modes and leaky surface plasmon modes are
supported in such structure. The extremely low effective mode
area associated with highly confined mode makes the waveguide
a hotspot source and the tunable antenna mode which is a
subdivision of leaky mode is useful for both beam steering
devices and free space coupling. The dispersion propertiy,
propagation length, and the confinement factor of these plasmon
modes have been analyzed and presented in this study.

Index Terms—Surface plasmon polariton (SPP), hybridness,
metal-insulator-metal (MIM) structure, propagation length, free-
space radiation coupling.

[. INTRODUCTION

Recently, the transverse magnetic (TM) polarized surface
plasmon (SP) mode propagating along the dielectric-metal
interfaces with evanescent fields in both sides is being
investigated  extensively. The sub-wavelength mode
confinement property of plasmonic waveguides has made it a
promising alternative to conventional dielectric waveguides.
Insulator-metal-insulator (IMI) multilayer structure has been
reported as long-range SP waveguides previously [1]. Also,
finite planar and metal-insulator-metal (MIM) SP waveguides
have been studied numerically and found to offer higher
confinement factor at the expense of relatively high loss [2]-

[5].

In this work, a finite, nonplanar hybrid waveguide
consisting of gold and zinc oxide as metal and insulator,
respectively, has been studied. Both gold and zinc oxide
operate in the visible, near visible and telecom range of
spectrum. This hybrid structure has been analyzed
exhaustively to find modal confinement, bound and leaky
modes, effective area, propagation length and loss using full
vectorial method. The analysis shows that this structure
excites antenna like mode that allows angle dependent free
space interaction with plasmonic devices, suggesting steerable
input-output coupling functions, and consequently, the
waveguide will interact with the free space without the prism
and grating. The extremely low effective area of this

978-1-5386-3374-8/17/831.00 ©2017 IEEE

waveguide can be exploited to create a plasmonic hotspot [6]-

[8].

II. WAVEGUIDE STRUCTURE AND ANALYSIS TECHNIQUE

The schematic of the multilayer cylindrical structure
comprising with gold-zinc oxide-gold (Au-ZnO-Au) is shown
in Fig. 1. The radius of central gold nanowire is r;, while the
zinc oxide coating has an outer radius, r,, and the z axis has
been considered as the direction of wave propagation. The full
vector finite element method (VFEM) formulation correctly
employing the boundary condition at the dielectric interfaces
has been used here as the optical modes in such structure are
usually hybrid modes offering polarization mixing and all the
components of E and H-fields are existing. To terminate the
computational window, a cylindrical perfectly matched layer
(PML) has been considered around the gold boundary.

The dispersion relation, describing the effect of dispersion
on the properties of a wave traveling in a medium, is one of
the factors determining the modal properties of the waveguide.
The complex refractive index of gold versus the operating
wavelength is shown in Fig. 2. The dispersion here has been
obtained by an analytical formula that incorporates the
Lorentz-Drude Model. The effect of finite cross section
affecting the mean free path of free electron in the nanowire
has been taken into account by including the damping
frequency [9]-[10]. The complex refractive index of the

Fig.1: Schematic diagram of gold nanowire with ZnO coating.
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Fig. 3: Refractive index of ZnO.

interlayered oxide semiconductor (ZnO) has been calculated
using the formulation as given in [11] and the fitting
parameters has been obtained from [12]-[13]. As shown in
Fig. 3, the index of ZnO varies from 2.2 to 2.0 in the
wavelength range of 0.4 to 1.0 um. Although the imaginary
part of the index is nearly zero, it has been considered in this
work.

III. RESULTS AND DISCUSSION

A. Hybrid Mode Index

The effective index of Plasmon mode of a waveguide
structure depends on the dispersion relation of the guiding
materials. The real part of effective index of plasmonic modes
of the MIM structure of Fig. 1 is shown in Fig. 4, where 1= 50
nm and = 65 nm, has been shown. The quasi TM polarized
modes excited in this structure are either even or odd [14]-[15]
and we have limited our discussion to the fundamental odd
HY,, fundamental even H;, and hybrid even H;; modes. It has
been noticed that at around A = 0.50 pm, the effective index
exceeds the refractive index of ZnO and the modes propagate
as bound SPP. The effective index of different surface
plasmon modes follow almost identical trends having the
resonant peak at around A = 0.56 pm. This phenomenon can
be explained by constructing a single interface gold-zinc oxide
waveguide and looking at the maxima of the polarizability
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Fig. 4: Effective index of different modes.

function at Au-ZnO interface as an MIM structure can be
viewed as a cascaded form of two metal-insulator single
interfaces where modes of the two interfaces couple together
[14], [16].

To explain the relation between effective index and
polarizability factor, a gold nanowire having cross sectional
area, A, has been considered, where the z-axis is parallel to its
axis, the dielectric function is &.tjen, and the wire is coated
with ZnO having dielectric constant &;. The electric
polarizabilities along the X, y and z-directions are calculated
using the equations [2], [15],

E +je . —€
o, =0,=24-"r—n L ]"’” . 2)
gmr +]gmi +gd
and
o =A(e, +jE,,—€). 3)

Using eqns. (2) and (3), the components of polarizability
function with unit cross sectional area have been found for
different wavelengths. The transverse components ax or o,
show a maximum value at around A = 0.56 um. The transverse
polarizabilities o, and a, correspond to the larger effective
mode index around the value of A = 0.56 pm.

B.  Power Distribution and Confinement

The power distribution of different plasmon modes in the
MIM nanowire is shown in Fig. 5. Part (a) shows the power
distribution of the odd H;; plasmon mode at = 0.56 pm. It is
seen that the power is confined only in the dielectric material,
ZnO, having the peak at the inner interface and this profile is
very common for fundamental mode. For fundamental
HY even mode, interestingly power is divided into two lobes
and this is because of the even symmetric field distribution of
the mode and this is shown in Fig. 5(b). It is clear from the
figure that the peak is located on the inner interface and
confined in the dielectric material and decreases
monotonically towards y direction. The power distribution S,
along z axis for odd H;, is shown in Fig. 5(c). The power is
confined in the dielectric material having the peak at the inner

167



=
ORC
(@ (b)

©
Fig. 5: S, for (a) HY; odd, (b) HY, even, (c) H3,odd.

a) (b) (©)

(
Fig. 6: H, field distribution for (a) HY, odd, (b) H, even, (c) Hy,0dd.

interface and divided into four lobes. Fig. 6 shows the
corresponding Hy field patterns of the plasmon modes for the
y polarized modes.

The percentage of power confined in metal region at
different wavelengths is shown in Fig. 7. The confinement
depicted in this figure represents portions of the total power
present inside the metal, as the real part of the complex index
of ZnO is larger than that of the gold. A larger portion of
power remains in the interlayered dielectric in the lower
wavelength region. Previously it has been shown that at
around A = 0.56 pm, the highest polarizability is obtained and
thus the confinement factor shows the pattern of the plasmonic
resonance [16]. Following the resonant peak, the confinement
factor reduces monotonically for fundamental mode as a
function of the wavelength. In case of hybrid Hy, mode the
effective index shows slight transition that contributes to the
transition of confinement factor at A = 0.85 pum.

C. Effective Modal Area

The effective modal area of an optical waveguide can be
defined as the equivalent cross-sectional area through which
electromagnetic power propagates. It is calculated by using the
following equation,

(|[ EL, sy’
Aeﬁ_ =_s
J. E:ormds
s
where, E,om i1s the normalized electric field intensity and
] (.)ds indicates integration over the cross sectional area. Fig. 8
shows the effective area of different modes with respect to
wavelength. It is clear from the figure that effective area
decreases with increasing wavelength. This extremely low
effective area can be exploited to make plasmonic hotspot and
high confinement solar devices [17].
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D. Attenuation Characteristics and Figure of Merits

The attenuation of the waveguide is
calculating the loss as,

loss = —(2Xky X K,; ),

quantified by

)
where, kop=2n/lgand Koy is the imaginary part of the mode
effective index. As mentioned previously that the confinement
factor obtains a peak value at around A = 0.56 pm, the loss
also show resonance peaks around this same wavelength.
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Fig. 9 shows that this hybrid structure offers higher

confinement at the same loss with respect to single interface
gold nanowire as proposed in [16] and other structures also.
Fig. 10 shows that this hybrid structure also tenders extremely
low effective area suggesting that it can be used where
extremely high confinement is required.

Leaky mode which has been reported to exist in planar
MIM structure [14] has also been found in this nonplanar
geometry. The exponential increment of fields in the bounding
media makes leaky modes mathematically valid, however, the
improper solution of the problem used to find guided mode as
explained in [2]. The physical existence of proper or improper
solution is obtained by the real part of the solution of effective
index and the index of outermost bounding material and this
gives rise to spectral gap in dispersion. Thus, when the H),
mode crosses the light line, it is changed into a leaky mode
from bound mode and a spectral gap is resulted and this
spectral gap can be tuned by simple thickness manipulation of
ZnO. Also, the antenna mode, a subdivision of leaky mode
region, exists when Re{nq}>Im{n.,} and is characterized by
propagation of energy out of the guide. By manipulating the
outer gold layer thickness it has been found that this structure
supports the existence of antenna mode also.

IV. CONCLUSION

The modal analysis of gold nanowire based MIM structure
with zinc oxide as insulating intermediate layer have been
carried out by using a full-vectorial FEM. The lower order
modes have been studied and illustrated. Below the
wavelength of 0.48 pm, the magnitude of the dielectric
function of zinc oxide is larger than that of the gold and with
the increase in wavelength the negative part of dielectric
constant of gold increases exhibiting a resonance peak at
around A = 0.56 pm and leads the transverse polarizability to a
maximum value. Also, the effective indices of fundamental
and lower order hybrid modes show resonant peak around this
wavelength. In case of MIM structures, the modes generated at
the inner and outer interfaces couple and give rise to the
highly confined plasmon modes. Though this nonplanar

structure suffers from a relatively higher loss, its confinement
in the metallic gold layer is way more than other structures
like a planar MIM structure. Furthermore, the structure can
excite localized plasmonic mode in a moderately wide
frequency range that falls in the visible light wavelength range
and infrared region. So, the structure can be used in high
confinement solar cell design. The extremely low effective
area offers the chance of creating plasmonic hotspot at lower
loss.
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Abstract—Modal solutions of surface plasmon polariton mode
in a coupled structure containing two identical elliptical gold
nanowires at close vicinity embedded in ZnO dielectric have been
obtained by using full-vectorial finite element method on the
basis of E field. The tight confinement found here reveals the
characteristics of MIM structure and large propagation length
exhibits the property of IMI waveguide. Modal properties like
the effective index, polarizabilities, field and power confinement,
effective mode area and propagation length of some lower order
plasmon modes have been analyzed to find potential applications.

Index Terms—Coupled plasmon structure, hybrid mode,
plasmon hotspot, effective area.

I. INTRODUCTION

Traditional electronic interconnects are not capable of
meeting the colossal data carrying capacity requirement of a
typical modern microprocessor that contains a legion of
transistors. An apparent solution to this problem is to replace
the electronic interconnects by conventional optical
waveguides but the diffraction limit of light stanches that due
to size mismatch of these two technologies at chip level.
Scientists and researchers suggest sub-diffraction limited
plasmonic waveguide integration with electronics and
evolvement of hybrid chips able to take full advantage of both
electronics and photonics [1]-[4]. Plasmonic waveguide thus
renders a potential solution to this problem as it offers high
speed data carrying capability along with some other
interesting phenomena.

In high contrast optical sensing, surface enhanced Raman
spectroscopy and to manipulate the SPP propagation of nearby
waveguides strongly localized electromagnetic fields,
generally known as plasmonic hotspots, are necessary [3], [5].
Thus the waveguide structures having sharp edges like
metallic corners have been proposed so far as they can also
form plasmon hotspots [5]-[12]. But sharp-edged waveguide
fabrication at nanometer range requires very intricate
technologies and hence they are cost inefficient. In this paper a
smooth cornered metallic structure has been investigated and
proposed to generate strongly localized mode. The designed

978-1-5386-3374-8/17/831.00 ©2017 IEEE

structure tenders high confinement and extremely small
effective area with comparatively large propagation length
giving us the opportunity to propagate the SPP at substantial
length with high confinement and also offers us the possibility
of making plasmon hotspot exploiting its extremely low
effective area. The significant modal properties like effective
index, effective area, propagation length, mode size and loss
associated with a coupled nanowire structure have been
obtained in a full-vectorial finite element method.

II. DESIGN OF THE COUPLED STRUCTURE

The coupled structure with two identical elliptical gold
nanowires embedded in direct bandgap ZnO material is shown
in Fig. 1. Each of the gold nanowire has a major axis length of
2a parallel to x direction and minor axis length of 2b parallel
to y direction. d is the distance between the centers of the
nanowires and the z axis has been regarded as the wave
propagation axis. In order to calculate the modal solutions
accurately full-vectorial formulation correctly employing the
boundary condition at the metal-dielectric interfaces has been
used here to study the waveguide. To terminate the
computational window, a cylindrical perfectly matched layer
(PML) has been considered around the cladding region.

The dispersion relation of conventional plasmonic material
gold used in this study shows inter-band transition and to
incorporate this transition an analytic formula considering
Lorentz-Drude model has been used and obtained from [13]-
[14]. Also, the damping frequencies arising from the
comparable nanowire cross section with the mean free path of
electron have been included in this model[13]-[15].The
complex index of the dielectric medium (ZnO) has been found
using the analysis presented in [16]and the fitting parameters
has been obtained from [17]-[18].

III. RESULTS AND DISCUSSION

A. Effective Index and Polarizabilities

The effective mode indices of plasmon waveguides depend
on the operating wavelength since the comprising materials
have a wavelength dependence of dielectric functions. The
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Fig.1: The schematic representation of the coupled nanowire.

real part of complex effective mode index of plasmonic modes
in the structure depicted in Fig. 1 with a= 120 nm b= 100 nm
and d= 270 nm has been demonstrated in Fig. 2.The
horizontally as well as vertically polarized modes excited in a
single elliptical waveguide are non-degenerate in nature as the
electromagnetic interactions between the surface charges
along the x and y axes are not identical and this is unlike to a
circular optical waveguide. When two elliptical nanowires are
in close vicinity to each other the plasmon modes of the two
single nanowires couple to generate coupled modes with
intriguing modal properties that are not possible to generate in
a single nanowire. To analyze the effect of coupling the
effective mode index of the coupled structure has been
compared with the H;, odd mode which is fundamental mode
for a single elliptical nanowire in ZnO cladding. In this
coupled structure, it has been found that for A> 0.52 pm the
real part of effective index of all the modes exceeds the real
part of refractive index of the surrounding dielectric medium
and propagates as SPP mode [19].

Each of the SPP modes finds their resonant peak at around
A= 0.56pum and after the resonant peak mode indices reduces
monotonically following the trend of the real part of index of
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Fig. 2: Effective index of different modes.
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Fig. 3: Polarizability factor along different axes.

ZnO. The resonant peak at 0.56um wavelength can be
attributed to the location of the maxima of transverse
polarizability function for gold-ZnO interface [19]. The
effective index of y polarized quasi-TM surface mode is
linked to its polarizability factor. The electric polarizabilities
along the transverse directions and longitudinal direction for a
single circular nanowire is obtained from [15] and depicted in
Fig. 3. From the figure it is clear that transverse polarizability
component, a, achieves its resonant maxima at around0.55pm
which clearly points to the surface plasmon resonance at
A=0.56pum.

B. Field and Power Confinement

Fig. 4 shows the transverse H-field patterns of different
plasmon modes in the coupled structure as well as single
nanowire. It has been found that this nonplanar coupled
structure excites odd and even symmetric modes like planar
MIM or IMI structures [4], [11]. The odd and even symmetric
modes are the result of mode coupling of the adjacent
interfaces [9]. One of the advantages of this coupled structure
over planar structure is that it can excite odd and even modes
even for a comparatively large separation between the
nanowires due to the adjacent mode coupling like a planar
MIM structure, but it cannot excite leaky plasmon modes.

Fig. 5 shows the Poynting vector along the z axis (S,) of
different plasmon modes at resonant frequency. Around the
surface plasmon resonance, power confinement is more in the
metallic region than in the dielectric cladding region and this
is because of the significantly larger value of mode effective
index than the refractive index of cladding in the smaller
wavelength regime. With increasing wavelength, the mode
index decreases monotonically resulting in less amount of
power in the metal.

The effective index of plasmon mode quantifies surface
confinement and is inversely proportional to the evanescent
field decay length in the dielectric region from the interface
[4]. The more the decay length, the less the surface
confinement. Previously it has been shown in Fig. 4 that the
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coupled H;)even mode has the highest mode index and hence
the most tightly confined SPP mode in the coupled structure.
The power confinement factor curve shown in Fig. 6 is also in
congruent to this. From the figure it is seen that fraction of
power in the metal region is much larger than that of a single
nanowire.

C. Effective Mode Area and Propagation Characteristics

The effective mode area is the equivalent cross-sectional
area through which electromagnetic power propagates. This

parameter is calculated by,
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where, H,omm s the normalized magnetic field intensity and the
[I(.)ds indicates integration over the cross sectional area. Fig. 7
shows the effective area of different modes with respect to
wavelength. In conventional plasmonic waveguides the mode
effective area is the minimum at SPP resonance wavelength as
the modes are tightly confined. Plasmon modes achieve higher
effective area at higher wavelength as the modes evolves into
loosely bound nature at higher wavelength. One of the
advantages of this elliptical structure is that it offers very
small effective area for a large bandwidth and this has been
shown in Fig. 7. TheH;, even mode has a very small gradient,
A(Aerf)
i
the other modes excited in single nanowire waveguide

structure. The reason behind this extremely low mode size is
that in this case modes of two identical elliptical nanowires
completely couple with each other in the tiny gap region and
there is no power present elsewhere.

One of the novelties of this structure is that this structure
working as nonplanar MIM structure offers high confinement
[12] and working as two IMI structure coupled with each other

,as such it results into smallereffective area than that of
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Fig. 9: Figure of merit.

tenders long propagation length [20]. The propagation length
characteristics of this waveguide have been shown in Fig. 8.
From the figure it is seen that propagation length is
substantially larger than planar MIM and other coupled
structures [10]-[11].

One way to compare different waveguide is to analyze their
figure of merits. Fig. 9 depicts the figure of merit on the basis
of effective area versus loss. The H;; even mode in the
coupled structure has noticeably smaller effective area at
lower loss which is an evident of tight surface confinement of
the mode unlike the single nanowire generated SPP modes.
This is attributed by their much higher effective mode area at
the same level of lower loss.

IV. CONCLUSION

The coupled structure comprising of two gold nanowires
embedded in zinc oxide dielectric medium has been
investigated by means of E field based full VFEM to find the
modal properties of some lower order SPP modes. The modal
properties reveal that the fundamental H;, even mode
supported by this structure has very small effective mode area
with a very small gradient of effective area dispersion. In the
infrared regime the H;, even mode of the coupled structure
has more than 85% of total propagating power in the dielectric
region having tight surface confinement with very small
effective area resulting in a highly localized electromagnetic
field. Therefore, this simple structure can be suggested to
generate plasmonic hotspot in infrared and telecommunication
window. For lower propagation length of the fundamental Hy;
even mode, the structure is not suitable for waveguiding
considering the modal properties of the gap mode although
proper geometric modification may lead to be a plasmonic
hotspot source for the higher order modes.
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Abstract— Graphene based array antennas are becoming more
popular for wireless applications due to their ultra slim structure,
versatile nature, flexibility, robustness and other advantages as
compared to conventional patch antennas. Small size and high
gain coplanar waveguide (CPW) feed single element microstrip
patch antenna (MPA), 16 elements array antenna and 32
elements array antenna for millimeter wave applications are
presented in this paper. The proposed antenna configurations
have been designed and simulated using computer simulation
technology (CST). Kapton is used as the dielectric substrate
having dielectric constant of 3.5 and thickness of 0.075 mm.
Graphene is used in the radiating patch as well as ground plane
of the antennas whose electrical conductivity is of 1.4286 x 10°
S/m? The thickness of patch and ground plane are of 0.025 mm
and 0.05 mm respectively. Each single element antenna has
dimension of 1.75x1.5x0.075 mm® and each array configuration
consist of corresponding number of same dimensional single
elements. The results of all the proposed antenna configurations
have been analyzed in terms of return loss, bandwidth, gain,
VSWR and radiation efficiency. Among all the proposed
antennas and analyzed feeding methods, the grounded coplanar
waveguide (GCPW) feed 32 elements array antenna shows the
best performance.

Keywords—RMPA; Graphene; CPW; High gain; CST-MWS;

I. INTRODUCTION

Day by day, the demand for wireless communication
technology is increasing all over the world. Graphene has
drawn a great concentration of the researchers because of
numerous distinct physical features of it [1]. Graphene is
nothing but a single molecular stratum of graphite. It possesses
very tenuous atomic thickness as well as sp? hybridization. It
has also very attractive intrinsic properties as well as zero-
overlap semimetal with very high electrical conductivity. It is
the strongest material of world with tensile strength (TS) of
130 Gpa which is 200 times stronger than steel. Graphene also
shows excellent electrical and thermal conductivity with optical
and transparent properties [2]. The use of Graphene in the
patch of microstrip patch antenna (MPA) offers extreme
miniaturized [3], high operating frequency [4] and high gain
[5] antenna. Graphene is such a promising material which helps
to rule the radiation from the patch and enhance the
performance of an antenna [6].

In [7], author has explained the coplanar waveguide (CPW)
feed Graphene array antenna which is designed and simulated

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

by using computer simulation technology - microwave studio
(CST-MWS) for three dielectric substrates (Kapton, A4 paper
and RT Duroid) at the operating frequency ranging about 13-17
GHz and the bandwidth is of 1.89 GHz for kapton, 2.12 GHz
for A4 paper and 1.74 GHz for RT duroid substrate. The
obtained simulated gain for the array antennas having substrate
width of 10.8 mm and length of 8.8 mm are 7.62 dBi, 7.09 dBi
and 7.19 dBi respectively. The thickness of Kapton (&=3.5),
A4 paper (¢~=3.2) and RT Duroid (¢~=2.2) were of 0.075, 0.05
and 0.254 mm respectively.

A Graphene based miniaturized array antenna provides
significant gain which was observed and reported in [§]

This paper reports the analysis of Graphene based single
element, 16 elements and 32 elements array antennas. All of
these antennas were designed and analyzed for the same
dielectric substrate material, length, width, thickness using the
CST software version 2011. Due to some distinct feature of
Graphene we were motivated to analyze Graphene based high
gain array antenna. The simulated results represent various
plots and figures of the antenna performance parameters that
facilitate to measure and calculate the bandwidth, return loss,
gain, directivity, radiation efficiency, VSWR and radiation
pattern.

II. DESIGN AND SIMULATION

This section presents the design and physical specifications
of all the proposed antennas as well as simulation results of
them from which bandwidth, gain, directivity, return loss,
radiation efficiency of the proposed antennas can be estimated.
For all configurations, Kapton is used as dielectric substrate
having dielectric constant of 3.5 and height of the substrate is
of 0.075 mm and Graphene is used in the radiating patch and
ground plane of the antennas. The thickness of patch and
ground plane are 0.025 mm and 0.05 mm respectively.

A. Single Element GCPW Feed Antenna

Fig. 1 shows the proposed single element grounded
coplanar wave guide (GCPW) feed rectangular microstrip
patch antenna (RMPA) configuration. All the necessary
dimensions of the GCPW feed RMPA are listed in table I.
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Fig. 1 Single element GCPW feed RMPA
TABLE 1 PHYSICAL DIMENSIONS OF SINGLE ELEMENT GCPW

FEED RMPA
Parameter Value (mm)
Width of substrate (Ws) 1.5
Length of substrate (Ls) 1.75
Thickness of substrate (h) 0.075
Width of patch(Wp) 1
Length of patch (Lp) 1
Thickness of patch (tp) 0.025
Thickness of ground plane (tg) 0.05
Width of feed line (Wy) 0.5
Length of feed line (Ly) 0.5
Length of CPW (Lepw) 0.4
Gap between CPW and feed line (g) 0.1

In the proposed single element antenna, Kapton is used as
dielectric substrate having dielectric constant of 3.5 and
Graphene is used as the radiating element (patch) and ground
plane with electrical conductivity of 1.4286x10° S/m. The
length and width of the ground plane is same as the substrate.
In this model coplanar waveguide (CPW) is grounded i.e. it is
attached with ground plane. The proposed single element
RMPA is simulated by using CST-MWS. The magnitude of S;;
parameter of the antenna with respect to frequency is shown in
Fig. 2.
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Fig. 2 |S;,| parameter of single element GCPW feed RMPA

From the above curve, it is seen that the proposed single
element antenna operates at 90.9 GHz with return loss of -
19.19 dB and bandwidth of 7.779 GHz. The gain (IEEE),
VSWR and total efficiency of the single elements antenna are
14.59 dB, 1.24 and 12.74 dB. The VSWR and 3D gain are
presented in Fig. 3 and 4 respectively.
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Fig. 3 VSWR of single element GCPW feed RMPA
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Type Farfield
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Tot. effic. 12.74 dB
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Fig. 4 3D gain of single element GCPW feed RMPA

TABLE I PERFORMANCE SUMMARY OF SINGLE ELEMENT
RMPA FOR GROUNDED CPW AND WITHOUT GROUNDED CPW FEED

Name of Parameter | Grounded CPW feed Without grounded
single element CPW feed single
RMPA element RMPA
Center operating 90.9 GHz 93.3 GHz
Frequency
Bandwidth 7.779 GHz 6.79 GHz
return loss -19.19dB -24.89 dB
IEEE gain 14.59 dB 13.20 dB
Realized gain 14.54dB 13.19dB
Power pattern 2.018 dBW/m? 0.2476 dBW/m?
Radiation efficiency 12.79 dB 11.02 dB
Total efficiency 12.74 dB 11.00 dB
VSWR 1.24 1.12

The proposed Graphene based single element grounded
CPW feed RMPA is also simulated and estimated the
performance parameters without attaching CPW to ground
plane. The estimated performance parameters of without

99.827

VRL

VSW
VSWRI : 1.2464895 Vo



grounded CPW feed RMPA are listed and prepared a
comparison scenario with grounded CPW feed RMPA in the
table II.

B. 16 Elements GCPW Feed Array Antenna

A 16 elements Graphene based GCPW feed array antenna
has been presented in Fig. 5. This antenna consists of 16
individual RMPA elements which has been presented and
discussed in the immediate previous subsection.
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Fig. 5 16 elements GCPW feed array antenna

Distance between two single elements (D) is of 2 mm. The
proposed 16 elements antenna is fed by coplanar waveguide.
The coplanar wave guides are attached with ground plane. The
gap (g) between CPW and feeder of adjacent antenna element
is of 0.2 mm. All the dimensions of the 16 elements are listed
in table III. Dimensions of every single element of the array
are same with the single elements GCPW feed RMPA
proposed in subsection A.

TABLE Il PHYSICAL DIMENSIONS OF 16 ELEMENTS GCPW
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Fig. 7 VSWR of 16 elements GCPW feed array antenna
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Fig. 8 3D gain of 16 elements GCPW feed array antenna

TABLE IV PERFORMANCE SUMMARY OF 16 ELEMENTS ARRAY
ANTENNA FOR GCPW, WITHOUT GROUNDED CPW AND

VSWRL

FEED ARRAY ANTENNA
Name of parameter Value (mm)
Width of substrate (Ws) 10.5
Length of substrate (Ls) 7.5
Thickness of Substrate (h) 0.075
Width of feed line (Wr) 0.5
Length of feed line (Ly) 0.5
Width of CPW (Wepw) 1.8
Length of CPW (Lepw) 1.3
Thickness of patch (tp) 0.025
Thickness of ground (tg) 0.05
Gap (g) 0.2
Distance (D) 2

Fig. 6 shows return loss curve of 16 elements GCPW feed

array antenna. From the curve, it is noticed that the proposed
16 elements GCPW feed array antenna operates at center
frequency of 92.2 GHz. This antenna possesses return loss of-
22.97 dB and bandwidth of 2.309 GHz.

MICROSTRIP LINE FEED
Parameter 16 elements 16 elements 16 elements
GCPW feed without microstrip
Array grounded CPW line feed
feed array array
Frequency 92.2 GHz 92.2 GHz 92.4 GHz
Bandwidth 2.309 GHz 2.305 GHz 1.057 GHz
Return loss -22.97dB -22.99 dB -14.55dB
IEEE gain 25.89 dB 25.82 dB 19.61 dB
Realized gain 25.86 dB 25.80 dB 19.45 dB
Power pattern 14.01 13.95 dBW/m? 7.878
dBW/m? dBW/m?
Radiation 24.11dB 24.03 dB 17.42 dB
Efficiency
Total 24.08 dB 24.01 dB 17.27dB
Efficiency
VSWR 1.15 1.15 1.46

The proposed 16 element GCPW feed array antenna shows

VSWR of 1.15 dB as shown in Fig. 7 and the high gain of
25.89 dB as presented in Fig. 8.The proposed Graphene based
16 elements grounded CPW feed array antenna is also



simulated as well as the performance parameters of the antenna
are estimated for without attaching coplanar waveguide (CPW)
to ground plane and for microstrip line feed method. The
estimated performance parameters of without grounded CPW
feed and simple microstrip line feed array antenna are listed
and prepared a comparison scenario with GCPW feed array
antenna in the following table I'V.

C. 32 Elements GCPW Feed Array Antenna

Fig. 9 shows the proposed 32 elements GCPW feed array
antenna configuration including all the dimensions. The
proposed 32 elements array antenna comprised of 32 single
element RMPAs which has been presented and discussed in the
previous subsection A.
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Fig. 9 32 elements GCPW feed array antenna

The substrate length of 32 elements GCPW feed array
antenna is 14 mm whereas the length of 16 elements GCPW
feed array antenna is 7.5 mm. Only the substrate length of 32
elements array antenna differs from the 16 elements array
antenna, moreover, all others physical dimensions of 32
elements are same with the 16 elements array. The proposed
32 elements array antenna has also been simulated by CST-
MWS 2011.
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Fig. 10 |S;,| parameter of 32 elements GCPW feed array antenna
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Fig. 11 VSWR of 32 elements GCPW feed array antenna
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The simulated return loss curve, VSWR and 3D gain of 32
elements GCPW feed microstrip array antenna are depicted in
Fig. 10, 11 and 12 respectively. The proposed 32 elements
array antenna operates at center operating frequency of 95.4
GHz with bandwidth of 1.279 GHz and return loss of -26.09
dB. The antenna has VSWR of 1.10 and high gain of 28.68 dB.
It is clear that the 32 elements array shows high gain and better
VSWR, return loss as well as radiation efficiency. The
proposed antenna also analyzed for without grounding the
CPW feed and for microstrip line feed. For both feeding
method, we estimated the performance parameter like return
loss, gain, efficiency, VSWR etc. Those parameters are listed
and prepared a comparison scenario by putting in a single table
V.

TABLE V PERFORMANCE SUMMARY OF 32 ELEMENTS ARRAY
ANTENNA FOR GCPW, WITHOUT GROUNDED CPW AND

MICROSTRIP LINE FEED
Parameter 32 elements 32 elements 32 Elements
GCPW feed without microstrip line
array antenna grounded CPW feed array
feed array antenna
antenna
Frequency 95.4 GHz 95.4 GHz 96.2 GHz
Bandwidth 1.279 GHz 1.28 GHz 0.825 MHz
Return loss -26.09 dB -26.09 dB -20.98 dB
IEEE gain 28.60 dB 22.76 dB 19.13 dB
Realized 28.59dB 22.75dB 19.10dB
gain
Power 16.69 10.85 7.06
pattern dBW/m? dBW/m? dBW/m?
Radiation 26.57dB 20.09 dB 17.25dB
Efficiency
Total 26.56 dB 20.08 dB 17.21dB
Efficiency
VSWR 1.10 1.10 1.19

III. PERFORMANCE COMPARISON AND SUMMARY

We have designed and simulated Graphene based different
antenna (single element, 16 elements array, 32 elements array)

configuration by using CST-MWS 2011. These antennas have
been able to provide very high gain covering the millimeter
wave wireless communication. All the proposed array
configurations have been designed to provide better
performance than conventional patch antenna. All of the
proposed antennas both single element antenna and array
antennas offers improved performance than the antennas
mentioned in reference section. For example, the [7] have



designed array antennas using three different substrates and it
obtained maximum gain of 7.62 dB and [9] has simulated gain
of 18 dB but consists of large number of elements (256). In
[10] the simulated gain is of 16.3 dB for dense dielectric
microstrip patch antenna array configuration by using EM
band gap structure and dielectric superstrate. But our designed
and proposed Graphene based GCPW feed single element, 16
elements array and 32 elements array antennas offer better
performance like gain (IEEE) of 14.59 dB with return loss of -
19.19 dB covering bandwidth of 7.779 GHz for single
element, gain (IEEE) of 25.89 dB with return loss of -22.97
dB covering bandwidth of 2.309 GHz for 16 elements, gain
(IEEE) of 28.60 dB with return loss of - 26.09 dB covering
bandwidth of 1.279 GHz for 32 elements array. Not only
simulated performance parameters but also according to the
size of the array, our proposed array configurations are better
than [7]. All the simulated performance parameters of single
element, 16 elements and 32 elements array antennas for
grounded CPW (GCPW) feed, without grounded CPW feed
and microstrip line feed are summarized in the following table
VI. From the table VI, it is seen that among three analyzed
feeding method of the proposed antennas shows comparative
better performance for grounded waveguide feed. And among
all the proposed antennas, 16 elements array shows better
performance than single elements antenna and 32 elements
array shows better performance than the 16 elements array
antenna.

TABLE VI PERFORMANCE SUMMARY OF GRAPHENE BASED
PROPOSED ANTENNAS

Proposed | Feeding Center Return -10 Gain | Radiation
antenna frequency loss dB (dB) | Efficiency
(GHz) (dB) BW (dB)
(GHz)
Single GCPW 90.3 -19.19 | 7.779 | 14.59 12.79
Element | NGCPW 93.3 -24.89 | 6.79 | 13.20 11.02
16 GCPW 92.2 -22.97 | 2.309 | 25.89 24.11
Elements | NGCPW 92.2 -22.99 | 230 | 25.82 24.03
ML 924 -14.55 1.05 19.61 17.42
32 GCPW 95.4 -26.09 | 1.279 | 28.60 26.57
Elements | NGCPW 954 -26.09 1.28 | 22.76 20.09
ML 96.2 -20.98 | 0.825 | 19.13 17.25

*GCPW= Grounded CPW, NGCPW= Not grounded CPW,
ML= Microstrip line feed

IV. CONCLUSION AND FUTURE PLAN

In this work, Graphene based three small sized high gain
microstrip patch antennas have been designed and analyzed,
first one is single element rectangular microstrip patch antenna,
second and third are 16 elements and 32 elements array
antennas. All the antennas are also simulated and analyzed
using different feeding methods such as ground coplanar
waveguide feed, without grounded coplanar waveguide feed
and microstrip line feed. Among all the proposed antennas and
analyzed feeding methods, the grounded coplanar waveguide
feed 32 elements microstrip array antenna shows best
performance. The proposed antennas are suitable for millimeter
wave applications such as 5G, high speed mobile
communication, most modern radar, satellite communication,
radio astronomy, high speed data transmission, directed energy
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weapons etc. In future, we are highly interested to fabricate the
proposed antennas to buttress the simulated results.
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Abstract—A  polarization-sensitive terahertz switch is
presented in this work. The device works passively in the
transmission mode and shows different transmission behaviors
for the two orthogonal polarizations. The operation central
frequency and bandwidth of the switch are 926GHz and
140GHz, respectively. The switching contrast of the device is
9.3dB for y-polarization and 28.5dB for x-polarization at its
center frequency. The impact of the geometrical parameters of
the switch on its performance is briefly discussed.

Index Terms—Terahertz switch; on/off ratio; subwavelength
metallic ring apertures.

I. INTRODUCTION

Due to small electromagnetic interaction of terahertz waves
with natural materials and the practical difficulties in scaling
the existing optical and infrared design dimensions, devices to
control and manipulate terahertz wave propagation such as
switches, filters, modulators and polarizers still hinder the
technology development. Metamaterials, due to their ability in
alleviating the severe materials issues, have turned into the
most promising approaches for manipulating terahertz waves.

Inspired by realization of tunability or switching ability, the
focus on metamaterials has been extended from the structural
design of a specific electromagnetic response to
reconfigurable terahertz metamaterial devices. Several
researches have recently conducted on geometrical
reconfiguration of metamaterials by using micro-electro-
mechanical system (MEMs) techniques. For instance, a
reconfigurable RF-MEMs capacitor switch within a split-ring
resonator (SRR) on a low-loss quartz substrate is proposed in
[1-2], reconfigurable metallic slits are employed in [3-5] for
broadband terahertz switching and terahertz MEMs switches
based on metallic mesh filters are presented in [6-8].

On the other hand, extraordinary optical transmission
through subwavelength metallic apertures due to the
resonance excitation of surface plasmons has been of great
interest in manipulation of electromagnetic waves below the
wavelength scale. Several terahertz switches/modulators
based on subwavelength metallic apertures have been
demonstrated including those using Graphene material [9-10],
those based on metallic hole array on vanadium dioxide film
[11] or on gallium arsenide based substrates [12],
complementary  plasmonic  arrays [13], electrically
transmission-tunable subwavelength hole arrays [14].

Important parameters to characterize a terahertz switch
are switching contrast, insertion loss, and a designable
resonance frequency and bandwidth. In this article, we
propose a MEMs-actuated reconfigurable dual-layered array
of subwavelength metallic ring apertures on a low-loss
substrate to demonstrate broadband switching of terahertz
waves at room-temperature with tailored operation frequency

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

and large on/off ratio. Each layer consists of a periodic
arrangement of metallic holes or metallic pillars. Similar
configuration to ours, with silicon as the constituent material,
has formerly been used in [15] by Hadzialic et. al. for
displacement sensing in the optical frequency band.

II. DESIGN AND SIMULATION

The switch considered in this work consists of a metal film
perforated with a periodic array of holes, suspended above the
polystyrene foam substrate. The membrane is attached to a
MEMs actuator for lateral positioning. In the center of each
hole, there is a metal pillar that is fixed to the substrate.
Before actuating the MEMs, which is the switch OFF-state,
the pillars are located exactly at the center of the holes. In this
case, the unit cell of the structure is reduced to a coaxial
waveguide, which its response to incident terahertz waves can
be obtained straightforwardly due to its well-known mode
fields and their cut-off frequencies [16-21]. After actuating the
MEMs, which is switch ON-state, the suspended metal
membrane shifts laterally and the holes and pillars are in
contact with each other. Therefore, the transmission spectrum
of terahertz waves through the structure changes as the
geometry of the structure varies. The schematic diagram and
operation principle of our switch is depicted in fig. 1.

The electromagnetic modeling of the structure is performed
using a commercial FEM electromagnetic solver. The pillars
were modeled as perfect electric conductor (PEC) with radius
(r;) of 54um and the membrane which is perforated with holes
is also modeled as PEC with the holes’ radii (r,) of 60um. The
thickness of membrane (H;) is Sum and the periodicity of the
periodic structure (A) is 200um.

We analyzed the structure for two perpendicular
polarizations (x and y). The transmission spectrum of
terahertz light through the switch, for both polarizations, are
shown in fig. 2. For both polarizations, when the switch is
OFF, we have a transmission peak with the transmission
frequency of 0.926THz and transmission bandwidth of
140GHz. As the holes are displaced laterally in the x-direction
with an amount of 6um and become in contact with the pillars
(switch ON-state), a spectrum shift appears in the
transmission peak of transmitted light and this can be used to
switch the terahertz light. For y-polarized light, this spectrum
shift is 225GHz towards higher frequencies. The on/off ratio
of the switch at its resonance frequency of 0.926THz is 0.9 for
this polarization. The spectrum shift for x-polarized incident
terahertz light is 351GHz towards lower frequencies and the
on/off ratio at its resonance frequency is 0.98.

As is seen, when the holes are displaced by an amount of
6um, the transmission at 0.926THz changes by more than
90% for both polarizations.
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(a)
Fig. 1 The operation principle of the switch. (a) The pillars are centered inside the holes (OFF state). (b) The MEMs is actuated and the membrane
displaces laterally and the holes are in contact with the pillars (ON state).

However, the transmission behavior of switch in ON-state
is different for the two polarizations. The difference in the
spectrum shift for two polarizations is due to the excitation of
different modes according to different structural symmetry in
ON-state.

The device shows a high switching contrast of 28.5dB at its
maximum transmission frequency of 926GHz for x-polarized
terahertz light. However, for y-polarized light, this contrast is
only 9.3dB. The isolation diagram of the switch for the whole
transmission bandwidth is shown in fig. 3.

At zero bias voltage, which is the switch OFF-state, the
insertion loss at the resonance frequency is 0.07dB. When a
bias voltage is applied and the switch goes to ON-state, the
transmission band shifts and the insertion loss reaches the
value of 9.3dB for y-polarization and 28.5dB for x-
polarization at the resonance frequency of 926GHz. The
insertion loss diagram of the switch for both states is depicted
in fig. 4.

Figure 5 (left side) shows the amplitude transmission of the
switch at 926GHz (OFF-state resonant frequency) for
different displacement values of the inner cylinder in the x
direction for both polarizations. Figure 5 (right side) shows
the resonance frequency of switch versus the displacement of
the inner cylinder.
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It is observed that the amplitude transmission value is
decreased when the displacement of inner cylinder is
increased to 6um. Also it is inferred from fig. 5 that the
resonance frequency of switch varies conversely for different
polarizations as the displacement is increased.

It is of great importance to choose a proper substrate for the
designed structure, as it will certainly affect the performance
of the switch. In this work, polystyrene foam is used as the
substrate, which has a remarkable low refractive index of
1.017 to 1.022 and very small losses in the terahertz range
between 0.2 and 4THz [22]. This makes the polystyrene foam
a suitable material for transmitting terahertz radiation.

It is assumed that the height of pillars beneath the
membrane and above the substrate (Hz) is zero in all the
presented results. Our investigations show that nonzero value
of H, leads to more insertion loss. Complete representation of
this issue will be done in future.

III. DISCUSSION

Compared to previous works, the presented terahertz switch
offers some interesting advantages. This switch shows
switching capability for both polarizations, although with a
significant difference in switching contrast. Moreover, the
operation frequency of this switch is near 1THz, which is
highly matched with the center frequency of terahertz waves
generated by optical methods such as difference frequency
generation and optical rectifications.
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Fig. 2 (a) The modulation characteristics of the designed terahertz switch for incident terahertz light polarized perpendicular to the moving axis (y-
polarized) (b) for incident terahertz light polarized along the moving axis (x-polarized). The blue curve shows the device transmission in OFF state and the

red curve shows the device transmission in ON state.
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Fig. 3 The isolation diagram of the switch for both polarizations.

The switching contrast for x-polarization is 28.5dB, which
comparing to [1] that proposed a switch with contrast of
16.5dB at 480GHz, and [2] with a contrast ratio of 26.2dB at
602GHz, shows a relatively improved switching performance.
In [7-8], a reconfigurable meta-surface switch/modulator is
proposed with less than 10dB modulation index, which its
main advantage is its broad operation bandwidth. Other works
offer modulation depths of less than 10dB in their modulation
bandwidth, although they propose some novelties in their
designs which lead to high modulation speeds [9-14].

Due to scaling properties of metamaterials, it is apparent
that the switch resonance frequency, bandwidth and isolation
can be tailored by varying the geometry and dimension of the
structure. For the purpose of analyzing the effects of structural
parameters on the transmission properties of switch, we
changed the inner and outer radius of the cylinders, the
membrane’s height and the periodicity of the structure.

For a fixed outer radius of the rings (1,), as far as the inner
rod’s radius (r;) is increased, the resonance frequency and
bandwidth are decreased and the isolation through the whole
transmission band is increased. Also as the period of structure
(A) is decreased, while reserving the ratio of inner to outer
radii of the rings, it is found that the transmission resonance
frequency and bandwidth, as well as isolation are increased.
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Fig. 4 The insertion loss of the switch for OFF-state which is the same for
both polarizations (green curve), and the ON-state for y-polarized terahertz
light (black curve) and x-polarized terahertz light (purple curve).
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Fig. 5 (Left side) Amplitude transmission of the switch at OFF-state
resonance frequency for different displacement values of membrane for y-
polarized (black curve) and x-polarized (purple curve) terahertz light,
(Right side) Variation of the resonant frequency versus displacement of
membrane for both polarizations.

Furthermore, by increasing the height of the membrane
(Hi), moderate decrement in transmission bandwidth and
slight decrement in transmission frequency appears and the
isolation enhances through the bandwidth. Therefore, the
performance parameters of the switch can be enhanced
significantly by further optimization of the device geometry.

IV.CONCLUSION

A low-loss MEMs actuated terahertz switch, consists of
dual-layered array of subwavelength metallic ring apertures is
proposed in this paper. Lateral displacement of metallic
membrane perforated with a periodic arrangement of holes
with respect to metallic pillars is used to control ON/OFF
operation of the switch. A high switching contrast of 28.5dB
for x-polarized light and moderate contrast of 9.3dB for y-
polarized light is demonstrated at 926GHz which is the center
band-pass frequency of the switch. The operation bandwidth
is 140GHz. Further improvement of the device performance is
possible through additional optimization of the geometrical
parameters of the design.
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Abstract - A concise 3D wideband antenna with direction is
exposed to microwave imaging application. The proposed
prototype has a low profile and a three dimensional folded
structure is the main geometry of the antenna. To attain uni-
directionality and resonance at a lower frequency, a special S-
shaped along with a 3D technique is used. The dimension of the
proposed antenna is 0.11x0.279%0.044 A3 at 1.1 GHz which has fed
with 50Q microstrip transmission line. The antenna has a
capability of covering the frequency of 1.1 GHz to 2.2 GHz with an
average gain 5.5 dBi at 2.0 GHz. The proposed antenna
accomplishes 66% fractional bandwidth (1.1 — 2.2) GHz. This
prototype is designed and simulated in HFSS and CST Microwave
Studio software.

Keywords—3D; Dual; High gain; Microwave imaging; S-shaped;
Unidirectional.

I. INTRODUCTION

Microwave imaging is an innovative technique in recent few
decades which attracts a huge interest in medical diagnostic
applications such as brain tumor detection, health monitoring
etc. owing to its low profile, low cost, portability, side impact
reducing properties. Some premature deaths are occurred due to
various brain disease which is undetected at the beginning of
the phase. Some existing techniques those are standard for brain
tumor detection such as Magnetic Resonance Imaging (MRI),
Biopsy and Computerized Tomography (CT) scan. But due to
their heavy weight and static structure, they are not available in
outside of the hospital[1-3].

The resonance frequency right from 1 - 4 GHz is the
specified band with regard to head imaging application [4-6].
The most challenging task is to design a compact three-
dimensional patch antenna with direction and operates at a
lower frequency when it is applied in a most vulnerable portion
of the human physique (brain). For head imaging, it is said that
the antenna must be unidirectional. Because directivity makes
the imaging technique easier and simpler. Some efforts have
been made recently in antennas to realize high gain and
directivity for microwave imaging [7-9]. Even so, the
directivity of the antenna seriously isn't very acceptable for the
Human Head Imaging [10]. The gain is 4 dBi and not highly
directive of the radiation pattern. Another paper which gain and
radiation pattern are not perfect for head imaging [11]. The
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antenna achieves 3.5 dBi average gain with 63% fractional
bandwidth [10]. The antenna reaches 6-8 front to back ratio
with 53% fractional bandwidth which is not appropriate for
microwave imaging [9]. The low-cost FR4 substrate is used to
construct the antenna, but its peak is approximately 2.8 dBi
which provides low directivity [8].

In this paper, a compact 3D double S-shaped wideband
antenna is introduced. The dimension of the prototype is
0.11x0.279x0.044 A3 at 1.1 GHz. The frequency band which is
covered by the antenna is 1.1 GHz to 2.2 GHz. CST and HFSS
simulator are used to simulate the proposed antenna. The
prototype antenna is small dimensions, cost lessen and have
decent features which make it suitable for easy use in the sector
of microwave imaging.

II. ANTENNA CONFIGURATION

The structure of the antenna elements generally starts with the
fundamental equations for finding width and length of the
microstrip antenna. To realizing the dimensions of the patch is
first to determine the width and length using the following
equation:

_ ¢ |g+]
2f, V2

The final design of the prototype is demonstrated in Fig 1. The
antenna is comprised of Roger RT/Duroid 5880 substrate which
breadth is 1.6 mm. The permittivity of the substrate is 2.2. In this
letter, only one substrate is used instead of this paper [12]. The
dimension of the proposed antenna is 70x30x13.4 mm?. The
patch is situated on both sides of the substrate which size is 36.5
x 15 mm?. A 13.4 x 4 mm? feeding line is branded on the top
most side of Roger RT. The patch is S-shaped. A parasitic
reflector and two copper walls are added at the bottom of the
substrate, in order to give a 3D structure of the antenna. To attain
uni-directional radiation pattern and the lower operating band a
folded parasitic structure is used. The proposed antenna insures
the bandwidth 1.1 - 2.2 GHz with an average gain 5.5 dBi at 2.0
GHz, which is acceptable for microwave imaging. The size of
the parameters are presented in Table 1.
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frequency, the lower S-shape radiates larger than the upper side.
Parasitic Ground Element The 2D radiation pattern is displayed in Fig 8 which indicates
that antenna has unidirectional characteristics. In table 2 the
proposed antenna is compared with some existent antenna to
verify its performance. For the head imaging, high directivity is
essential characteristics which are not followed in the following
referenced paper. But the proposed antenna is small in size and

Parasitic Top Element Feeding Line

H high directivity. So the proposed antenna is perfect in using of
head imaging application.
9 _\ . 27N
NS , \
Vertical Copper Wall
-5
Figure 1. Geometric layout of the proposed Antenna 10
a
T
TABLE =~ PARAMETERS SIZE OF THE ANTENNA ; 15
Parameters | mm | Parameters | mm
-20 4 —— Proposed
w 30 L5 3 — —0OnlyS
L 70 L6 6 — - —Double S
-25 T T 1
L, 33.5 wi 4 1 5 3 4
Ll 20 w2 6 Frequency (GHz)
L2 6 w3 4 Figure 2. Simulated s11 at various conditions of antenna
L3 13.4 h 1.6
L4 7.5

III. RESULT AND DISCUSSION

Computer Simulation Technology (CST) and High-
Frequency Structural Simulator (HFSS) software both are used
to observed the performances and got the simulated result of
proposed antenna. Typically the particular antenna is fed by 50
Q microstrip transmission line. In order to get high gain and
lower frequency, we change the initial design in a different way
and simulate those design. The final s11 comes out in three - gg:fbis
conditions such as a) Only S-shaped without a cutter, b) Double <2 : . ; i
S-shaped without copper wall and parasitic reflector and c) the 1.0 1.5 20 25 3.0
complete design. At first, we simulate only S-shaped without a Frequency (GHiz)
cutter. The result was not satisfactory. Then change it Figure 2. Simulated peak gain at different conditions
respectively single S-shaped on the top side and Double S-
shaped without copper walls and parasitic reflector. At last
design, the proposed antenna and got the proper gain at lower 0 -
frequency shown in Fig 2. Designing the patch different shaped
are applied to the substrate those are H-shape, V-shape, and L-
shape. But applying s-shape on the top and bottom part of the
Roger RT, make the proposed antenna working at the desired
frequency with high gain and efficiency. By developing this
way, the proposed antenna is perfect for microwave imaging.
The sll result and simulated peak gain are presented
respectively in Fig 4 and Fig 5. The maximum appreciated gain
is 5.5 dBi at 2 GHz. Fig. 4 demonstrates the simulated s11 result
against frequency for the proposed antenna in both HFSS and
CST. The efficiency is expressed in Fig 6. The surface current
distribution is shown in Fig 7 where the maximum radiating
area is feed line and then the edge of S-shape. At lower Frequency (GHz)
frequency upper S-shape radiating most but at a higher Figure 4. Simulated s11 in HFSS and CST
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Figure 5. Simulated peak gain of the antenna
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Figure 6. Simulated efficiency in HFSS and CST
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TABLE II COMPARISON WITH OTHER WORKS
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Antennas | BW GHz(- Dimension Gain
10dB) (dBi)
[10] 1.03-1.85 024 A x0.10 A x 4
0.05 2
[13] 1.41-3.57 0.11A%x0.23Ax 2.5
0.05 A
[14] 05 -1 0.29 X x 0.08 A x.08 3-5
A
[15] 1.25-2.4 0.29 1 x 0.12 A% 0.06 3.5
A
Proposed 1.1-22 0.11A x0.279 A x 5.5
0.044 L

IV. CONCLUSION

The structure of a wideband patch antenna with direction is
presented. The antenna consists of double S-shaped on Roger
RT substrate on both sides. The overall dimension of the
prototype is 0.11 A x 0.279 A x 0.044 A3 at 1.3 GHz which has
fed with 50Q microstrip transmission line. The antenna insures
the frequency band from 1.1 - 2.2 GHz and obtains an average
gain 5.5 dBi at 2.0 GHz. The proposed antenna defines 66%
fractional bandwidth (1.1 — 2.2) GHz. The geometric design of
the antenna is simple enough and is very easy to be

implemented with microwave imaging applications.
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Abstract— This paper presents a compact slotted rectangular
microstrip antenna with modified ground plane. Performance
advancements with simple modifications of a reference antenna has
been carried out in the entire work. The radiating patch and the
ground surface has been loaded by two asymmetrical slots and two
symmetrical slots respectively. This slight change in antenna shape
makes the microstrip antenna more compact. In addition, the
directivity, gain, and radiation efficiency have been enhanced
significantly. The overall antenna size is 41.3 mm x 48.5 mm x 1.6
mm. The proposed antenna provides 19.8% of the compactness
along with 2.9dB of gain enhancement, directivity boost of 2.5dB and
radiation efficiency improvement of 25%, approximately. An
acceptable relationship is observed between co and cross
polarization from achieved patterns which imply the antenna
structure as a qualified radiator in terms of polarization purity. A
prototype is fabricated with proper characterization. The measured
results have a good agreement with simulated results.

Index Terms—Microstrip antenna, rectangular patch,
symmetrical slots, asymmetrical slots, performance parameters.

I. INTRODUCTION

In the era of modern wireless communication, microstrip
antennas are commonly used because of their several attractive
features like low cost, low profile, light weight, ease of
fabrication, etc. However, the microstrip antennas are having the
laminations of narrow bandwidth and poor radiation
characteristics inherently [1]-[2]. These antennas work efficiently
near the resonance frequency due to the narrow bandwidth
problem. Thus, precise determination of the resonant frequency
of the antenna is mandatory. Patch dimension, effect of fringing
field as well as the effective dielectric permittivity are the major
issues which are required to take account on determining the
resonance frequency of the antenna accurately [3].

Antenna gain enhancement is advantageous for increasing the
transmission distance and for reducing the transmitter power
consumption as well. Different techniques [4]-[12] have been
employed to overcome the low gain problem of microstrip
antennas. Multiple patches in an array have been used to enhance
the antenna gain [4]. Slotted patch has removed the overall gain
characteristics [5]. Laminated conductors have been implemented
in order to increase the gain [6]. Adding parasitic patch as well as
different types of feeding techniques have also been used to
improve the gain [7]. A circular headed dumbbell shaped defected
ground plane with peak realized gain of 9 to 9.5dBi and
impedance bandwidth of 22% has been proposed in [8]. In [9], a
high gain dual band resonance cavity antenna has been designed
with orthogonal polarization using slotted patch over the ground
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plane. An antenna consisting of planer and vertical patches has
been designed for gain improvement [10]. A wideband high gain
antenna has been designed using the square patch on air substrate
[11]. Antenna without external filtering circuit consists of both
driven patch and stacked patch have been designed for gain
enhancement [12].

In this communication, a high gain, compact and directive
microstrip antenna has been designed with higher radiation
efficiency. The performance parameters of the designed
rectangular microstrip antenna are improved by two
asymmetrical slots embedded on the radiating surface along with
two symmetrical slots inserted the ground plane. The paper is
summarized as follows: section II describes the antenna
geometry. Section III describes the results with validation.
Conclusion is given in section IV. Acknowledgment followed by
references is then included at the ending of the paper.

II. ANTENNA GEOMETRY

The top-view and the bottom view of the proposed antenna are
shown in Fig. 1(a) and Fig. 1(b), respectively. A rectangular patch
having the dimensions of 41.3 mm x 48.5 mm has been designed
by employing two stacked Rogers Duroid 5880 (€;1=€n=2.2 and
h; = hy= 0.762mm) substrates sheets which have the dimensions
of 70 mm x 70 mm. For excitation, a 50Q microstrip feed line of
dimensions 14.35 mm x 1.20 mm is used. For improving the
performance parameters of the patch antenna, the radiating patch
is loaded by slot-1 and slot-2 (having the same dimension) are
inserted in the ground surface as illustrated in Fig. 1.

I,

(Axis)

() (b)
(Center coordinates of the slots are indicated by P, Q, R and S. here, cm is used
as unit in the complete geometry)
Fig. 1 Geometry of proposed antenna. (a) Top view and (b) Bottom View

Positions and dimensions of the slots on radiating patch and
ground surface are optimized respectively to enhance the
performance parameters of the antenna for the frequency range of
1.75 GHz to 2.50 GHz. The antenna geometry is designed using
finite element method based HFSS (high-frequency structure
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simulator) software [13]. Dimensions of the inserted slots are
mentioned in Table I. Here, the positions of the slots indicates the
center location of the respective slots.

TABLE I
PARAMETERS OF INSERTED SLOTS

Value

P (x1 =-3.0 mm, y1 =-7.832 mm)
Q (x2=6.8 mm, y2 =-6.982 mm)
R (x3 =0 mm, y3 =32.5 mm)

S (x4 =0 mm, y4 =-32.5 mm)

20 mm X 1.0 mm

26 mm X 2.5 mm

55 mm X 5.0 mm

55 mm X 5.0 mm

Slot Parameters
Position of slot-1
Position of slot-2
Position of slot-3
Position of slot-4
Dimensions of slot-1
Dimensions of slot-2
Dimensions of slot-3
Dimensions of slot-4

III. RESULTS AND VALIDATION

Fig. 2(a) and Fig. 2(b) illustrates the top view and bottom view
of the fabricated antenna, respectively.

(a)

Fig. 2 Snapshots of fabricated antenna (a) Top view and (b) Bottom view.

Fig. 3 depicts the Si; values comparison between the simulated
and measured results of the slotted optimized antenna with the
reference antenna where there is no slots in either of the patch or
the ground plane. The Agilent N5230A network analyzer is used
during the S;; parameters measurement of the fabricated
prototype.

0
44

2
S
e

-124

-164

175 2.00 2.25 2.50
Frequency (GHz)

Fig. 3 Sy, vs. Frequency comparison.

2.275 GHz of the simulated resonance frequency has been
observed for the reference antenna (without slots). In case of the
slotted optimized antenna, the simulated resonant frequency has
been found as f; = 2.15 GHz while measured resonance frequency
of the fabricated prototype, fn =2.155 GHz. Consequently, the
measured and the simulated resonant frequency are observed as
close enough.
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The resonant frequency of the designed antenna has been
reduced by 0.125 GHz by inserting the slots on both of the
radiating patch and the ground plane. Slots on the antenna
structure generally lengthens the surface current path which
enhance the antenna length. As a result, the operating frequency
of the designed antenna is dropped by 5.49% with respect to the
reference antenna (no slots). This operation results in 19.8%
(approximately) of the patch size reduction for an expected
resonance frequency design. Thus, the optimized prototype
displays a good compactness in size.

Fig. 4 depicts the contrast of simulated gain for reference
antenna and the slotted optimized antenna. Numerically, 4.555dB
of gain has been observed at the resonant frequency of the
reference antenna. Slot insertion in the patch and ground surface
has enhanced the gain 7.44 dB at the particular operating
frequency (2.155 GHz) while simulation result shows 7.02 dB of
gain at the operating frequency of 2.15 GHz. Thus, a significant
betterment in case of gain has been achieved by employing the
slots on both of the radiating patch and ground plane.

8

Gain (dB)

2.00 2.25
Frequency (GHz)

2.50

Fig. 4 Gain vs. Frequency comparison.

Friis formula of transmission is used to calculate the gain of
the optimized slotted antenna as follows:
_BG,GA
- 2

(47z'R)

The experimental setup gives us Pt = Cable Loss = -8.5 dB, Pr

= Received Power (Max. at 0°) = -36.56 dB and R = distance

between the testing antenna and the horn antenna = 200cm.
Now the wavelength, A is computed as:

1=5213.92em @)
f

(1)

R

The intermediate factor used in (1) is computed as follows:

2 2
kz( 4 j =( 13.92 j =-45dB 3)
4R 4%x3.14%200

Now, finally the gain (dB) is computed as follows:
G =P,-P.-G,—K=744dB (4
The simulated directivity and the radiation efficiency
comparison between reference antenna and slotted optimized
antenna are presented in Fig. 5(a) and Fig. 5(b), respectively. The
directivity of the patch antenna is observed as 5.06 dB whereas
for optimized antenna it is observed as 7.5578 dB. Similarly, the




radiation efficiency of the reference antenna and the slotted
optimized antenna is calculated as 70% and 95%, respectively.
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Fig. 5 Comparison of (a) Directivity and (b) Radiation Efficiency.
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The achieved radiation patterns of the designed antenna are
shown in Fig. 6. Fig. 6(a) and Fig. 6(b) illustrates co and cross
polarization for E- plane respectively. A good agreement between
simulated and measured patterns is observed. Likewise, Fig. 6(c)
and Fig. 6(d) illustrates co and cross polarization for H-plane,
respectively. Nearly 20 dB of difference between co and cross
polarization is observed. Thus, the designed microstrip antenna
having the polarization purity up to the mark.

‘ \730 )
180 N

(b) Cross polarization at E plane

120 60

1680

(a) Co polarization at E plane
90

180 RN -40 0 180 : G, : o
(c) Co polarization at H plane (d) Cross polarization at H plane

Fig. 6 Achieved Radiation Patterns (Red lines indicate simulated patterns and
Blue lines indicate measured patterns).

Hence, an excellent improvement is found in the slotted
optimized antenna as compared to the reference antenna for
different performance parameters such as operating frequency,
directivity, gain, and radiation efficiency. In addition, the
optimized antenna structure is more compact than the reference
antenna. Furthermore, a good agreement has been found between
the simulated and measured results. A slight deviation is noticed
between the simulated and measured results. This error might
take place due to staking of two same substrates during
fabrication. Besides, effect of soldering in PCB board and
connector has not taken under the consideration during the
simulation work.

IV. CONCLUSIONS

A novel slotted-microstrip antenna has been demonstrated with
a defected-ground plane to improve antenna performance such as
compactness, gain, directivity and radiation efficiency. These
parameters are improved in designed antenna compared to the
reference antenna, which has no slots in both radiating patch and
ground surface.
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A prototype of the proposed antenna design has been fabricated
with proper characterization for wvalidation. An excellent
convergence has been observed between the measured and the
simulated results. A significant improvement in different
performance parameters gain has been noticed by employing two
slots on the radiating patch and another two slots in the ground
surface. This encouraging amount of enhancement in four various
performance parameters has made the proposed antenna an
excellent alternative for enhanced radiation characteristics
applications for wireless communications.
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Abstract—A compact and broadband wearable antenna is
presented in this paper. The coplanar waveguide (CPW) feed
antenna is composed of a modified rectangle patch with
truncated top and bevelled bottom corners which operates from
3.2 to 14 GHz frequency band. The proposed antenna is
employed on flexible Liquid Crystal Polymer (LCP) substrate
and has a compact dimension of 37.91x28.39x0.88 mm3. The
fractional bandwidth of the antenna is about 125.58% by taking
-10dB reflection coefficient into consideration. The performance
of the antenna under structural deformation, humid condition
and on-body placement are also evaluated. The wideband
operation, compact size, resilient to frequency de-tuning in on-
body configuration with low specific absorption rate make the
proposed antenna suitable for the wireless body area network
(WBAN) applications.

Keywords— WBAN; Wearable antenna; wideband; LCP

L INTRODUCTION

An antenna is the requisite part of the WBAN system
which demands light weight, compact size, mechanical
robustness, directivity and physical comfort for excellent
operations. For narrowband operation, such antennas show a
shift of resonant frequency when in close contact with human
body [1-4]. Simultaneously, antenna may experiences
different bending situations when human body moves.
Therefore maintaining balanced electrical and mechanical
features under distinct bending situations are also the major
discretions in the study of the wearable antenna. On the other
hand, computing the impact of these antennas on the human
body regarding maximum allowable specific absorption rate
(SAR) is important too [5].

Various low-profile antennas along textile substrates are
investigated in [6,7, 8]. Disrupted substrate material of an
antenna can be easily affected by the humidity. Thus an
expensive substrate is used to fabricate a miniacape-like
monopole antenna in [9]. In [10] and [11], a dual band circular
radiator antenna is designed with area size of 3846 mm? on the
Roger Duriod 5870 substrate and 2500 mm’ on expensive
velcro substrate respectively. A 931 mm? coplanar waveguide
(CPW)-fed tri-band antenna of 3-GHz, 5-GHz and UWB
upper band on FR4 substrate has been introduced in [12]
where bending conditions are ignored. A complex structured
textile based dual band coplanar antenna is proposed in [13]
on an electromagnetic bandgap (EBG) substrate.

978-1-5386-3374-8/17/831.00 ©2017 IEEE

The demand of liquid crystal polymer (LCP) is increasing
day by day as a powerful high-performance microwave
substrate and packaging material [10-12]. Several antennas on
LCP substrate have been studied in [14-18]. Considering
different bending conditions, a LCP based patch antenna is
proposed in [15] whereas, the effect of human body on the
antenna radiation is overlooked. Besides in [17], SAR analysis
has not been done in the modeling of the mentioned multi
frequency antenna.

In this paper, a compact wideband flexible antenna which
fulfills the requirement of WBAN applications such as
compact size, resilient under humid and different bending
conditions, human body loading effect and low SAR is
proposed. By using a modified rectangle patch with truncated
top and bevelled bottom corners, the developed antenna can
operate from 3.2 to 14 GHz frequency band for VSWR <
2.These features of the designed antenna make it a well-fitted
candidate for various WBAN applications.

II.  ANTENNA DESIGN AND PARAMETER STUDY

The framework of the presented antenna is shown in Fig.
1. The 50 ohm coplanar waveguide (CPW) feed antenna is
composed of a modified rectangle patch with truncated top
and bevelled bottom corners which ensure broadband
impedance transitions.  This antenna is printed on a
37.91x28.39mm? flexible LCP substrate with tangent loss of
0.009, relative permittivity of 2.9 and thickness of 0.88mm.
Partial ground planes are printed on the front face of the
antenna which are lying symmetrically on each side of the
feed line with 0.21mm gap. CST microwave studio is used to
simulate and analyze the proposed antenna. The optimized
values of some parameters are tabulated in Table 1.

w T

(a) (b)

Fig. 1. Structure of the antenna (a) front view, (b) side view.
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TABLE I. PARAMETERS OF THE PROPOSED ANTENNA

Parameter Value [mm] Parameter Value [mm]
w 28.39 Ly 4.24
L 37.01 P 8.20
T 0.88 7.66
I 13.01 | P 7.07
Ly 23.66 [ EL

III.  RESULT ANALYSIS, PERFORMANCE EVALUATION AND
COMPARISON WITH OTHER RELATED WORK

A. Return loss and VSWR of the proposed antenna

The return loss and VSWR of the simulated antenna are
given in Fig. 2 and 3 respectively. Considering -10 dB level,
the antenna covers from 3.2 to 14 GHz frequency band. From
Fig. 3, it is clearly seen that VSWR< 2 in the operating band.

o\
V

4 o o 10 1z 14 " L
Frequency | GHz

Fig. 2. The return loss of the flat antenna.

10
.
g°
.
3 _Hh/-ﬂ-\/'\
ad
T I R

Frequency / GHz

Fig. 3. VSWR of the flat antenna.

B. Current distribution of the proposed antenna

It can be noticed from Fig. 4(a) that for lower frequency
band, the electric current is concentrated mostly on the edge of
the bottom corner of the radiating patch, edge of the ground
and feed line. In Fig. 4(b), currents are concentrated mostly on
the edge of top and bottom corners of the radiating patch, edge
of the ground and feed line for higher frequency band. So
ground plane and feed line also have effects on both the lower
and higher frequency bands. Current distribution on the
antenna at 4 GHz and 13 GHz is shown in Fig. 4 (a,b).

A

(@ (b)

Fig. 4. Current distribution at (a) 4 GHz, (b) 13 GHz.
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C. Bending the antenna

Considering human body shape and movement, holding
the body worn antenna in a flat position is quite challenging.
Hence it is necessary to study the wearable antenna’s
performance under different bending conditions for WBAN
applications. The proposed antenna is bended with three radii
of curvature values, namely, 60°, 40° and 20° along the x-axis
for horizontal and y-axis for vertical bending. Fig. 5

(a,b,c,d,e,f) presents the six bended antenna.
)

(b)

@) © i

" |

'] 2 === X

! \

() (e) ®

Fig. 5. Different bending at (a) 60° horizontal, (b) 40° horizontal (c) 20°
horizontal (d) 60° vertical, (e) 40° vertical, (f) 20° vertical.

Fig. 6 (a, b) displays the simulated return loss and VSWR
of the antenna under the four radii bending values. From Fig.
6(a), it is examined that the antenna maintains its resonant
frequency by exhibiting -10dB return loss for the entire
operating frequency bands. However, at extreme 20 degree
bending condition the starting of the lower frequency band has
been shifted to 3.17 GHz from 3.2 GHz due to the change in
the impedance path of the antenna. Besides, Fig. 6(b) shows
that VSWR< 2 in the operating frequency band.
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Fig. 6. (a) Return loss under different bending conditions. (b)VSWR
under different bending conditions.



D. Human body loading and humid condition

Human body can degrade the performance of the worn
antenna due to presence of the biological tissues beneath the
antenna [19].Therefore, the wearable antenna should be
resilient to human body loading effects and withstand the
degrading factors. To evaluate the human body loading effect,
the proposed antenna is placed on the right arm and leg of the
realistic human Hugo voxel model shown in Fig. 7 provided
by CST microwave studio [21]. Moreover, to analyze the
performance under humid condition, the proposed antenna
(except the waveguide port area) is submerged in the water
vapor environment as shown in Fig 8 to simulate humid
environment.

The simulated free space as well as on-body and humid
condition reflection co-efficient and VSWR of the antenna are
presented in Fig. 9 (a,b).

Antenna

Antenna

Fig. 7. Antenna on human voxel model (HUGO).

Water Vapor

I

Fig. 8. Antenna in the water vapor .

It can be depicted from Fig. 9(a) that the resonant
frequency of the suggested antenna remain unchanged by
maintaining -10dB return loss. However, depth of the return
loss has been deceased due to presence of the human tissue
and water vapor. On the other hand, Fig. 9(b) shows VSWR is
also in the acceptable range.

_,u- AY =
VN /Y %
\&:J \J V

20 4

811(dB)

free space
om hand

on leg

in water vapor

-40

-50

60

4 -] 8 10 12 14 16 18 20
Frequency / GHz

@

VSWR

free space

——— on hand
- lh on leg
1 in water vapour A
2 & Tpa————_ "
[y N —— s
o
“ L a 10 12z 14 1% 18 20

Frequency | GHz

(b)
Fig. 9. Effect of human body and humidity on (a) Return loss (b) VSWR.

E. Specific Absorption Rate Analysis

Since wearable antennas operate in the proximity of the
human body, it is important to consider the amount of
radiation absorbing by the body. According to the
specifications of FCC, maximum SAR value can be 1.6 W/kg
averaged over 1 g of tissue [4]. To investigate the SAR, the
antenna is placed on a single layer muscle phantom model
(400x400x80m?) maintaining a distance of 5 mm. The SAR
value is found to be less than 1.6 W/Kg at different
frequencies. The computed value of SAR at 13 GHz is
depicted in Fig. 10 as an example.

Antenna

Fig. 10. SAR at 13 GHz

F. Radiation pattern analysis

The radiation pattern of the presented antenna is also
evaluated in different situations. These include free space,
different bending radii curvature, humid condition and on
human body placement. The simulated radiation pattern is
calculated in the E and H plane for different frequencies.

1) firee space (flat and bended condition): Fig. 11 and 12
show E and H plane radiation patterns respectively, for 4 GHz,
8 GHz and 12 GHz. From figure 11 it is seen that in the E
plane quasi-omnidirectional pattern is seen at 4 GHz and 12
GHz for both flat and bended conditions. Dipole like radiation
pattern is seen at 8§ GHz. A small distortion is visible at 12
GHz when the antenna is being bended by 20 degree.

— 8Ghz Flat

8 Ghz hor 20
| — 8 Ghz hor 40
| |——86hzhoreo
|— 8 Ghz ver 20
| |—s8Ghzverao
|— 8 Ghz ver 60
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= 12 Ghz ver 20

=12 Ghz ver 60

— 4 Ghz Flat.
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_ |— 8 Ghz hor 40
— 4 Ghz ver 20
— 4 Ghz ver 40
| — 4 Ghz ver 60

|— 8 Ghz ver 20
— 8 Ghz ver 40
|— 8 Ghz ver 60

Fig. 12. H plane at (a) 4 GHz, (b) 8 GHz, (¢) 12 GHz.

Figure 12 represents that in the H plane, the radiation pattern
is nearly omnidirectional under all conditions. However, a
discrepancy is seen when the antenna is 20 degree bended at
12 GHz

2) On-body placement: 1t is realized from the Fig. 13(a)
that the on-body configuration has degraded the radiation
pattern in E plane by means of changing the quasi-
omnidirectional radiation pattern of the antenna into
directional pattern. This is happened due to radiation from
human body and superposition of the back radiation [12]. In
the H plane, the radiation pattern is still nearly omnidirectional
for the on-body configuration which is given in Fig 13 (b).

— 4Ghz hand — 4 Ghzhand
ok — 8 Ghz hand
—8Ghzleg

— 12 Ghz hand
—12Ghzleg

— 8Ghz hand
—8Ghzleg
— 12 Ghz hand
— 12Ghzleg

Fig. 13.0n-body placement (a) E plane, (b) H plane

3) humid condition. 1t is seen from the figure 14 that the
radiation pattern is nearly omnidirectional for both the E and
H plane under humid condition. A small discrepancy is visible
at 4 GHz for both E and H plane.

(®)
Fig. 14. Humid condition (a) E plane, (b) H plane

G. Gain and Radiation Efficiency analysis

TABLE II. GAIN AND EFFICIENCY OF THE PROPOSED ANTENNA IN

FREE SPACE

Bending & Gain (dB) Efficiency

Moisture

Conditions

4GHz §GHz 12GHz 4GHz §GHz 12 GHz

0° 473 23 325 94% 90% 96%
20° Vertical 481 229 497 96% 89% 95%
20° Horizontal 294 292 i 93% 8% 39%
40" Vertical 47 246 516 97% 90% 95%
40° Horizontal 426 235 557 98% 85% 92%
60° Vertical 4.5 24 528 97% 90% 95%
60° Horizontal 3n 268 in 98% 88% 93%
Humid condition 396 226 326 871% 89% 94%

Table II represents antenna gain and radiation efficiency
for 4 GHz, 8 GHz and 12 GHz frequency under different
bending and moisture conditions. Maximum and minimum
gains are found at 12 GHz with 60° horizontal bending and at
8 GHz in humid condition, respectively. Gain is decreased at
mid frequency band, perhaps due to the mismatched
impedance which could be improved by optimizing the
impedance matching technique for mid frequency bands. On
the other hand, highest efficiency can be examined at 4GHz
with 40° and 60° horizontal bending. At 8GHz frequency,
lowest efficiency is noticed under all conditions.

Higher frequencies (5, 10, 14 GHz) are considered for
computing gain and efficiency of the antenna on the human
body. Human body back scatters high amount of energy at
higher frequencies which leads to change in directivity and
induced current on the antenna [20].

TABLE III. GAIN AND EFFICIENCY OF THE PROPOSED
ANTENNA ON THE HUMAN BODY

Hand Leg
On Bedy Free Space On Bedy Free Space
Placement Placement
Frequency
Gam | Efficiency | Gal | Efficiency | Gam | Efficiency | Gain | Efficiency
(dB) (dBE) (dB) (dE)
3 GHz 6.88 70% 33 02% 559 T1% 33 02%
10 GHz 734 2% 402 26% 6.71 0% 402 26%
14 GHz 7.73 62% 449 23% 767 63% 449 83%
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It can be seen from Table III that the proposed antenna
shows high gain on both hand and leg placement case at 14
GHz due to the reflection of the signal by the human tissues
[12]. Efficiency seems to be decreased for on-body placement
due to the high tissue absorption [12].

H. Comparison with other related work

In order to demonstrate the novelty of this work, the
proposed antenna is compared with the recent works in terms
of dimension, gain, efficiency and the bands covered by the
antenna. From Table 1V, it can be noticed that the suggested
antenna has a wide multiband operation while maintaining a
small dimension with high efficiency.

TABLE IV. COMPARISON OF THE PROPOSED ANTENNA WITH
OTHERS IN TERMS OF ANTENNA SIZE AND FREQUENCY BAND

Ref. Antenna Size Max Gain Max Frequency Band
(Ixw x h)mm? (dBi) Efficiency

6] 68 x 38 X 157 688at245GHz | —— Single band (243 GHz)

2] 26.6% 35 X 1.6 550at38 GHz 92%at 7.8 GHz Tri-band-WiMAX (3 3-3 8 GHz)
WLAN 5 GHz, and UWB upper bands
(6-10 GHz)

i 132 x 132 X 2.2 EJC B B — Dualband ISM-2 45 GHz and ISM3 8
GHZ

7] 30 x 26 X1 16at62 GHz 0456% 2652 GHz | Multi-band WLAN bands (lowerband

0f2.40 GHz-2 48 GHzandupperband
of 5.13GHz-3.80 GHz) and WiMAX
bands(2.4 GHz-2.6 GHzand3 4 GHz
—3.6 GHz,and 3 25 GHz -3 83GHz)

(1] 3846 68at58GHz | — Dualband
18N =0 | — | — Dualband
] 120% 120 %22 T6atsEGHz | — Dualband
[19] 96.65 x 98.2x 3 990at7.05 GHz 91% at 4.65 GHz Multi-band-Wi-Fi(3.1 GHz)and C

band(4.0/465/6227.05 GHz)

Multi-band-3.2 GHzto 14 GHz
(WiMAX 3 3-3.8 GHz, WLAN 3 GHz,

This | 37.01x2839x0.88 | 52at12GHz 96% at 12 GHz Cband4.0/4.63/6.22.7.05 GHz, upper
work UWB bands 6-10 GHz, Xband §-12
GHz)

IV. CONCLUSION

In this paper, a flexible wideband wearable antenna has
been presented for WBAN application. Modified rectangle
patch with truncated top and bevelled bottom corners and
partial ground ensure broadband impedance bandwidth of 10.8
GHz ranging from 3.2 to 14 GHz frequency band for VSWR <
2. Considering -10dB bandwidth, the antenna maintains its
resonant frequency and sustains in humid and different
bending conditions as well as on-body placement. Besides,
low SAR confirms its competence for WBAN application.
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Abstract— Today’s frontier demands ease in daily tasks and
interaction with regular devices. This paper proposes an ultra-
wideband (UWB) planar antenna with a close-fitting size of
24mmx26mm. The structure of this antenna contains micro-strip
line-fed circular ring radiator. The semi-circular slot that
produces 5.8GHz of WLAN, and an annular circular slot that
produces 3.5GHz of WiMAX. The dual-notched characteristics
reduce interference among the already existing UWB operating
devices as antenna shows a negative gain at notched bands.
Antenna acquires a wide impedance bandwidth of 117.67% from
3.11GHz to more than 12 GHz for s11< -10dB except for two
frequency notched bands 3.28-3.85GHz and 5.11-6.4GHz for
WIMAX and WLAN respectively. It has an omnidirectional
radiation, high efficiency of 98.585%, radiation characteristics of
the proposed antenna shows good stability and time domain
behavior. All the observations make this antenna fit for IoT
applications.

Keywords — 10T ; compact; notched band; UWB antenna.

I. INTRODUCTION

In embedded technology every object, every module, every
device is wirelessly connected to a mesh network, this is the
Internet of things (IoT). Wireless communication technologies
will want to function at more than one frequency without
increasing size of the antenna. Fast and reliable wireless
communication for the IoT devices need task specifically
optimized antenna. UWB is a radio technology which can be
used for high bandwidth for short-range communication
purposes covering large portion radio spectrum. Applications
of ToT involves sensor data collection, precision locating,
remote monitoring, security, wireless communication and
tracking applications. These applications involve short-range
communication with radio frequency, availability of lots of
bandwidth for usage, cost management, optimization and the
greatest challenge, i.e. the size of the component needs to
decrease significantly. These are the prime features and
reasons that make UWB the perfect candidate for IoT
application. The operating range from 3.1 to 10.6 GHz is
permitted by Federal Communication Commission (FCC) as
the unlicensed band for radio transmission.

Now a day’s many research has been focused on the UWB
planar antenna for IoT applications and create notch band for
rejecting some frequency bands [1]. IoT will represent an
important preamble in the contemporaneous communication
networks. In IoT applications for the antennas are required to
achieve three important characteristics [2].Application and
acceptance of UWB technology have grown so rapidly because
of its broad bandwidth, decent radiation characteristics, high-
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speed data rate, portable size, etc. [3, 4].UWB antennas with
notched characteristic for the Internet of Things (IoT) [5].Since
the working band of UWB communication is astoundingly
large and an inevitable overlap of working frequency with
some other already operating frequency band like (WiMAX)
ranging from 3.3 to 3.8 GHz and (WLAN) in 5.15 to 5.825
needs to be taken care of, the filtering of frequency bands 3.3—
3.7 and 5.15-5.825 GHz, respectively, is required. Hence, we
abide to reconfigure the structural part of the antenna to
achieve the notched characteristics for the two frequency bands
i.e.,, at WLAN(5.15 to 5.825GHz) and WiMAX(3.3 to 3.8
GHz) bandwidths [6].A paper has proposed of 5.15-5.35 GHz
and 5.725-5.825 for notching at two different points for
WLAN and one at 3.3 to 3.7GHz for WiMAX [7, 8].The
problem is any useful information in this range of WiMAX and
WLAN will be interfered by our antenna if the dual band
characteristics are not achieved but to achieve this
characteristic from our UWB antenna we need a modification
at the intrinsic level [9].

This antenna doping the UWB band with dual band-
notched characteristics is proposed. The proposed antenna
shapes a circular ring patch and a partial ground. Two partial
slots are inserted in the circular ring radiating patch to create
dual notched frequency bands centered at 3.5 and 5.5 GHz.
The bandwidth and center frequency of the notched bands can
be controlled by manipulating the size and location parameters
of this notch structure (slots). It is found that with a compact
dimension of 24mmx26mm, the proposed antenna achieves an
operating bandwidth ranging from 3.111 to more than 12 GHz
with two notched frequency bands of 3.28-3.85 and 5.11-6.4
GHz. It is possible to generate dual-notched bands and
minimizing the interference simultaneously.

II. ANTENNA STRUCTURE

Fig 1(a) shows the structure and configuration of the
proposed compact microstrip patch antenna. It is constructed
on a 1.6-mm thick, low-cost FR4 substrate which is easy for
fabrication. A dielectric loss tangent of 0.02 and relative
permittivity of 4.4. The total area of the antenna is
24mmx*26mm which is consisted by a circular ring radiator
with 8 mm of outer radius, 3mm of inner radius, and a partial
ground surface. The area of ground is 7.5 mmx26 mm. The
distance between the feed line and the substrate on the left
edge is 7.5 mm. It is chosen for its compact size, simplicity
and stable radiation. One of the smallest and highly
configured compact planner antennae which has a full UWB
with dual notched characteristics antenna is proposed. The
proposed antenna is fabricated on FR4 material which is low
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cost and having loss tangent is 0.02 and dielectric constant of
4.4. An SMA connector with the input impedance of 50 ohms
is used for matching.

L
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<

A

(@

(b)

Fig. 1 Proposed antenna structure (a) Top view (b) Bottom view

Table 1. Different Optimized Parameters

Parameter | mm | Parameter | mm | Parameter | mm
L 26 ri 6.5 | Wi 7.5
H 24 72 55 | W 2.75
Al 6 73 8 & 100=
A> 75 | m 1 &2 190=
h 8 n .5 a 2.85

A parametric study has been conducted to explore the
effects of partial annular and semi-circular slots on band-
notched characteristics. It has been found in simulation that the
center frequency, as well as the bandwidth of notched bands, is
critically dependent on the flare angle of annular slot &; and
flare angle of semi-circular slot &, widths of the rectangular
slots b4 and b2 that is &, &5, m and n are the most susceptible
parameters for band-notch function. In the simulations, except
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for the parameter of interest, the other parameters are kept
constant.

Fig 2 shows the results from the simulation from SI1
software for the antenna as &, (Y-axis flare angle of the semi-

conductor slot). Value of fare angle corresponding to & - 180
degree shows poor band-notch capability for WLAN. On the

other hand, for #,= 200 cannot totally reject the WLAN band.
Hence, the value &, = 190 degrees is selected as an optimal
value for &,. Fig 3 shows the results from the simulation from
S11 software for the antenna as 8, (flare angle of the annular-

circular slot). Value of &, = 115 has relatively poor band-
notched characteristics for WiMAX, on the other hand, the

curve for &; = 110 cannot totally reject the operating frequency

bandwidth of WiMAX. Hence, Value of £, =100 is chosen as
an optimal value of flare angle of the annular-circular slot. Fig
4 shows the results from the simulation software S11 for the
antenna as n (Y-axis as return loss). A value of n = Imm
results in notching at 3.1 to 3.7 GHz. On the other hand n =
.50mm results in notching at 3.25-3.85 GHz and the desired
frequency. Hence, n = 0.50mm is taken as the optimal result.
Fig 5 shows the results from the simulation from S11 software
for the antenna as m (Y-axis for return loss). It is noted that for
a value of m = 1.5mm the notching starts at 3.3 to 3.8GHz,
again for m = (.75 the notching just starts. But, for m = Imm a
perfect notching is found for WiMAX band i.e., 3.28 — 3.8
GHz. Hence, m = 1mm is taken as suitable value.
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Fig. 2 Simulated return loss curve for 91 in HFSS
)
oz
»

Frequency (GHz)

Fig. 3 Simulated return loss curve for 9 ;in HFSS
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Fig. 5 Simulated return loss curve for n in HFSS

The typical current distributions on the radiating patch at
center frequencies of the notched bands are plotted in Fig 6 (i)
displays the current near the center frequency of first notched
band at 3.6 GHz. Thus, high attenuation near this frequency
produces notch frequency band for WiMAX. From Fig 6(ii),
which depict the current distribution at 5.8 GHz, Hence, high
attenuation near this frequency produces notch frequency band
for WLAN. Fig 7 represents the input impedance of the
antenna Zin with the operating frequency. The input reactance
is around 0 Q and the input resistance is around 50 Q at the
passbands while the antenna is operating and indicating UWB
characteristics of this antenna. Obvious impedance mismatch
occurs at the stop bands because of values deviating largely
from the nominal values.
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III. RESULT AND DISCUSSION

Fig 8, a dual band-notched structure with an optimal design
with HFSS and CST software, that is 1= 100°, 2 =190°, n=
0.50mm and m=1 mm, is tested using far-field antenna
measurement system .Notching at two frequency bands 3.28-
3.85GHz and 5.11-6.4GHz for WiMAX and WLAN is
achieved respectively. From the graph, we conclude that this
UWB antenna is capable of operating on a wide range of
bandwidth, i.e., 3.1 to 12 GHz. The proposed antenna covers
the full operating bandwidth from 3.1 to 10.6 GHz range
which is used for UWB applications. Fig. 9 shows the gains
for HFSS and CST respectively. The observed maximum gain
is 5.1dBi. Gain under UWB is 11.5dBi and an average gain of
3.9dBi is also observed. In Fig. 10, the efficiency is confined
between 95.84% and 98.85% for lower and higher band
respectively. The gain and efficiency are affected by the
dielectric substrate. Avoiding the use of cheap FR4 and using
more dedicated dielectric can enhance the efficiency and gain
of this proposed antenna.
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Fig. 11(a) 3D measured radiation pattern

Fig. 11(a) describe the simulated 3D radiation patterns at (a)
4.4GHz and (b) 8 GHz. The red color in the radiation patterns
indicates the strongly radiated E-field and the weakest ones is
indicated by blue color. At a low frequency of 4.4 GHz, the
radiation pattern has a red color, indicating strongly radiated
E-Field and the weakest are blue colored. In this case, the
radiation is weak in the z-direction. Finally, the purposed
antenna at a high frequency of 8GHz is a suitable candidate.
Caring an ability to radiate 3-D omnidirectional patters. Fig.
11(b) shows the simulated radiation patterns of the proposed
antenna in —XZ and —YZ planes for two resonant frequency of
44 and 8 GHz. The radiation pattern is found to be
omnidirectional for the lower frequency of 4.4GHz.For, the
higher frequency of 8GHz the radiation pattern is approx.
omnidirectional to yz plane. We can figure out that the
radiation patterns are remarkably stable during ultra-wideband.

198

300 60

270 %

210 150
180

=+ Cross Polar =—=— Co Polar

180 180
—=— Cross polar — == Co polar —s=— Cross polar = = Co polar
XZ-plane YZ-plane

Fig. 11(b) 2D measured radiation pattern at 4.4 and 8 GHz

Table 2 : Comparison between the reported antennas with the proposed dual
band-notched UWB antenna

References Notched
Band

(GHz)

Antenna Size Operating
Bandwidth(GHz)

mm)

[6] 30%22 2.9-11 3.26-
371,
5.15-
5.37,
5.78-

5.95

[10] 30%25 2.9-11 5.1-5.5,

5.72-5.9

[11] 40.4x44 5.15-
5.35,
5.725-

5.85

[12] 35%30 3-11 4.91-5.9

24x26 3.11-12 3.28-
3.85,

5.1-6.4

Proposed
Antenna

This antenna size was not compact and incomplete
rejecting for 3.30-3.80 and 5.15-5.85 bands. The proposed
antenna sharply notched at two frequency bands 3.28-3.85GHz
and 5.11-6.4GHz for WiMAX and WLAN respectively. The
size of the antenna is finally finalized to be 24 mm x 26 mm
with a microstrip line-fed circular ring radiator with a semi-
circular slot for WLAN and an annular slot for WiMAX. And
perform wider operation bandwidth, sufficient, complete band-
notched function and compact size, and. This antenna may be
suitable for IoT applications.
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IV.CONCLUSIONS

As per the discussion and analysis above we find the
antenna is able to produce radiation characteristics of dual
notched UWB spectrum. Sharply notched at two frequency
bands 3.28-3.85GHz and 5.11-6.4GHz for WiMAX and
WLAN respectively. The size of the antenna is finally finalized
to be 24 mm x 26 mm with a microstrip line-fed circular ring
radiator with a semi-circular slot for WLAN and an annular
slot for WiMAX. Operating bandwidth of 117.67% is
achieved. This simple design brings the manufacturing cost
down without compromising the efficiency wiz. 98.585%.
Considering the small size and greater operating bandwidth
with such sharp frequency notch characteristics it perfect for
IoT applications.
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Abstract— The main purpose of this invention is to design an
S-band patch antenna which is basically highly directional and
circularly polarized. In this paper this type of antenna is
proposed which includes those characteristics. This antenna has a
ground which is in a shape of square. On the upper portion, there
is a patch which is also a square but two corner of that patch was
slotted equally. Connection between patch and ground has been
established by a coaxial probe. The patch of this antenna is fed
through this probe. Creation of resonance is done by those slots
which is created straightway of secondary diagonal of the patch.
As this design is too simple so it’ll be easier to integrate it on the
satellite body. Those slots on the secondary diagonal side which is
the modification of the patch, help to achieve resonance in the
expecting frequency. Resonance is basically excited by these slots.
Experimental and simulated results of proposed design are
desirable. In operating band, its axial ratio is less than 3 dB. In
2.40 GHz frequency, the gain of this prototype is 7dBi. In small
satellite implementation and also in application, this prototype is
adjustable because of its properties like CP i.e. circular
polarization, high gain and directional radiation pattern.

Keywords— CubeSat applications,

polarized and Directional antenna.

High gain, circularly

I. INTRODUCTION

For making a small satellite but without changing its
performance and capabilities, “Miniaturization” is the best
technique. This technique was started to be used from a recent
decade ago. There are many types of a satellite including
small, mini, micro and Pico-satellites. Now a day’s small
satellite is in an increasing number. The most attractive
characteristics of small satellites are that the investments it
needs and the mass production cost is too low. Although the
investments and production cost is too low, it provides higher
reliability, low lunching cost and also higher lunch flexibility.
These characteristics make the small satellite more attractive.
It's used involving in earth observation such as testing of
different components, the system of communication and
educational purpose [1]. Generally, for overcoming the
physical limitations and also all types of restrictions, the
subsystems which constitute the small satellite should have to
design. In fact, here the high precision attitude determination
systems are not used in this satellite. As a result, the pointing
mechanisms which are expensive can’t be implemented. This
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type of limitations like physical and the restriction of cost
together makes it impossible to use a high directive antenna. If
there is a shortage of reliable control systems, it will lead
certain antenna point in a direction which is totally wrong. It’ll
be then a critical issue on that consequences. Another side, in
omnidirectional antennas- there is a limitation of the data rate
in the link between ground stations. On the basis of above
discussion, the antennas which are highly directional are the
most useful for certain goals, minimizing the complexity of
the instruments, handling a huge quantity of data related to
science, a huge rate of data transfer links and for the best ratio
of signal to noise. The standard dimension of the Cube-Sat
small satellite is 10x10x10 cm?, it’s weight is less than one
kg, and it uses those components which are commercially off-
shelf [2]. Nowadays, there are three types of Cube-Sat which
are being used all over the world in the communication of
small satellite. Here in this research, 3-unit Cube-Sat which
dimension is 30x10x10 cm® is used. For satisfying the P-pod
launcher dimensional restrictions, the profile of the antenna
will be low [3], size will be reduced, directivity will be
moderated and performances of gain must be increased. The
standard dimension of the Cube-Sat small satellite is
10x10x10 cm3, it’s weight is less than one kg, and it uses
those components which are commercially off-shelf [2].
Nowadays, there are three types of Cube-Sat which are being
used all over the world in the communication of small
satellite. Here in this research, 3-unit Cube-Sat which
dimension is 30x10x10 cm3 is used. For satisfying the P-pod
launcher dimensional restrictions, the profile of the antenna
will be low [3], size will be reduced, directivity will be
moderated and performances of gain must be increased.
Another side, for the communication of high speed, S-band is
used in general. Especially for earth orbit small satellite which
is low with respect to the surface. Video or high-resolution
image transfer can be an example. But stability requirement is
the basic problem of S-band patch antenna which is useful on
the sector of cube satellite and on the other hand micro-strip
arrays are able to handle the gain and directivity which is
mainly high. High gain antennas band beam-width is too much
narrow which makes the satellite stable as long as it is
possible. In such a way we get an enhanced communication.
Recently in satellite communication, radio frequency
identification = (RFID) readers, mobile to mobile
communication compact patch microstrip antennas have got
popularity as it has a good orientation of transmitter and



receiver which is much more flexible[4-6]. It works both like
as receiver and transmitter. It provides cross polarization and
multipath propagation. This antenna is light weighted, smaller
and its gain is too low which is required here. This type of
problem has been investigated [7-9] and huge number of
antenna designs have been published all over the years in
technical literature. Gain enhancement methods have been
proposed here [10]. But it requires a certain dielectrics which
has a thick layer. This thick layer makes the antenna a little bit
heavy. Configuration of stacked patch has been studied and
got a gain around 9 dB which has two patches, in 3 layer
configuration the gain is 10 dB [9] and parasitic patches of
2x2 array has a gain of 10.5 dB. For solving this problem we
can use helical antenna as like as single element which is
mainly a larger gain radiator. Here, we can easily obtain a gain
which is more than 10 dB, here patch configuration is smaller
than the structure. As a result, microstrip patch antennas
impedance bandwidth has been improved. are used, increases
the overall loss of that antenna, and for obtaining circular
polarization, there is a feed network which feeds the patch
through 2 shorting pins [11]. When the shorting pin numbers
are increased, the function of patch is similar to the annular
patch [12, 13]. It is compared with a circular patch for a given
frequency, where annular-ring geometry is in smaller size. In
the CP antenna, annular ring is employed for both
requirements- compactness [14] and the dual- frequency
operation [15]. There are two layers in dual-frequency
circularly polarized antenna.

In this paper, a high gain CP antenna which has a compact
concentric single annular ring patch is designed and verified.
By a single feed, the antenna is fed. By the tuning, the
rectangular slot ring and also the feed position CP is achieved.
As the dielectric loss tangent is low here so the loss of the
antenna is also low. A higher is achieved by making the patch
size slightly larger than the conventional one. The antenna has
fulfilled the mechanical properties of the low profile, robust,
lightweight, good emissivity, and thermal properties. The
main advantages of this antenna are- it is well suited fully for
space application.

II. ANTENNA GEOMETRY

In Fig.1, the geometrical structure of this proposed antenna is
shown. This is basically a square shape antenna. This antenna
consists of two portions. The upper portion is a patch and the
lower portion is ground. The distance between patch and
ground is 1.575 mm. Both patch and ground are in square
shape. In this antenna, we have used Rogers RT/ duroid
5880(TM) substrate. Though it’s not cost effective but only
for its high efficiency we’ve chosen this. In small satellite
application, efficiency is a major requirement. Its relative
permittivity is 2.2, relative permeability is 1 and dielectric loss
tangent is 0.0009. Here, the patch is smaller than ground
plane. Length of the patch is defined by L1 which is 40.421
mm. The ground plane is also in a square shape. Its length is
defined by L which is 46.683 mm. On the upper portion that
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means on the patch, there is two triangular shape slot. Length
of that slot is L3 which is 3.7 mm. These slots are straightway
on the secondary diagonal of the patch. In between patch and
ground, there is a 50 Q coaxial probe. The required power is
supplied through this probe. The outer diameter of the probe is
1.5 mm and the inner diameter is 0.5 mm. This is a cylindrical
shape probe which has attached the patch and the ground
plane. After performing a good number of parametric studies
then we have fixed the dimensions.

III. RESULTS AND DISCUSSION

3.1 Parametric Study

For designing a highly directional circularly polarized S-
band patch antenna at 2.40 GHz for the purpose of satellite
application, the parametric analysis is done which is
comprehensive to it. In Fig.2 and 3, it also shows the
reflection coefficient’s result according to various types of
dielectric size and about feed location. On that figure, slop
which is marked by red color shows the proposed prototype’s
S11 result. Fig.4 and 5 also show the S11 outcome but on the
basis of different sizes of patch measurement. When both slots
are present in the layout architecture, it effects hugely not only
on the reflection coefficient but also to the gain. In Fig.6 and
7, the outcome of the gain is depicted on the measurement of
the different size of dielectric i.e. L and also on L1. When the
dielectric size is 46.683 mm then it provides a gain of 7 dB
which is satisfying. In small satellite application, the gain isn’t
a major factor. In this type of application, it never needs a high
gain. This proposed prototype has fulfilled this requirement
almost. In Fig.7, the gain is showed on the basis of the
different size of L1. This figure also shows the same quantity
of gain like L.

Conductor
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onductor

in back

L1
Unit: mm

Patch

=N 1 pessn ||

L[ ]J Grgund

Probe Feed

Figure 1. Geometry of proposed antenna
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In this type of application, it never needs a high gain. This
proposed prototype has fulfilled this requirement almost. In
antenna design architecture, the current distribution is also an
important field. Surface current distribution’s magnitude on
the patch at 2.40 GHz is depicted in Fig.8. In this figure, we
have seen that It’s phase shift is from 0°to 270°. At first at 0°,
surface current’s phase shift is in the +X direction. At 90°,
radiating current dominates in the +Y direction. When phase
shift changes to 180° then current’s direction also changes. At
180° it’s direction is toward —X-axis. At last, when 270°
arrives, it goes through —Y axis. These directions prove that
this prototype has an RHCP (Right Hand Circular
Polarization) dominated polarization. Electromagnetic fields
are examined carefully in between square shape patch and
ground which are resonating. In Fig.9,10,11 and 12 axial ratios
of the proposed prototype is shown in different measurement.
E field’s orthogonal components ratio is basically known as an
axial ratio. In circularly polarized patch antenna, it’s axial
ratio is < 3dB. Axial ratio < 3dB means, the deviation from
circular polarization is less than 3 dB over the specified
angular range. 0 dB is the ideal magnitude of the axial ratio
for circular polarization. In Fig.9 and 10, axial ratio is shown
on the basis of L and different feed location. In both figures,
axial ratio is less than 3dB. In Fig.11 and 12, L1 and L3 are
used to find the axial ratio graph. L1 and L3 are 40.43 mm and
3.7 mm for the proposed design structure. These results are
also less than 3dB. The antenna will show circular polarization
on that bandwidth which is beneath 3dB and rest of the



bandwidth which is above 3dB, it will show the linear
polarization.
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3.2 Experimental validation

Fabricated antenna design is depicted in Fig.13. The
dimension of the proposed antenna is 46.683 mm x 46.683
mm x 1.575 mm. Its patch size is 40.42 mm?. There is a
coaxial probe in between patch and ground plane. The inner
and outer diameter of the coaxial probe is 0.5 mm and 1.5 mm.
Here, Rogers RT/ Duroid 5880 (TM) is the substrate which is
highly dielectric and copper is used as a conductor. Measured
and simulated S11 of the final prototype indicates that it’s
bandwidth is in between 2.37 GHz to 2.43 GHz. This
bandwidth is measured with respect to -10dBi. In this
bandwidth, resonance frequency lies at 2.40 GHz. For
covering the S-band characteristics, resultant bandwidth is
sufficient. In this frequency band, the gain is almost 7 dBi and
the worst case gain is near about 7.5 dBi. Proposed antenna
has a directional radiation pattern. In Fig.14, 2D view of the
radiation pattern is depicted. Black and red line show the
LHCP Phi 0 and Phi 90.0On the other hand, green and blue
show the RHCP Phi 0 and Phi 90. Here, blue one dominates
other i.e this radiation pattern is RHCP dominated in Phi 90.
This comparison shows that the performance of the antenna is
almost same in both simulation software. Si; and gain curve is
almost adjacent to each other. This means the design of the
antenna is done in a proper way. As a result, we have got a
desirable feedback. HFSS and CST results of S11 are almost
in a similar shape. Measured results are shown here in Fig 15
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IV CONCLUSION

The final prototype is basically a highly directional and
circularly polarized S-band patch antenna. As the antenna has
a single feed line, so it’s loss is too low. There is a small
square size patch which is fed by a coaxial probe of 1.5 mm.
Antenna fabrication is done on a 1.575 mm thick substrate.
Simulated result is in good agreement. Its gain is about 7 dBi
at 2.40 GHz. Proposed prototype is low profile, circularly
polarized and highly directional design structure which is able
to cope up with the challenge of small satellite application.
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Abstract—In this work, we study light propagation and cou-
pling in a system of III-V nanowire array arranged vertically
on a planer silicon waveguide, using two-dimensional (2D) and
three-dimensional (3D) Finite-Difference Time-Domain (FDTD)
techniques. We have considered waveguide comprising GaAs and
GaN nanowires and shown that efficient light coupling can be
achieved by optimizing the lateral and longitudinal dimensions,
heights and spacings of the nanowires. The results of 2D analysis
show that 82% light can be extracted from a waveguide of GaAs
nanowire array, whereas the value is 40% for GaN nanowire
array because of the lower refractive index of this material
system. In the presence of a coherent source, the efficiency of light
coupling from nanowire array to waveguide becomes 80% for
GaAs and 57% for GaN nanowires. We also find that for efficient
light coupling in both directions, less amount of material will
be required in GaAs-based system due to the smaller-diameter-
nanowire requirement for GaAs than for GaN. In order to study
a more practical system, the performance characteristics are
further analyzed using 3D FDTD simulation technique and the
results are in good agreement with the results of 2D analysis.

Index Terms—III-V nanowire array, waveguide, optical inter-
connect, silicon photonics.

I. INTRODUCTION

The use of vertical array of semiconductor nanowires for
light generation, detection and propagation has gained consid-
erable attention over the recent years because of the viability
of this material system for light generation, transmission and
detection [1], [2]. Recent advances in nanoscale fabrication
have made it possible to grow nanowires on precise locations
on cheap substrates, particularly on silicon. Moreover, because
nanowires can be grown by radial strain relaxation on lattice
mismatched substrates, the constraints on lattice constant are
significantly relaxed in nanowire based systems, compared
to the case of bulk and quantum well-based devices. Hence
nanowire based photonic systems have gained huge appli-
cations in different areas of photonics and optoelectronics,
for example in photovoltaics, photodetectors, optical data
communication and photo-emitters [3]-[6].

With the recent developments in optoelectronic and photonic
integrated circuits and systems, it is quite obvious that low-
bandwidth electrical interconnects will not be able to meet
the future demands of fast on-chip and intra-chip data transfer
rates [7]. Since silicon dominates the microelectronic industry,
different optical components like light sources, photodiodes,
photo-collectors and waveguide are expected to be grown
on silicon substrate. Though silicon can be used for guiding
light, a standalone silicon photonic system is not sufficient to
achieve active optical components like photodiode, nanolaser

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

etc. because of the indirect bandgap nature of this material
system. To this end, the integration of III-V materials in
the form of Ill-arsenide and IlI-nitride nanowires on silicon
substrate is being considered as an effective means of realizing
efficient and scalable optoelectronic integrated circuits and
systems [8]. Though GaAs nanowire array has shown excellent
performance in light extraction from silicon waveguide due to
its high refractive index, organized growth of GaAs on Si(111)
substrate is challenging as small changes in surface roughness
can make it difficult to reproduce similar GaAs nanowire array
under different substrate conditions [9], [10]. On the other
hand, though GaN nanowires, free of extended defects, can
be grown on silicon, the light collection capability of GaN
nanowires from silicon waveguide is poor due to its lower
refractive index than silicon. Though a numerical simulation
of GaAs nanowire array has already been reported [11], there
has not been a comparative study between GaAs and GaN
nanowires grown on identical silicon platform.

In this work, we investigate the optical response of ver-
tically grown periodic GaAs and GaN nanowires on silicon
waveguide and design the array spacing, nanowire diameter
and height in order to get the maximum optical coupling
between the waveguide and nanowire array. The performance
characteristics of these two systems have been studied and
compared using 2D and 3D FDTD techniques. To the best of
our knowledge, this is the first reported comparative study of
similar GaAs- and GaN-based vertically assembled nanowire
arrays on silicon for the purpose of light propagation and
coupling in photonic and optoelectronic integrated circuits.

II. DEVICE GEOMETRY

A schematic representation of the periodic vertical array
of III-V nanowires grown on silicon waveguide is shown in
Fig. 1. The lateral dimension of the waveguide is sufficient to
house three parallel rows of nanowires and its thickness (twa)
is 0.5 um. The longitudinal (along X-axis) and lateral (along
Z-axis) spacing of nanowires are denoted as A, and Ay, re-
spectively. In accordance with the dimension of experimentally
grown/fabricated III-V nanowires, the height of the nanowires
is kept fixed at 1 pum throughout this study. The diameter (d )
of nanowire, along with their longitudinal spacing (A,) and
lateral spacing (Ay,), are chosen carefully in order to enable
efficient light-coupling between waveguide and nanowires for
the wavelength of 1.3 pum. This wavelength is suited for III-V
nanowire based optical interconnect applications due to lower
propagation loss (0.3 dB/cm) [12]. Moreover, this wavelength
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Nanowire array

Si waveguide

Fig. 1: Schematic showing periodic array of cylindrical NWs on top of a
silicon waveguide, which is fabricated from a SOI wafer.

is a standard for fiber-optic communication along with 1.5 ym
because of its low dispersion in standard silica fiber.

III. SIMULATION METHOD

The numerical simulations are carried out using an open-
source finite-difference time-domain (FDTD) program MEEP
[13]. Perfectly matched layers (PMLs) are placed surrounding
the computational region to truncate simulating wave equa-
tions. The materials are defined by their respective refractive
indices at the wavelength of 1.3 um: ng; = 3.504, ngaas =
3.406, and ngaN = 2.324 [14]. Frequency dependent refractive
index (material dispersion) is considered to account the actual
spectral bandwidth of light-coupling. To reduce computational
complexity, at first we have converted the 3D structure to
a 2D model by taking a cross-section along X-Y plane and
determined the optimum longitudinal spacing and nanowire di-
ameter. Then keeping the values of these parameters unaltered,
full 3D simulation is performed to determine the optimum
spacing between the nanowires.

IV. RESULTS AND DISCUSSION

In this study, we have considered both out-coupling of light
from the waveguide by the nanowires and in-coupling of light
from the nanowires into the waveguide. We have considered
an array of fifteen nanowires for both cases.

A. Out-coupling of light

The 2D model for light out-coupling is shown in Fig.
2. The source, located 2 um away from the first nanowire,
generates TE-polarized plane wave (with transverse Ez com-
ponent) which propagates along the X-direction through the
waveguide. The input flux plane is situated in front of the
source and output flux plane is placed on the top of the NW

(@ Air
Si waveguide
@@
Source
(b) Light outcoupling
into GaAs NWs
. - B
IEASEEAASREA N ‘
KC D Sotetloyidototestmiantottolomemeze i

Fig. 2: MEEP simulation of the light propagation from silicon waveguide to
the nanowire array (2D-model).
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array. The output flux is calculated such that it comprises only
the transmitted plane wave that is guided by the nanowires.
This out-coupled light power normalized to the input flux gives
the out-coupling ratio.

Fig. 3 depicts the out-coupling ratio as a function of the
nanowire diameter (d,,) and longitudinal spacing (A,) for a
fixed nanowire height of h,,, = 1 yum. For GaAs NWs, light
out-coupling is higher for nanowire spacing of 0.65 pm to 0.8
pm and for diameters between 290 nm and 330 nm, as shown
in Fig. 3(a). The maximal out-coupling power is achieved at a
value of A, =0.69 pm and d,,,, = 310 nm. Because of photonic
crystal effects, GaAs nanowires with 310 nm diameter and
1 pm longitudinal period exhibit the highest vertical out-
coupling ratio of 80%. These are consistent with the values
for the nanowire structure presented in [11]. Fig. 3(b) shows
that the maximum light extraction occurs for nanowire spacing
in the range of 0.34-0.4 pm and for diameters between 600
nm and 670 nm for GaN NWs. The peak extraction occurs
at A, = 035 pgm and d,, = 650 nm, with an extraction
efficiency of ~40%. Hence the optimum longitudinal period of
GaN nanowire array is 1 pum, which similar to that of GaAs
NWs. The low extraction efficiency of the GaN NW arrays is
attributed to the lower refractive index of this material system
compared to GaAs.
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Fig. 3: Dependence of normalized out-coupled light power on array spacing
and nanowire diameter for a fixed nanowire height, for (a) GaAs nanowires
(b) GaN nanowires.



0.7 o
| —e— GaAs 5
0.6 |—=—GaN e
g 06
I 5

0.5 | 3 04
L £ 02
./o\.\. . £ 0.

z 0. 1 1

. 1.0 1.2 1.4
—e Longitudinal period (um)

041/
03 - \ et
_ N

.

|

o.
/

Y
AN
_~ ‘
= (=]
o0

Norm. coupled power

- N\
0.2 _/\\. /\\. e/
~a—
0.1 \-"/-\l"\._.—l\. e an g
0.0 PR ST I T S S SR [N SN ST SRS NN ST S ST S T SO T S
0.0 0.1 0.2 0.3 0.4 0.5

Lateral spacing A, (um)

Fig. 4: Normalized out-coupled power as a function of lateral spacing of
NWs for a fixed height (hnw = 1 pm) and fixed diameter, dnw = 310 nm for
GaAs and 650 nm for GaN (3D-case). Dependence of out-coupled power on
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The effect of lateral spacing (A) on the coupling ratio is
shown in Fig. 4. Without changing the values of A, and d,
for maximum out-coupling condition in 2D simulation, we
have performed 3D analysis by varying only the lateral spacing
of nanowires. For GaAs NW array, a maximum extraction ratio
of 45% is obtained for a lateral spacing of 0.08 ym. Therefore,
for a practical GaAs nanowire based system, the optimized
values for maximum out-coupling are as follows: dy,, = 310
nm, height = 1 pm, longitudinal spacing = 0.69 pm and lateral
spacing = 0.08 pum. For GaN NW array, a peak extraction
ratio of 21% is obtained for a lateral spacing of 0.04 pm.
Therefore for the GaN-based system, resonance occurs for d,,
= 650 nm, height = 1 um, longitudinal spacing = 0.35 um
and lateral spacing = 0.04 pm. We also find that normalized
coupled power of 3D simulation is almost half that of the 2D
model for both cases, since light scattering in lateral direction
is not considered in the 2D calculation.

Fig. 5 displays the spectral bandwidth of the out-coupling
for both the GaAs and GaN based systems. Since the dimen-

Norm. coupled power

1.1 1.2 13 1.4 1.5
Wavelength A (um)

Fig. 5: Spectral bandwidth for light out-coupling at the optimized geometry
of GaAs and GaN nanowire array (2D-model).
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Fig. 6: Effect of the number of nanowires in the longitudinal direction on the
normalized coupled optical power.

sions of the nanowire array have been optimized with respect
to 1.3 pum transmission wavelength, distinct resonant peaks
are observed at this wavelength for both the GaAs and GaN
based systems. It is noteworthy that a second resonant peak
is observed for the GaAs based system at around 1.18 pm.
Hence, by properly tailoring the geometry of NW array, it is
possible to design interconnects which can operate at different
desired wavelengths. The effect of increasing the number of
nanowires along the longitudinal direction is showed in Fig.
6. As expected, the coupled power increases linearly with the
number of nanowires and then saturates for fifteen nanowires
in both material systems.

B. In-coupling of light

In order to evaluate the light insertion performance from
NW array into the silicon waveguide, we have performed
FDTD simulation by placing light sources in the middle of the
nanowires without considering the effect of nanowire doping
profiles and heterostructures. In processing and fabrication,
it is quite customary to passivate nanowires with suitable
dielectric materials for reducing surface passivation and also
for making top electrical contacts. In this regard, we studied
the nanowire arrays by embedding them in SiOs. In practice,
two types of light sources can be achieved from nanowires:
incoherent emission (as in LEDs) and coherent emission (as in
LASERSs) [15]-[17]. Only coherent emission source has been
considered in this analysis because of its better performance
characteristics in optical data communication.

(a)

Air Coherent source
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(b) Light incoupling into
Si waveguide

Fig. 7: MEEP simulation of the coherent light propagation from nanowire
array to the silicon waveguide (2D-model).



A schematic of the 2D model for light in-coupling is shown
in Fig. 7 where the emitters are embedded in the middle of
the nanowires. The light is TE-polarized (with transverse Ey
component) and propagates along the Y-direction. When this
is coupled with the waveguide mode, it propagates along the
X-direction through the waveguide. The ratio of the power of
the guided light in the waveguide to the source power gives
the normalized in-coupling power.

In Fig. 8, the in-coupling power is shown as a function
of the nanowire diameter (d,y) and longitudinal spacing
(A,) for a fixed nanowire height (h,,) of 1 ym. Maximum
coupling occurs for nanowire spacing in the range of 0.83-
0.89 pum and for diameters between 160 nm and 210 nm
for GaAs NW array. According to Fig. 8(b), the maximum
in-coupling condition for GaN NWs occurs for longitudinal
spacing of 0.65-0.72 pym and diameters between 340-400 nm.
A maximum coupling efficiency of 57% is obtained in the
GaN-based system at a spacing (A,) of 0.69 ym and diameter
of 350 nm whereas in GaAs NW arrays, the peak in-coupling
efficiency is 80% for A, = 0.86 pum and d,y = 180 nm. As
can be seen, the in-coupling efficiency for GaN NWs is lower
than for GaAs NWs, similar to the case of out-coupling.

Longitudinal period is calculated by adding the longitudinal
spacing (A,) to the nanowire diameter (d ). Although the op-
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Fig. 8: Dependence of normalized in-coupled light power on array spacing
and nanowire diameter for a fixed nanowire height, for (a) GaAs nanowires
(b) GaN nanowires.
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timal longitudinal spacing and nanowire diameter are different
for GaAs and GaN NWs, the respective longitudinal period
remain constant for both material systems. In Fig. 9, we find
that the maximum in-coupling occurs for a longitudinal period
of 1.04 um. As had been shown in Fig. 4, the optimized value
of longitudinal period is 1 pm for maximum out-coupling
condition for both GaAs and GaN based systems. Hence the
nanowire array acts like a grating coupler on the Si waveguide
at the longitudinal periodicity of about 1 pm for the light
coupling in both directions, regardless of the material system.

V. CONCLUSIONS

In conclusion, we have studied a nanowire array based
optical waveguide and explored the ideal nanowire array
configuration for maximum light coupling between the planer
silicon waveguide and vertical III-V nanowires. This photonic
platform can be organized in such a way that nanowires can
work as an efficient photodetector and photo-collector, and
therefore allow both detection and collection of light from the
waveguide. In this work, we have observed that because of
the higher refractive index, GaAs NWs yield better efficiency
than GaN NW based systems with respect to both in- and
out-coupling. Even though smaller diameter nanowires are
required for GaAs, the optimum total length of the nanowire
array is almost the same for both materials due to the larger
nanowire spacing for GaAs. Hence, both material systems
can produce a fairly compact optical interconnect device, and
therefore can be used as a medium of future ultra-fast on-chip
and intra-chip data communication.
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Abstract—Phase-tunable N-cascaded Mach-Zehnder
interferometers (N-CMZIs) are presented and demonstrated
experimentally. The theoretical model of the N-CMZIs is
established by using the coupled-mode theory and the transfer
matrix method. The optimization of single and three-CMZIs
based on the Silica-on-Silicon (SoS) are given. The CMZIs based
on three-CMZIs and single-MZI are fabricated, respectively, by
using the SoS processing and their characteristics are measured.
The testing results show single-CMZIs with the insertion loss of
less than 5.6 dB and the extinction ratio in output spectrum of 19
dB under the FSR of 0.8 nm and three-CMZIs with the channel
spacing of 100 GHz have the top width of ~0.35nm under the
wavelength jitters of 0.9 dB, respectively.

Index Terms—Phase-tunable, cascaded Mach-Zehnder
interferometers, external adjustor.

I. INTRODUCTION

Mach-Zehnder Interferometer (MZI) is one of the most
useful wavelength-shaping components applied in dense
wavelength division multiplexing (DWDM), which can
significantly increase the capacity of optical systems by
providing flexible signal multiplexing/demultiplexing [1].
Hence, the considerable attention has been recently focused
on the optimal design and fabrication technologies of the
optical interleaver, in which many approaches have been
reported [2-4].

Technologies of the CMZIs can be classified into two
categories: all-fiber and planar lightwave circuit (PLC) based
CMZIs. In ref. [5], all-fiber based CMZIs with high extinction
ratio (ER) of 25dB are demonstrated. However, they need to
suffer from various perturbations in actual communication
systems, and also have instability owing to the lack of
compactness. PLC based CMZIs can overcome these
disadvantages and enable the compact devices with low costs
and high performances. In ref. [6], PLC based CMZIs chip
can be designed to achieve high temperature-stability. But its
central wavelength is constant so that it cannot be
reconfigurable. Although, dynamically reconfigurable CMZIs
could be yielded by using electro-optic effect or thermo-optic
effect [7-8], these approaches significantly increase the cost,
complexity and extra loss.

In this paper, we present and demonstrated the N-CMZIs
Compared with the previous CMZIs in ref. [9], the key
advantage of this structure is that a reconfigurable CMZIs
with a flat-top pass-band can be implanted by using
monolithic integration and a more comprehensive theoretical
model is presented. As a result, this structure saves costs and
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increases the capacity. The scheme of the N-CMZIs based
interleaver is proposed and the output characteristics for the
single-MZI and N-CMZIs are studied by using the coupler
mode theory (CMT) and transfer matrix method (TMM). In
order to verify the theoretical results, one and three-CMZIs
have been fabricated by using SoS processing line and tested
experimentally.

II. RESULTS

The principle of the N-CMZIs based interleaver is shown in
Fig. 1. The whole structure consists of N-CMZIs based
interleaver, in which each MZI consists of upper arms
(including external adjustor and internal two arms), lower arm
and two 3dB coupler. For MZI 1, the arm Al is the fixed
lower-arm and the upper arm consists of external adjustor 1,
external arm A4, internal arms A2 and A3, in which the arm
A4 is chosen to be a single mode fiber (SMF) as a connector
between external adjustor 1 and the internal MZI 1 chip.
Connected with MZI 1 by 3dB coupler 2, the MZI 2 is also
composed of fixed lower-arm B1 and the upper arm, in which
the upper arm consists of external arm B4 and adjustor 2,
internal arms B2 and B3. The arm B4 is also chosen to be a
SMF as a connector between external adjustor 2 and the
internal MZI 2 chip. Similarly, the MZI N is composed of
fixed lower-arm N1 and upper arms, in which upper arm
consists of external adjustor N and arm N4, internal arms N2
and N3. External adjustor N is connected with the MZI N chip
by using the external arm N4 chosen as SMF. It can be noted
that the phase of the N-CMIZs can be easily and precisely
tuned by adjusting the phase of the external adjustors. As a
result, a flat-top pass-band can be achieved by synthetic
adjusting the phases of the all external adjustors. In the
following, we study the output characteristics for the N-
CMZIs based interleaver by using CMT and TMM.

Firstly, the characteristic of the CMZIs based interleaver
with single-stage is analyzed by choosing MZI 1 as an
example. For a single-MZI, optical signal can be excited on
either of port 1 or 2, in which port 1 is chosen as input port for
this case. The input signal is split into the lower arm and
upper arms by 3dB coupler 1. Following that, the signals are
merged together and interference occurs at 3dB coupler 2. The
output electrical intensity of the single-MZI 1 can be derived
by using TMM as:

Ey|l 1o -js| 1 0 o -Js || E (1)
E, B -js, C, {0 exp(jA(p)} -js;, ¢ E,

where \fz is the optical power coupling ratio of 3dB coupler.
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Fig. 1. Scheme of the N-CMZIs.

¢ =41=k;ands; = \fz are the meaning of transmissions
at through and cross status, respectively. The subscript i =
respectively.

As shown in Fig. 1, the MZI 1 consists of lower arm Al
and upper arms. It can be observed that the phase shift should
be the difference of the optical path between the lower and
upper arms. Therefore, the phase shift of the single-MZI 1 is
adjusted by:

Ap=Ap, +Ap, +Ap, +Ap,, — A,
_ 272(n oLy, tn Lyt Ly 0y L L))

A

2

where n4, and Ly, denote effective refractive index and the
length of internal arms A1, A2, A3 and external arm A4, and
the subscript n = 1, 2, 3, 4, respectively. n,q1 and Laqi are on
behalf of the length and the effective refractive index of the
external adjustor 1, respectively. It can be noted from the Eq.
(2) that the phase of the single-MZI 1 can be changed by
tuning the optical path of the external adjustor 1.

As the output performance of the single MZI and N-CMZIs
based interleaver are obtained, we choose SoS-PLC based
CMZIs as examples. The SoS waveguide is with the size of
wXhe, and the depths of the buffer layer and deep etching are
shown as /i, and /., respectively. The refractive indices of the
Si and SiO, are taken as 3.455 and 1.445, respectively. The
relative refractive index difference A of 0.4% may be
considered as a typical representative of the SoS waveguide,
in which the core size of w = ., = 8 um is chosen on the basis
of the single mode condition. In order to obtain a regular
morphological SoS waveguide, we use a deep etching process,
in which the deep etching depth is taken as /e = 0.5 um. The
height of the buffer layer of 4, =13 um are chosen to isolate
the core layer and substrate.

In order to get the output transmission, 3dB coupler based
on SoS waveguide need to be designed. 3 dB coupling ratio
can be obtained when the coupling length and the separation
between two coupling waveguides are chosen to be 3296 um
and 4.5 pm, respectively, by using 2D beam propagation
method (BPM). For the input/output ports 1, 2, 3 and 4, the
pitch between the input two ports or output two ports should
be 127 pum. Hence, the separation between the upper and
lower waveguide of 3dB coupler can be enlarged to be 127um
by using bending waveguides. External adjustors are chosen
to be SMF as typical representative, which is a phase-sensitive
component with good tunability. After giving the optimal
design for 3dB coupler and the parameters of the SoS
waveguide and external adjustor, the output characteristics of
the single and N-CMZIs can be calculated.

1,2,
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Fig. 3. Transmission spectra on port 3 with L,,+L,; =3 mm.

At first, the transmission spectra on port 3 of the single-
MZI with the wavelength spacing of 0.8 nm are calculated
respectively, as shown in Fig. 3. By tuning the total length of
the external arm and adjustor to be 3 mm, the free spectral
range (FSR) of 100 GHz can be achieved corresponding to a
wavelength spacing of 0.8 nm centered at ITU wavelength
grids.
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Fig. 4. Transmission spectra on port 3 of tree-CMZIs based interleaver. The
wavelength spacing is 0.8 nm (100 GHz).

Next, the analysis of the transmission spectrum for the
three-CMZlIs is presented. Compared with the single-MZI, the
N-CMZIs is composed of many MZIs which can provide a
broad top width. In order to get a broad top width,
optimization simulations for each external adjustor need to be
studied. The transmission spectra of 100GHz three-CMZIs are
given and shown in Fig. 4, in which a broad top width and
large ER can be attained at the wavelength between 1530 nm
and 1650 nm. For 100GHz interleaver based on three-CMZIs,
the total length of the external arm A4 and adjustor 1 is 3.16
cm, the total length of the external arm B4 and adjustor 2 is
3.76 cm, and the total length of the external arm C4 and
adjustor 3 is 2.76 cm, respectively. It can also be noted that
the wavelength jitter at the top region of the spectrum is 0.72



dB. The top width are 0.55 nm under the wavelength jitter of 3
dB, respectively.

Following that, the single and three-CMZIs are fabricated
and tested experimentally. Input 3dB coupler 1 and output 3
dB coupler 4 are shown in Fig. 5(a) and (b), respectively. The
picture of the three-CMZIs based interleaver chip is shown in
Fig. 5(c).

127 pym |

} = Coupler 4

u CMZIs Chip

Fig. 5. Picture of input 3 dB coupler 1. (b) Picture of output 3 dB coupler 4. (c)
Picture of three-CMZIs based interleaver chips.

In order to compare the transmission spectrum of the N-
CMZIs based interleaver with the single-MZI, we tested the
single-MZI by using a motorized variable optical delay line
(MDL) based adjustor. The transmission spectrum of the
single-MZI is shown in Fig. 6(a). It can be noted that the top
width of the transmission spectrum is not good enough. The
single-CMZI is with the insertion loss of less than 5.6 dB and
the extinction ratio in output spectrum of 19 dB under the FSR
of 0.8 nm. The measured transmission spectra for three-
CMZIs based interleaver with wavelength spacing of 0.8 nm
(100GHz) is shown in Fig. 6(b). For 100GHz interleaver, L4
+ Ladjusior1 =~ 3.16 cm, Lgs + Lagjusiorz =~3.76 cm, and Lcs +
Lagjusiors =~ 2.76 cm, respectively. It can be observed from Fig.
6(b) that the transmission spectrum of the 100GHz interleaver
with the ER of about 27dB and the insertion loss varying
between 2.5 dB and 7.5 dB. The top width is ~0.35 nm under
the wavelength jitter of 0.9 dB at the top region of each
channels. Compared experimental results in Fig. 6(b) with
theoretical results in Fig. 4, the wavelength spacing and the
central wavelengths are consistent and the insertion loss is
larger than that of the latter. The increased wavelength-
dependent insertion loss and the decreased flatness of three-
CMZIs based interleaver are mainly because the match
between the optimal design and the SoS process line is
inadequate, which can induce phase error of the internal arms
based on SoS waveguides. It can also be proved from Fig. 6
that the transmission spectra can be tuned by adjusting the
lengths of the external arms and adjustors. Especially, the
broad top width can be further increased by using N-CMZIs
with more stages.
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Fig. 6. Testing transmission spectra for (a) the single-CMZIs and (b) the
three-MZI with the wavelength spacing of 0.8 nm.

III. CONCLUSIONS

In conclusion, the N-CMZIs integrated by external
adjustors have been presented. The characteristics of the
single and three-CMZIs have been numerically investigated
using the CMT and TMM. The experimental results show the
100 GHz three-CMZIs has high performance with the top
widths of ~0.35nm under the wavelength jitters of 0.9 dB, the
insertion loss of less than 7.5 dB, the high ER of 25 dB,
respectively. Comparing with the testing results of single-MZI
based interleaver, the top width of three-CMZIs based
100GHz interleaver could be dramatically improved from 0
nm to 0.35 nm and the ER can be increased from 19 dB to 27
dB.
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Abstract—A  compact and easy-fabricated polarization
splitter-rotator (PSR) using SiO: top-cladding directional
coupler with a slotted waveguide is proposed and characterized.
The proposed device can be easily fabricated with CMOS
technology as only one regular slot needs to be etched on a
silicon nanowire. Compact size of 42 pm device length at 1.55
pm is realized after the optimizing process while the maximum
power conversion efficiency is achieved as high as 94%. With
the length variation of = 5 pm, the conversion efficiency is still
larger than 91%, which shows a large fabrication tolerance. The
influence of the slot center deviation on conversion efficiency
and the bandwidth of the device are also investigated.

Index Terms—Silicon photonics, Polarization-splitter-rotator,
Slotted waveguide

I. INTRODUCTION

In recent years, silicon photonic has attracted many
researchers’ attention due to its ultra-small size and CMOS-
compatible processing, and therefore it is also regarded as
one of promising candidates of next generation of photonic
integration [1]. With the advantage of high index contrast, the
dimension and bending radius of SOI strip waveguide can be
reduced to as small as about 0.088um? and 1um respectively.
However, high index contrast also results in the problem of
high polarization-sensitivity in SOI-based devices. For
example, fundamental transverse electric (TE) mode and
transverse magnetic (TM) mode have quite different
behaviours in Si nanowire, which brings about polarization
mode dispersion and polarization dependent loss. Therefore,
polarization diversity scheme is necessary in SOI-based
photonic circuits to overcome the problem caused by
different polarization modes.

Several approaches have been proposed to achieve
polarization diversity scheme, such as polarization beam
splitter (PBS) [2, 3], polarization rotator (PR) [4, 5] and
polarization splitter-rotator (PSR) [6-9]. PBS is used to divide
the wave of different polarization into different output ports
and then they can be handled separately with other photonic
devices designed for specific polarization mode (e.g., grating
coupler for coupling between Si nanowire and fiber, whose
design rely on the polarization of light), which will make the
design of the whole integrated chip rather complicated.
Different from the PBS, PR have only one output port, but
the polarization of the output light depends on the input light.
And if the input is a combination of light with different
polarization, the PR would be useless. As a combination of
PBS and PR, PSR avoid these problems and provide a better
approach for polarization issues.

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

Here, we propose and optimize a compact and easy-
fabricated PSR based on a novel directional coupler using a
regular silicon nanowire and a slotted waveguide with SiO,
cladding. Maximum polarization conversion efficiency (94%)
is achieved with a device length of 42um through the
optimization of the height and width of the slot and the gap
between the two waveguides. The fabrication tolerance and
operating bandwidth are also investigated.

II. DEVICE DESIGN

A. Proposed Design

The cross-section view of the proposed PSR is
schematically shown in Figure 1, which consists of a regular
silicon nanowire and a slotted silicon nanowire with silica
substrate and cladding. Considering the connection between
the output ports and other photonic devices for further light
signal process, the width (W) and height (H) of two
waveguides are the same with the regular silicon nanowire,
which are 400nm and 220nm, respectively. In order to realize
the high conversion efficiency of the fundamental TM mode
in one waveguide and the fundamental TE mode in the other,
the phase matching condition must be satisfied, which means
the propagation constants of the modes in two waveguides
should be the same. It was found that introducing a slot in a
regular waveguide will reduce the effective index of modes,
therefore it is possible to realize the phase matching condition
between the TM mode in regular waveguide and the TE mode
in slotted waveguide. At the same time, due to the large
difference between the fundamental TE mode and TM mode
in regular waveguide, the TE mode in regular waveguide will
not be coupled into the other waveguide.

. _ " £l
HJ rt H=
1 | W=
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Fig. 1 Cross-section view of the proposed PSR

B. Optimum Structure Design

Due to the strong polarization dependence of SOI devices,
vector finite element method is used to calculate the
propagation constants of two supermodes in the coupler and
thus we can find the optimum parameters for phase matching

214



condition, which are mainly the gap between the waveguides
(g), the width of the slot (Ws) and the height of the slot (Hs).
The refractive indices of the silicon is 3.45 and that of the
silica substrate and cladding is 1.45 at 1550nm. It is found
that the power of TE mode in slotted waveguide is mainly
constrained under the slot, which means the mode can be
easily affected by the height of the slot.

For three different gap values (100, 200, 300nm), the
variation of the effective indices of the supermodes are
investigated as a function of the slot width Ws and the results
are shown in Fig. 2. It is noted that the phase difference
between supermodes decreases firstly and then rises up again
with the increase of the Ws, reaching the minimum at the
phase matching condition. And for larger gap, the lines get
closer and the smallest 44 will be lower due to the weaker
interactions between two waveguides. Coupling length Lc is
another important parameter to investigate the supermodes in
a coupler structure, which can illustrate the results
intuitionally. The Fig. 3 shows the variation of Lc with Ws
for different gap, from which we can straight find that the
peak Lc become larger as gap increases. Although wide gap
will results in long coupling length, which implies a large
device, it can also help to increase the coupling efficiency
because the supermodes is close to a linear combination of
isolated modes due to weak coupling in large gap case. As
55um is not a relative long length compared with other PSR
based on directional couplers, 300nm gap is finally chosen
for high conversion efficiency.
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C. Propagation Analysis

Mode propagation in the device is analysed with FDTD
method by inputting TE mode and TM mode in the regular
silicon nanowire respectively. The variation of intensity of
dominant field component in TE mode (Ex) and dominant
field component in TM mode (Ey) are shown in Fig. 4 and
Fig. 5. It can be found that the TM mode in regular
waveguide is transferred to TE mode in slotted waveguide.
Although in the figure we can still find Ey component in the
two sides of the slotted waveguide, it is negligible because its
power is relative small. The polarization conversion
efficiency, which is defined as the ratio of the power of the
output TE mode in slot waveguide and input power, is
illustrated in the Fig. 6 with the variation of the device length.
The maximum polarization conversion efficiency reaches as
high as about 94% when Lc is 42um and the PCE is larger
than 90% when Lc ranges from 37um to 47um, which shows
a large tolerance for device length.

60 80
Z{um)

Fig. 4 Variation of Ex component along the Z direction

Z(um)

Fig. 5 Variation of Ey component along the Z direction

The influence of the slot center deviation on conversion
efficiency and the bandwidth of the device are also
investigated and shown in Fig. 7 and Fig. 8. As the effective
index is sensitive to wavelength, the phase matching
condition will be destroyed when the operating wavelength
changes, which results in less efficient conversion and the
unconverted TM mode will keeps propagating in the regular
waveguide. It can also be inferred from the figure that the
phase matching condition changes dramatically when the
operating wavelength is reduced, compared to the small
variation when the operating wavelength is increased. As for
the lateral deviation of the slot, it can be found that the
tolerance need to be controlled within 6nm to make the PCE
higher than 90%.
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III. CONCLUSIONS

Through the numerical analysis, a compact and easy-
fabricated polarization splitter-rotator with SiO, top and
bottom cladding is presented here by combining a slotted
waveguide and regular waveguide. The optimized slot height,
slot width and gap are obtained through the analysis of phase
matching condition with full-vectorial FEM and the
corresponding coupling length obtained from the FDTD
method is 42um, where the polarization conversion efficiency
reaches 94%. And +5pm deviation of the coupling length is
available for high polarization conversion efficiency ( > 90%),
which indicates a large fabrication tolerance. The operating
wavelength also has a wide range from 1535nm to 1565nm to
keep the polarization conversion efficiency higher than 90%.
In addition, only two masks are needed to fabricate the
simple structure with CMOS technology and the top SiO,
cladding and the same cross section size with silicon
nanowire enable it to integrate with other SOI devices, which
also always have a SiO, cladding. With advantages of small
footprint, high polarization conversion efficiency, large
tolerance and simple fabrication process, the proposed
structure is a potential design for the polarization diversity
scheme in photonic integrated circuit.
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Abstract— We investigate the properties of the modes
supported by a hybrid plasmonic waveguide. The variation of
effective mode indices, field profiles and other properties of the
hybrid modes for various choices of the waveguide dimensions
are examined in this work by Finite-Difference Eigen-mode
method. It is found that the guided mode is like a combination of
a surface plasmon polariton mode and a dielectric slab mode.
The field of the guided hybrid mode is confined more in the low
index dielectric gap region. Thus the propagation loss is found to
be significantly reduced. In ultra-high density integrated
photonic circuits, coupling between two closely spaced similar
waveguides occurs. This phenomenon is also investigated in this
work. An optimization of the waveguide dimensions for the
minimum propagation loss is performed and a comparative
discussion among waveguides of similar topologies is presented.

Index Terms—Hybrid plasmonic waveguide; finite-difference
eigen-mode; effective mode index

I. INTRODUCTION

Surface Plasmon (SP), a hybrid surface wave that results
from the coupling of an electromagnetic wave and free
electrons in a metal, has attracted a lot of interest in recent
years for its unique properties and great potential for practical
applications [1,2]. Plasmonic waveguides based on surface
plasmon polaritons (SPP) have received a great attention for
their ability to confine light below the conventional
diffraction limit not possible by other guiding approaches [3].
However, their performance is limited by the large
propagation loss. In the optical region of interest, metals are
highly lossy and SP is strongly affected by this loss. As an
alternative to purely plasmonic waveguides, a hybrid
plasmonic waveguide has been proposed [4], which consists
of a high-index dielectric slab separated from a metal surface
by a low-index spacer layer. The power in this hybrid
structure is mostly confined in the low-index layer, thereby
improving the propagation loss suffered by pure plasmonic
guides. Numerous topologies of such hybrid plasmonic
waveguides have been proposed with many choices of metals
and dielectrics since the first proposal of hybrid plasmonic
waveguides[5-8]. In this work, we analyze a metal nanowire
based hybrid plasmonic waveguide and its optical
characteristics at the telecommunication wavelength of 1.55
micron. The numerical investigation was carried out by
Finite- Difference Eigen-mode method [9].

II. WAVEGUIDE ARCHITECTURE

The architecture of the proposed hybrid plasmonic
waveguide is illustrated in Fig. 1. The structure is based upon
[10] and [11]. The metal (Ag) cylindrical nanowire of
diameter d is separated from a square high-index dielectric
(Ge) strip of width w by a nanoscale low-index dielectric gap

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

(Silica) of h. In this study, we vary the Ge dielectric strip
width, the dielectric gap width and the cylinder diameter to
control the propagation distance, L,, mode area, 4,, and
electromagnetic field distribution of a single hybrid mode at
1550 nm wavelength. In our numerical investigation, for
simplicity both the high and low-index dielectrics are
assumed to be loss-less and dispersion-less (not a bad
assumption for a highly n-doped and properly pumped Ge
layer). Since only the TM modes are supported by a surface
plasmonic structure, the hybrid modes will be TM-like or
quasi-TM and only those modes are considered.

Fig. 1 The schematic of the proposed hybrid plasmonic waveguide . A
metal cylindrical nanowire of permittivity €, and diameter d is separated
from a dielectric block of permittivity € and width (and height) w by a
nanoscale low-index dielectric of permittivity €4.6.= 18.2756 (Germanium)
and g4 = 2.25 (Silica). The metal (Silver) permittivity €, = -129 + 3.3i. The
center of the cylinder defines the origin (x = y = 0). Light propagation occurs
in the z direction.

III. METHODS, RESULTS AND DISCUSSION
A. Mode profiles

Fig. 2 shows the E| field profile for different scenarios of
the structure. In absence of the high-index block, the silver
(Ag) wire and its surrounding silica guide a pure SPP mode,
as shown in Fig. 2(a). On the other hand, in the absence of the
metal wire, the high-index block and the low-index dielectric
(silica) in its surrounding guide a pure dielectric strip mode
(Fig. 2(b)),where energy is tightly confined within the high
index core region. For relatively large d (400 nm), and small
w (100 nm), guided mode, which is more SPP-like, is
observed (Fig. 2 (c)). On the other hand, with a relatively
large w (450 nm) and small 4 (100 nm), we see a mode that is
more strip-like (Fig. 2 (d)). Lastly, with comparable & and w,
we see the hybrid mode (e¢), where the SPP-like mode and
strip-like mode get coupled and the energy is confined within
the low-index dielctric nanoscale gap region /.

B. Effective Indices, Confinement and Propagation

Fig. 3 shows the variation of the real part of the effective
indices with different strip width w for different gap height /4,
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with d fixed at 200 nm. It also shows the effective index for
SPP (cylinder) mode and strip mode. It can be seen that in
any case, effective mode index of the hybrid mode is higher
than that of pure plasmonic mode or pure dielectric mode.
Mode index depends on w primarily, increases with
increasing w.

Fig. 4 shows the effective index variation for different d
with w and £ fixed at 250 nm and 10 nm, respectively. Metal
diameter seems to have very little effect on the effective
mode index.

(c) (d)

y (nm}

100
x (nm)

©

Fig. 2 Field profile of the hybrid plasmonic waveguide structure for different
combinations of d and w.

W Pure Sirip mode
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[ |
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Fig. 3 Variation of effective mode index for different w and .

To measure confinement of a mode, we normalize the
mode area, 4,, as defined in [12]. We plotted normalized
mode area for different w and / in Fig. 5. A smaller value of
normalized mode area indicates better mode confinement.

Another index of mode confinement for a given mode can
be defined. In this definition, we focus on how much of the
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total electromagnetic energy is confined within the gap region.
We define the low index spacer gap area in the following
manner. we take a rectangular section in the low index gap
region the length of which is the diameter of the metal wire
and the height of which is %, the gap height.

3.24

2.4+

0.8

Real part of effective index

c|\|\||\|\\|||\\|\|\|
100 180 260 340 420 500

Metal wire diameter, d (nm)

Fig. 4 Variation of effective mode index with metal wire diameter d.
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Fig. 5 Variation of normalized mode area with different w and 4.
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Fig. 6 Variation of confinement factor with w.

40
324

24

Confinement Factor (%)

o a 8 12 18 20

Gap region haight, i (nm)

Fig. 7 Variation of confinement factor with /.

Then the ratio of power in this region and the total power,
found by numerical integration, referred to as ‘Confinement



Factor’ is plotted in Fig. 6, Fig. 7, and Fig. 8 for variation in
w, h and d, respectively. This factor falls sharply with
increase in w, rises slowly with increase of 4, and shows little
variation with d, as expected. This way of defining mode
confinement can be a simple yet effective method of
measuring waveguide performance.

Propagation length, L,, is another important parameter for
a plasmonic waveguide [13]. There happens to be a trade-off
between moderate propagation length and better mode
confinement. L, is defined as the distance in a waveguide
over which the guided power reduces to e’ of its initial
magnitude. In case of plasmonic waveguides, this length is
given by an equation given in [13]. In Fig. 9, it is interesting
to note that at lower values of 4, propagation distance seems
to increase with decreasing w. This is because, at small w and
small / at the same time, fields tend to push out of the high
index dielectric block into the surrounding silica. So, loss due
to metal damping decreases a little and as a result,
propagation length increases.
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Fig. 8 Variation of confinement factor with d.
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Fig. 9 Variation of propagation distance with w.
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Fig. 10 Propagation length as a function of wavelength.

The propagation distance as a function of wavelength is
shown in Fig. 10. As the wavelength increases from 0.5 pm,
the propagation distance rapidly decreases from very high
values. This is contrary to the pure plasmonic case. As a
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matter of fact, at shorter wavelength, the absolute value of the
real part of the permittivity of the metal is very low, e, =7.57
at A= 0.4 pm and 12.3987 at A=0.5 um. Since e >em, at these
wavelengths the fraction of power in the high-index dielectric
region is very high which results in long propagation. When
wavelength increases, |Re(em)| increases, so will the fraction
of power in the metal which results in higher loss and lower
propagation length. After around 4 um, the propagation
length again increases. This is because after a certain
wavelength, the modal index is close to that of the
surrounding (silica), so the power begins to radiate away
from the gap and loss due to damping of metal decreases and
propagation length increases.

C. Analysis of hybrid modes

Using the coupled-mode theory, we can express the hybrid
mode, to a first approximation, as a superposition of the strip
waveguide modes and the SPP waveguide modes [8],

How, h) = a(w, h) Pauip (W) + b(w, h) P (1)

where ¥ (w, h) is the strength of the hybrid mode, a(w, k)
is the amplitude of the constituent strip mode, ¥, (w) and
b(w, h) is that of the SPP mode ¥, (d) of the nanowire and
they are related by |a(w,h)* + [b(w,h)]> = 1. As plotted in Fig.
11, after the critical strip width, near approximately 200 nm,
the coupled mode is more dielectric strip mode and below the
critical width its more SPP-like mode. The narrower the gap,
the more ‘middle’ the mode character stays. This means that
as h approaches 0, the mode approaches SPP mode.
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Wh=200m

Mode character, | a (w, h) |2
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Fig. 11 Mode character variation with w.
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Fig. 12 Single-valued FOM variation with w of Ge strip.

A single-valued FOM for a plasmonic waveguide can be
defined as the ratio of normalized propagation distance (L,/Ao)
and normalized mode area (4.,/49) [12] . The larger this value,
the better performance of the waveguide it represents. The
value of this single-valued FOM will eventually depend on
the dimensions of the particular waveguide. In Figs. 12 and



13, FOM variation for the Ge-Ag waveguide for different w
and two different sets of / are shown. It is evident that both w
and £ affect the performance of the waveguide differently. So
a single valued figure of merit is not a very reliable parameter
of comparison while comparing waveguides of different
dimensions. In this regard, a graphical figure of merit is
helpful where we plot normalized propagation distance
versus normalized mode area while continuously varying a
particular dimension of the waveguide.
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Fig. 13 Single-valued FOM variation with w of Ge block.
E. Coupling between two waveguides

We examined how closely two such waveguides can be
placed so that they suffer negligible crosstalk. The expression
for the crosstalk is given by [14],

XT = 10logio[sin(n/2L,/ L.)] 2)

where L. is defined as the coupling length and L, is the

propagation distance as defined in [13]. Coupling length is
given by,

Le=m.(fe -f)" ©)

where Be and [, are wavevectors in the propagating
direction for even and odd supermodes, respectively. When
fields of the confined mode in the waveguides are in the same
direction then the modes are defined as the even supermodes
and when the fields are in the opposite direction the modes
are called odd supermodes.

In Fig. 14, we plotted the coupling length as a function of
separation between two parallel waveguides, s. We can see
that L. increases almost exponentially with s, as it should.

In Fig. 15, we plotted the calculated coupling lengths as a
function of strip width w for different separations between
waveguides, s. It can be seen that, for a given s, there is a w
where coupling length is maximum. Larger coupling length is
better for ultra high density integration.
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Fig. 14 Coupling length as a function of separation between two waveguides.
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Fig. 15 Coupling length as a function of w.

The coupling length should be large enough so that cross
talk XT <XT, . If we set the maximum tolerable crosstalk X7}
= -25 dB, the required coupling distance is approximately
27.9 times L,. The separation which provides the minimum
coupling length to avoid cross talk is known as the
decoupling separation. If we take L, to be around 25 pm,
then minimum coupling length becomes approximately 700
nm. This is helpful to achieve very high density of integration.
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Fig. 16 Single-valued FOM as a function of width of Si strip.
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Fig. 17 Single-valued FOM as a function of Si wire diameter.
F. Comparative Analysis

We compared the waveguide with other waveguide
topologies and configuration based on the single valued FOM
discussed earlier. We consider two other hybrid plasmonic
waveguides. For the first case, we replace the Ge strip of the
Ge-Ag waveguide by a Si strip (more conventional choice).
Secondly, we consider a waveguide with a cylindrical
nanowire of Si with diameter d separated from a silver surface
by the distance # (Hybrid Si Nanowire waveguide). The gap
and the surrounding are filled with low index dielectric silica.
In Figs. 16 and 17, we show the FOM of these waveguides as
a function of one of the structural parameters. Although the



mode confinement of these latter waveguides are almost the
same as the Ge-Ag waveguide considered so far, they are
superior in case of propagation length and so their FOM
values are much higher. But, the Ge-Ag waveguide shows its
advantage when we compare them on the basis of graphical
figure of merit (Fig. 18). Then it is evident that for the same
amount of mode confinement, Ge-Ag waveguide shows more
propagation length than the hybrid Si nanowire waveguide.
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Fig. 18 Graphical Figure of Merit based comparison between Ge-Ag
waveguide and Hybrid Si Nanowire waveguide.

IV. CONCLUSIONS

In this work, we numerically analyzed, using Finite-
Difference Eigen-mode method, the hybrid plasmonic mode
generated as a result of the coupling between a pure
plasmonic mode and a pure dielectric waveguide mode in a
waveguide structure consisting of germanium block, silver
nanowire and silica substrate. We investigated how the
variation of the structural parameters influences the important
properties of the guided modes. We also evaluated and
thereby compared, the structure’s performance as a plasmonic
waveguide and analyzed the phenomenon of power coupling
that occurs between two such closely placed waveguides
which will be useful for future reference and for choosing
suitable geometric dimensions that offer certain better
performance traits for a particular application.
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Abstract— Free space optical (FSO) system is gaining more
and more attention as this technology is one of the most
promising alternative scheme for addressing the ‘last mile’
bottleneck and meets the increasing bandwidth demand of
emerging applications and end users. When the optical signal is
transmitted through the atmospheric channel, the performance
could be severely degraded due to turbulence. Data modulation
technique is one of the primary ways to enhance link
sustainability. In this paper, a coherent FSO system is analyzed
and evaluated with different modulation techniques like OOK,
L-PPM, BPSK, DPSK and QPSK using Gamma-Gamma
turbulence channel model. The analytical result shows that 8-
PPM modulation scheme demonstrates better bit error rate
(BER) in terms of signal to noise ratio among the modulation
schemes. On the other hand, QPSK and BPSK scheme also
provide better performance in terms of both spectral efficiency
and BER.

Index Terms— Free Space optics, Gamma-Gamma
distribution, bit error rate, modulation techniques.

I. INTRODUCTION

FSO communication systems have been developed for the
growing demand for bandwidth demand in mobile
communication. The technology is useful where the
installation of buried fiber optic cable to provide a high speed
network is impractical. FSO systems support diverse
applications such as satellites, aircrafts, deep-space probes,
ground stations and can also be used as last mile solutions to
efficient deployment in densely populated urban areas or in
unstructured environment such as disaster prone areas. FSO is
gaining popularity due to its advantage over radio frequency
communication (RF) includes immunity to electromagnetic
interference, high data rate, low power consumption, more
compact equipment, less cost and low BER.

FSO technology can provide data rates from hundreds of
Mbps to several Gigabits and commercially available systems
reports data rates as high as 100 Mbps to 2.5 Gbps [1].
Spectrum congestion in RF systems increases the bandwidth
requirement exponentially which is the biggest challenge in
expansion of network. The most efficient solution of the
problem would be deploying FSO systems which guarantee
abundant bandwidth. FSO systems operate in infrared range
of spectrum .It desires an unobstructed line-of-sight between
transmitter and receiver. FSO operates around 850 nm to 1550
nm wavelengths. The wavelength of 1550 nm is preferred
because of more eye safety and reduced solar background
radiation [2].

The free-space medium is utilized by FSO system for the

transmission of data. As a result, atmospheric conditions
inherently affect the transmission, among which turbulence

978-1-5386-3374-8/17/831.00 ©2017 IEEE

has the most significant effect. It effects the propagation of
optical beam by fluctuation of refractive index due to
temperature, pressure and wind variation. Turbulence causes
phase shift of propagating optical signals causing distortions
in wave front as well as causes intensity distortion which is
termed as scintillation. It also greatly reduces the receiver
sensitivity and detection efficiency which results in the
degradation of link performance. It is always an interesting
problem to analyse the degradation of signal strength due to
scintillation of optical signals as well as link performance
against atmospheric turbulence channel. Many researchers
have intensively researched and analysed several
implementation techniques of FSO to improve the link
performance. Advanced data modulation schemes can
compensate the transmission impairments caused by
atmospheric turbulence and enhance link sustainability
significantly.

Many modulation formats are in use in FSO system. Pulse
position modulation (PPM) is commonly used in FSO system
because it is more energy efficient than on-off keying (OOK)
and other modulation formats [3]. The ability to resist
atmospheric turbulence for OOK modulation is particularly
weak. Phase modulation techniques have higher sensitivity
and excellent properties that is better suited for FSO system.
In this paper, several modulation techniques includes OOK,
Binary Phase Shift Keying (BPSK), Differential Phase Shift
Keying (DPSK) , Quadrature phase Shift Keying (QPSK) and
L-PPM have been studied and compared in a coherent FSO
environment. There are many channel models but Gamma-
Gamma model is most frequently used due to its large
operating region which includes both weak and strong
turbulence [4].

The rest of the paper is organized as follows. Section 2
describes the system model. The channel model is explained
in Section 3. In Section 4, different modulation schemes and
their bit error rate expressions are discussed. In section 5, the
expression of average BER and spectral efficiency is
discussed. In Section 6, the performance of different
modulation technique under Gamma-Gamma turbulence
model is compared. The conclusion is given in section 7.

Il. SYSTEM MODEL

A typical FSO coherent system consists of a laser source,
transmitter, receiver and a continuous wave local oscillator
beam before it strikes the photo-detector. The output signal of
the modulator is is transmitted via atmospheric channel. The
overall architecture of coherent system is shown in Fig.1. In
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Fig 1.: Block diagram of a coherent FSO system

this section, the basic model of coherent receiver is explained
and this could be adapted to other modulation receiver.

The electric field of the received optical and the local
oscillator’s signals are [5]:

x,(t) = Erle(znff”%) (1)
XLo (t) = ELoeznfEt (2)

where, E, and E_, are the electric field of the received signal
and the local oscillator laser respectively, | is the intensity
fading coefficient, a=+1 is the information, f; is the optical
carrier frequency. The total power of the received signal and
local oscillator laser is:

Pr=|IEAELo[*=I1°E,+E 2+2IE,Ey,
=P AP +2IV (B P,,) ©)

where Ps and P, are the power of the received signal and
local oscillator respectively. Additionally, the output current
of the photo-detector is:

ip()=RPr+ig(t)+ig(t) (4)

where R is the responsitivity of the receiver, ig(t) is the shot
noise and iy(t) is the thermal noise.

The noise power at the output is given by [6]:
2 —

o} = o}, + 02
=2eB < iy, >+ = 2eBRP,, + "o (5)
L
where Ry is the load resistance.
The instantaneous SNR is given by:

Signal Power

SNR(I) = — - -
Noise Power (=Thermal noise +Shot noise )
__(2IRE/EL,)*
- 4kTB
2BRP Lo+~
_ (2IR)? xP, Py,
_2 BRP; + 4kTB (6)
e Lo RL
If the Local oscillator power is large, the second part of the

denominator can be ignored.

I1l. CHANNEL MODEL

The Gamma-Gamma turbulence model has been widely
used to study the turbulent behaviour of the atmosphere. This
model is suitable for both weak and strong turbulence regime.
The beam intensity fluctuation probability density of Gamma-
Gamma model is given by [7]:

M a+
F =22 (550K, 2 Japl) %

T T'(B)

where, 1>0 is the received signal irradiance, a and B are the
parameters of probability density function, is the Gamma
function and K, is the modified Bessel function of second
kind of order a. Here, a and B are the effective number of
small scale and large scale eddies of turbulent environment,
which are given by [6]:

a = {exp [ 0.4—90’}?272 z] _ 1}71 (8)
(1+1.1035)6
0.510%2 _
B = {exp [(—“”*E g] — 13! ©)
1+1.1035)6

where, 0,2=1.23C,2k"°L'"® is called the Rytov variance
which represents the variance of log-intensity fluctuation.C,?
is the refractive-index structure parameter and its value ranges
from 10™ to 10", k is the wave number and L is the distance
between transmitter and receiver. When oz2<1, it means the
light intensity fluctuation is weak and oz% > 1 means strong
intensity fluctuation.

IV. MODULATION SCHEMES

In recent times, one of the main goal of modulation is to

squeeze as much data into the least amount of possible
spectrums. Moreover, advanced data modulation technique
can compensate the impairments caused by atmospheric
turbulence. Selecting the more appropriate modulation scheme
will depend on certain system requirement criterion. For
optical wireless systems, the two main criterions are: power
and bandwidth efficiency.
Since the average optical power emitted by an optical
transmitter is always limited, the performance of modulation
techniques is often compared in terms of BER at a given data
rate but this is however not the only deciding factor is the
choice of modulation technique. Different kinds of modulation
schemes are suitable for FSO communication systems. In this
article, we have focused on OOK, BPSK, L-PPM, DPSK and
QPSK.

A. On-Off Keying (OOK)

Most commercially launched FSO system has been
implemented using OOK modulation scheme due to its
simplicity. OOK modulation scheme uses either NRZ or RZ.
In NRZ-OOK, a digital symbol of 0 is represented by an
optical pulse of peak power a,P; while transmission of an
optical peak power Pt represents 1. The range of the optical
source extinction ratio («,) is 0<a,>1. The finite duration of
optical pulse is same as symbol duration T. The conditional
bit error rate (P..oox) for NRZ coded optical data with no



turbulence taken into consideration, can be expressed as a
function of SNR as follows:

Py ook =%9ch(% VSNR) (10)

B. Pulse Position Modulation(L-PPM)

In this modulation scheme, each pulse of a laser can be
used to represent one or more bits of information by its
position in time relative to the start of a symbol whose
duration is identical to that of information bits it contains.
Bits in block encoding are transmitted in blocks instead of one
at a time. To achieve optical block encoding, each word of K;
bits is converted into one of L=2X' optical fields for
transmission. Since L is the possible pulse positions code for
K, bits of information in PPM scheme, and the bit rate is
expressed as follows [8]:

R,=B=L2~ (11)
For Gaussian noise, the BER for L-PPM scheme can be

expressed as:

1 1 ’ L
Pe_PPM = Eerfc(ﬁ (SNR Elogz L)

C. Binary Phase Shift Keying(BPSK)

BPSK is the simplest form of phase shift keying (PSK)
which uses two different phases for data modulation such that
phases are 180 degrees apart hence it can be termed as 2 PSK.
This technique is more robust to resist noise than OOK. The
conditional BER equation of BPSK is:

Py_ppsk = %erf c¢(VSNR) (13)

In case of equal BER, the power requirement ratio of BPSK
and OOK is:

(12)

Pgpsg 1

— (14)
Pook 2V2
Theoretically, the NRZ-OOK requires as much as 2v/2 times
power than BPSK to achieve particular BER performance.

D. Differential Phase Shift Keying(DPSK)

In DPSK, when A@ equals 0, this means two adjacent
symbol signals are equal. When using differential decoding,
the phase of modulated signal is shifted 180 degree relative to
the previous phase of the signal while transmitting the
information bit 1. And bit 0 will be transmitted without
shifting the phase of modulated signal relative to previous
state of modulated signal. The conditional BER of DPSK is
without turbulence is as follows:

Py orsic = serfe(EED) (15)

The average power requirement of DPSK normalized to

OOK can be expressed as 2225 = _L_ Under the same BER
Pook 2V2

condition, the average power of NRZ-OOK is twice than
DPSK.
E. Quadrature Phase Shift Keying(QPSK)

Different from BPSK and QPSK, the QPSK scheme uses
two bits which are grouped together to form signals. When
signals are transmitted there are four particular phases.
Therefore, BER for QPSK can be considered as two
orthogonal of BPSK combined. BER for QPSK can be
described as:

Py gpsk = erfc(VSNR) (16)

Consequently, the average power requirement by QPSK
normalized to NRZ-OOK can be expressed as:
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erfc_l(BER)

Pook _ 2v2erfc —1(2BER) an

Therefore the average power requirement of QPSK is

almost equal to BPSK, only a few amount of power more than

BPSK is required. QPSK is bandwidth efficient than any other
modulation schemes.

Popsk 1

V. AVERAGE BER AND BANDWIDTH EFFICIENCY
CALCULATION

In this section, we have discussed how average BER and
bandwidth efficiency of various modulation techniques are
calculated.

A. Average BER

The average BER of the coherent system, considering the
atmospheric turbulence channel:
P, = J, P(Df(D) dl (18)
here, f(I) is the PDF of Gamma-Gamma distribution. For
different modulation technique P, (I), the conditional BER
would be different. We have calculated average BER for
different modulation techniques, varying the required received
power as well as SNR.

B. Bandwidth Efficiency

Bandwidth efficiency is another prime metric which is used

to compare different modulation techniques performance. The

bandwidth efficiency n, can be defined as [6]:
Rp

My =5 (19)

Where Ry, is the achievable bit rate and B is the required
bandwidth. For OOK, BPSK and DPSK schemes, bandwidth
efficiency is 1 [9]. QPSK s very spectrally efficient since
each carrier phase represents two bits of data. The spectral
efficiency is 2 bits/Hz, meaning twice the data rate can be
achieved in the same bandwidth as OOK, BPSK and DPSK.

The band width efficiency of QPSK is ngpsx = 5

2 — 2 For
5Rp
L-PPM, the required bandwidth is [9]:
LR
By _ppy = LogiL (20)
The theoretical bandwidth efficiency of 2-PPM, 4-PPM and
8-PPM is 0.5, 0.5 and 0.375 respectively. The higher the PPM
order, the lower the bandwidth efficiency.

VI. RESULTS

Following the above derivations, simulation has been
carried out using MATLAB.

Fig. 2 shows probability density curves for gamma-gamma
model with different values of turbulence strength. The
strength of the atmospheric turbulence is indicated by
different values of Rytov variance (oz?2).

] 0.5 1 1.5 2 25 3 = 3.5 B 4
Irradiance |
Fig 2.Gamma-Gamma PDF for different turbulence strength



Fig.3 represents the results of average BER, P,(I) as a
function of average SNR for the different modulation
techniques like OOK, BPSK, DPSK, QPSK, L-PPM for
oz = 1. From the figure, it is observed that higher order
PPM (8-PPM) gives better BER performance. BPSK and
QPSK give overlapping performance after 20 dB SNR. Before
that the BER values of BPSK is slightly higher than QPSK.

10-1(: E

2‘5 SID .‘5‘5 4ID 45
Average SNR(dB)
Fig 3: Comparison of BER performance as a function of average
SNR in dB for az%=1

From Fig 4, it is clearly evident that the required received
power is also lower for 8-PPM. It can be inferred from the
figure that after 8-PPM, BPSK and QPSK gives better
performance than other modulation technique in terms of BER
vs.SNR and also average required received power. The BER
performance of any modulation scheme cannot be the only
metric to measure the performance of a modulation scheme.
Bandwidth efficiency is also another prime metrics to evaluate
the performance of a modulation technique.

1010

10.12
-5 0 5 10 15
P (dBm)
r

Fig 4. Plots of BER vs Received optical power for different modulation
technique

The Fig.5 indicates that the band width efficiency of OOK,
BPSK and DPSK is 1, for QPSK, the value is 2 which is
highest among other modulation schemes. This suggests that
QPSK modulation scheme can make full use of the system
spectrum improving the transmission rate of the system. The
spectral efficiency for different values of L is less than equal
t0 0.5 (;_ppm < 0.5).In L-PPM, the bandwidth expansion is
severe for large values of L and ultimately limiting the
information throughput of the system.
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From the figure, it is found that power efficiency and
spectral efficiency both into account QPSK and BPSK
performed far better than the power efficient 8-PPM or more
higher levels of L-PPM technique.

5
a5
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4 @ - % BPSK
35 —€ QPSK
- ¢ DPSK
N % 2-PPM
o« —& 4-PPM
J‘:.E 25 X -4 8-PPM
= 1
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Y ' H
1 1 i
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a i 1 1 L i L ,
0 05 1 15 2 25 3 35 a 45 5

Required Bandwidth B
Fig 5. Bit rate vs. Bandwidth for different modulation techniques.

Fig.6 shows the BER performance of BPSK and QPSK for
different levels of scintillation. The power requirement for
QPSK is slight higher than BPSK.

——BPSK 02=.04
- - -BPSKo3=3 |]

——BPSK s2=8
——QPSK %=.04 ]
Y |——QPsK 3=3
}|—=—QPSK 628 ]
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w0 12D 5 1ID 1‘5 Z‘D 2‘5 J‘D 35 40
Average SNR(dB)
Fig 6. Plots of BER vs average SNR for BPSK and QPSK for different

turbulence strength

In Fig.7, BPSK scheme is simulated for different levels of
turbulence. For different values of Rytov variance (o32) i.e
0.4, 1, 3, 6 ,the SNR values will be 21.4dB, 23.7dB, 27.6dB
and 40.5dB for keeping the BER value 1071° Higher the
value of 72, the more power is needed to achieve the same
BER performance.

10°

10—10 k.

0 o 1‘0 2‘0 ] JID 4‘0 5‘0 60
Average SNR (dB)
Fig 7.BER performance of BPSK for different turbulence strength



VII. CONCLUSIONS

The performance evaluation of five modulation schemes
for a turbulent FSO channel is presented in this paper.
Analysis shows that 8-PPM gives higher BER performance
than BPSK and QPSK. Though 8-PPM modulation scheme
gives superior BER and SNR performance among the
modulation schemes but it has poor spectral efficiency than
BPSK and QPSK. If both spectral efficiency and BER
performance is taken into account, QPSK and BPSK provide
better performance. Again the BER performance of BPSK is
slight better than QPSK. Consequently, among QPSK, PPM
and BPSK, BPSK is thought to be the most suitable
modulation scheme for FSO communication system.
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Abstract—Optical wireless communication (OWC) can be
classified into visible light communication (VLC) and pixelated
communication. The multicarrier modulation schemes for VLC
and pixelated OWC are orthogonal frequency division
multiplexing (OFDM) and spatial OFDM, respectively. In the
literature, two power-efficient forms of OFDM termed as light
emitting diode (LED) index optical OFDM (LIM-OFDM) and non
DC biased optical OFDM (NDC-OFDM) are developed only for
VLC. This paper, for the first time, considers the spatial domain
forms of LIM-OFDM and NDC-OFDM in the context of
pixelated OWC. For pixelated communication, four and two
consecutive image frames are used to realize spatial LIM-OFDM
and spatial NDC-OFDM, respectively. Simulation results show
that for both VLC and pixelated OWC, LIM-OFDM and NDC-
OFDM show equal electrical power efficiency in the presence of
stand-alone channel noise. Moreover, for the above-mentioned
conditions, LIM-OFDM shows 1.3 dB better optical power
efficiency than NDC-OFDM at a target uncoded bit error rate
(BER) of 104. However, for a pixelated OWC affected by spatial
impairments of defocus, linear fractional misalignment,
vignetting and channel noise, NDC-OFDM is 3 dB electrically
and 4 dB optically power efficient than LIM at a BER of 10,

Keywords- visible light communication, pixelated systems,
optical wireless communication, OFDM, LED index modulation,
non DC biased OFDM.

I. INTRODUCTION

Optical wireless communication (OWC) is a supplementary
technique to radio frequency (RF) scheme for the next
generation of wireless communications. This is because the
bandwidth offered by RF spectrum is not enough [1] for high
data rate demanding applications like voice over IP, video
streaming, etc. Furthermore, unlike RF spectrum, OWC has no
spectrum licensing and electromagnetic interference issues [2-
5]. OWC provides more directivity and higher security than
RF communications [6-7]. The data rates in OWC can be
further increased by arranging multiple-input multiple-output
(MIMO) configuration [8-10]. Some examples of OWC are
visible light communication (VLC) and pixelated
communication. In VLC, the light emitting diode (LED)
transmitter is used for data transmission and for room
illumination. The fully networked version of VLC, termed as
light fidelity (LiFi), is considered as a complementary solution

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

to RF based WiFi. On the other hand, a pixelated OWC is an
image transfer based data communication scheme where the
screens of smart phones/tablets/laptops are wused as
transmitters and cameras of smartphones as receivers [11-15].
Unlike VLC systems, a pixelated system are susceptible to
different spatial impairments such as defocus blur, linear
fractional misalignment (LFM) and vignetting [13].

For encoding data in VLC [16], orthogonal  frequency
division multiplexing (OFDM) is used [17]. OFDM provides
high data rates and is robust to intersymbol interference (ISI).
OFDM symbols are bipolar. So, OFDM must be converted to
unipolar to make it usable for intensity modulation and direct
detection (IM/DD). Some of the unipolar forms of OFDM are
direct current (DC) biased optical OFDM (DCO-OFDM),
asymmetrically clipped optical OFDM (ACO-OFDM) [17],
non-DC  biased optical OFDM (NDC-OFDM) [18],
asymmetrically clipped DC biased optical OFDM (ADO-
OFDM) [19] and LED index modulation optical OFDM (LIM-
OFDM) [20]. For DCO-OFDM, to make bipolar OFDM signal
to unipolar, a DC bias is added. In ACO-OFDM, data are
carried only by the frequency domain odd-index subcarriers,
and the time domain OFDM signal is clipped at zero
amplitude level. In ADO-OFDM, the odd-index frequency
domain subcarriers are used to transmit ACO-OFDM signal,
while the even-index subcarriers carry DCO-OFDM signal
concurrently. Therefore, in case of ADO-OFDM, by clipping
the negative part the data-carrying odd subcarriers are
converted to unipolar ACO-OFDM signals, and the data-
carrying even subcarriers are transformed to unipolar DCO-
OFDM signals by using a DC bias. In NDC-OFDM [18], the
positive and negative portions of OFDM symbols are
transmitted by two different optical transmitting units where
the index of the transmitting unit modulates the polarity of the
symbol. On the other hand, LIM-OFDM transmits the
negative, positive, real and imaginary elements of the time
domain symbols by four optical modulators without using a
DC bias [20]. Both NDC-OFDM and LIM-OFDM do not use
any DC bias and thus provide more electrical power efficiency
than DCO-OFDM. However, better power efficiency in NDC-
OFDM and LIM-OFDM is obtained with compared to DCO-
OFDM at the expense of using additional optical modulators
and optical detectors.



Note that VLC uses conventional OFDM in the time
domain. However, pixelated systems encode data using spatial
OFDM, an extension of the concept of OFDM to 2D space.
The spatial OFDM frames are transformed to a sequence of
optical domain image frames. The spatial domain forms of
ACO-OFDM and DCO-OFDM are termed as spatial ACO-
OFDM (SACO-OFDM) and spatial DCO-OFDM (SDCO-
OFDM) when applied in pixelated systems [12-15]. Although
NDC-OFDM and LIM-OFDM are developed for VLC, in the
context of pixelated systems the effectiveness of these
modulation schemes is yet to be evaluated.

This work considers, for the first time, NDC-OFDM and
LIM-OFDM in the context of pixelated systems in the
presence of spatial impairments. The main contributions of
this paper are summarized below:

1. Comparing electrical and optical power efficiency of LIM-

OFDM, NDC-OFDM, DCO-OFDM and ACO-OFDM for

VLC.

2. Extending the concepts of LIM-OFDM and NDC-OFDM
to the spatial domain to form spatial LIM-OFDM (SLIM-

OFDM) and spatial NDC-OFDM (SNDC-OFDM) for

pixelated communication systems.

3. Comparing both the electrical and optical power efficiency
of SLIM-OFDM, SNDC-OFDM, SACO-OFDM as well as

SDCO-OFDM for pixelated communication for the case of

stand-alone channel noise.

4. Comparing both the electrical and optical power efficiency
of SLIM-OFDM, SNDC-OFDM, SACO-OFDM and

SDCO-OFDM for pixelated systems in the joint presence of

vignetting, linear fractional misalignment (LFM), defocus

blur and channel noise.

The paper is structured as follows. Section II describes the
idea of LIM-OFDM and NDC-OFDM in the context of VLC
and pixelated systems. Section III discusses the practical
impairments in a pixelated communication system. Section IV
gives a comparative study of the performance of different
OFDM forms for both VLC and pixelated OWC. Finally,
Section V provides concluding observations.

II. LM-OFDM AND NDC-OFDM SYSTEMS

This section describes LIM-OFDM and NDC-OFDM for
VLC and then extends these concepts for pixelated OWC.
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Fig. 1. System architecture of LIM-OFDM [20]
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First consider LIM-OFDM. The system architecture of
LIM-OFDM [20] for VLC is shown in Fig.l. Note that
conventional OFDM signal is complex in nature and
Hermitian symmetry is required to make it real valued. As a
result, complexity increases to achieve compatibility to
IM/DD systems. In LIM-OFDM, Hermitian symmetry is not
required like other OFDM formats. At first, message data bits
which are to be send are fed to the modulation block for M-
array quadrature amplitude modulation (QAM) where M is the
modulation order. After modulation frequency domain signal

X, is converted to time domain signal X; using N point

inverse fast Fourier transform (IFFT). If the data size is N then
x:[xo,xl,xz, ..... fol] (1

After parallel to serial conversion, each complex symbol x; is

obtained where / = [0,1,2......N -1].

Next, the complex OFDM signal is separated into its real
and imaginary parts. After that polarity is checked for its real
and imaginary components. For a single OFDM complex
symbol, at least four LEDs are required where the first two
LEDs are responsible to transmit real part, and the other two
are responsible to transmit imaginary part. The first LED will
be in ‘on state’ if the real part of complex symbol is positive,
and in that case the second LED will be in ‘off state’. The
reverse case will happen if the real part of complex symbol is
negative. Similarly, the third LED will be in ‘on state’ if the
imaginary part of complex OFDM symbol is positive and in
that case the fourth LED will be in ‘off state’. Again the
reverse case will take place if the imaginary part is negative.
In any circumstances, two LEDs will be in off state as real or
imaginary part of a complex symbol cannot be bipolar at a
time.

With this consideration, X; is separated into its real (X; )
and imaginary (x; ;) parts such that x = X; , + jX; ;. The sign

is then checked for both real and imaginary parts as LED
index modulates the sign information of symbols. The positive

and negative portions of X, , can be expressed by x+l g and

x_l’ r » respectively, as shown below:

. X R if X > 0
x* g = . @
0 , 1 X g < 0
0 if x,,>0
_ ’ LR
X = | 3)
’ X R > if X g < 0

Similarly, the positive and negative portions of X1 can be
expressed by x+” and x|, respectively, as shown below:

N X1 if xl’l>0
X 1=

4
0 , if x,<0 @)

~ 0, if x>0
X 1= . ’ (%)
> —Xp if X1 < 0



Next, the four components of X; are used to illuminate four

different LEDs.

In the receiver section, four photodiodes convert the light
emitted by four transmitting LEDs in to the electrical domain.
Similar to the literature [19], in the electrical domain additive
white Gaussian noise (AWGN) is considered as channel noise.
The four components of the noisy electrical signal are mapped

by the mapping block to estimate the real, VIR > and
imaginary portion, Yip- Next, the complex time domain
signal y, is obtained as follows

V= Tyrt g (6)

After serial to parallel conversion, and FFT operation, the
frequency domain signal Y, is obtained. Finally, demodulation

is performed for data recovery.
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Fig. 2. System architecture of NDC-OFDM biased modulation [18]

Now consider NDC-OFDM. Fig. 2 shows the block
diagram of NDC-OFDM [18]. The main difference between
LIM-OFDM and NDC-OFDM modulation is that NDC-
OFDM does not need real and imaginary separator blocks
because NDC-OFDM uses Hermitian symmetry block which
converts complex number into real. In NDC-OFDM, two
different LEDs are used to transmit the positive and negative
valued symbols and in the receiver section, an estimator is
used to estimate the sign and magnitude of the symbols. Note
that both LIM-OFDM and NDC-OFDM based VLC take
advantage of the spatial domain by using multiple LEDs
which increases infrastructure cost.

For the case of pixelated OWC, the above descriptions of
LIM-OFDM and NDC-OFDM are extended to 2D spatial
domain termed as SLIM-OFDM and SNDC-OFDM,
respectively. In VLC, an LED is the smallest transmitting unit,
whereas in pixelated communication, a pixel within an image
is the smallest transmitting unit. In pixelated communication,
four different image frames are required to represent the
symbols for SLIM-OFDM: two frames for real valued positive
and real-valued negative, while two others for imaginary-
valued positive and imaginary-valued negative. Similarly, for
SNDC-OFDM, two different image frames are used to carry
positive and negative symbols. It is assumed in this paper that
there is no timing synchronization error within the consecutive
four or two image frames of SLIM-OFDM or NDC-OFDM.
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Unlike LIM-OFDM and NDC-OFDM based VLC which take
advantage of spatial domain, the SLIM-OFDM and SNDC-
OFDM based pixelated systems take advantage of the
temporal domain by using multiple image frames.

III. IMPAIRMENTS IN PIXELATED COMMUNICATION

The most common channel impairments for pixelated
communication are defocus blur, LFM and vignetting [12]-
[13]. In a practical system, perfect alignment between
transmitting device’s screen and receiving device’s camera is
not possible which results in misalignment of received images.
For LFM, the extent of misalignment is equal to fractional
number of pixels. Due to LFM, some portion of image is not
captured by receiver camera lens leading to high bit error rate
(BER). If the receiver is not at a fixed distance from the
transmitter, defocus blur occurs as the transmitting device is
out of focus of the receiver lens. LFM and defocus blur cause
attenuation of high frequency subcarriers resulting in incorrect
data recovery. Vignetting is the imaging phenomenon of
illumination falling-off gradually from the center to corner of
the received images. This causes intercarrier interference and
attenuation resulting in incorrect data recovery.

IV. PERFORMANCE EVALUATION

In the following, the performance of different OFDM
forms is evaluated in terms of BER. For this, both average
electrical and average optical power are considered. It can be
noted that the average optical power and average electrical

power depend on E{x} and E{x]}] , respectively for an

electrical signal of x, , where E{e} is the expectation

operator [19]. To obtain a better BER, a modulation scheme
with a higher electrical to optical power ratio £{x;} / E{x}is

required for a fixed E{x,}. In other words, the BER is better

for systems that efficiently transform optical power into
electrical power at the receiver. In this paper, Eh(()pt) / N, is the

optical energy in a bit to noise density (single sided spectal
density), and E, .., / N, is the electrical energy for a bit to

noise density. In general, Eh(up;) /N0 is more useful

performance metric as it considers the optical to electrical
domain conversion efficiency [19]. Howerver, both are taken
as metrics in this work.

For VLC, simulation results are presented for an ideal
AWGN channel with no other distortion. In case of pixelated
communication system, a stand-alone AWGN channel, and a
channel with joint spatial impairments are considered.
Simulation results are obtained with the help of MATLAB
tool. For simulations, 256 number of OFDM subcarriers, M-
QAM constellations, constellation sizes of 4 and 16, and a
cyclic prefix (CP) of 10 % are considered. It can be noted that
in ACO-OFDM, data are encoded using only the odd
subcarriers, whereas in DCO-OFDM, NDC-OFDM and LIM-
OFDM, data are modulated using both the odd and even
subcarriers. For the simulations, the total transmitted optical
power is normalized to unity.
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different impairments.

Next, the BER performance of LIM-OFDM modulation is
compared with NDC-OFDM, DCO-OFDM and ACO-OFDM.
Since the spectral efficiency of ACO-OFDM is half of DCO-
OFDM, 16-QAM ACO-OFDM is comparable to 4-QAM
DCO-OFDM, 4-QAM NDC-OFDM and 4-QAM LIM-

OFDM. The plots of BER versus Eb(elec)/N0 for AWGN

channel for VLC and pixelated systems are shown in Fig. 3.
The plots show that at a given BER of 10% the BER
performance of both LIM-OFDM and NDC-OFDM are 7 dB
better than 16-QAM ACO-OFDM and 8 dB better than 4-
QAM DCO-OFDM. 1t is clear that the performance of NDC-
OFDM is very close to LIM-OFDM when electrical power
efficiency is considered. The same result is found for pixelated
system where it is assumed that there is no other impairment
except AWGN.

Fig. 4 illustrates the plots of BER versus Eb(upt)/N0 for

AWGN channels in case of VLC and pixelated systems. It can
be seen that for the cases considered, LIM exhibits the best
optical power efficiency. For example, for a given BER of
104, the BER performance of LIM-OFDM is 8.3 dB, 3.3 dB
and 1.3 dB better than 4-QAM DCO-OFDM, 16-QAM ACO-
OFDM and 4-QAM NDC-OFDM, respectively. So, Fig. 3 and
Fig. 4 jointly indicate that compared to NDC-OFDM, LIM-
OFDM has equal electrical power efficiency but better optical
power efficiency. In other words, LIM-OFDM provides higher
optical to electrical conversion than NDC-OFDM.

Next, the BER performances are evaluated for different
spatial OFDM based pixelated systems in the presence of joint
impairments of defocus, LFM, vignetting and AWGN. The
effects of defocus and LFM are overcome by equalizing the
received signal usign a single step equalizer in the frequency
domain. Furthermore, N/2 number of higher-index

subcarriers are kept null, where N is the total number
subcarriers. Fig. 5 demonstrates the BER versus £, /N0

for pixelated system for the combined case of impairments.



From Fig. 5 it can be seen that for pixelated communication,
SNDC-OFDM provides 3 dB better electrical power efficiency
than SLIM-OFDM. Moreover, for a BER of 10, the required
Eb(elec)/N0 for SNDC-OFDM is 8dB and 11 dB less than 4-

QAM DCO-OFDM and 16-QAM  SACO-OFDM,
respectively. The plots of ACO-OFDM with 16-QAM and
DCO-OFDM with 4-QAM shown in Fig. 3 and Fig. 5 indicate
that ACO-OFDM outperforms DCO-OFDM in the presence of
AWGN alone, and DCO-OFDM performs better for the case of
impairments. Therefore, 16-QAM ACO-OFDM is more
vulneable to impairments than 4-QAM DCO-OFDM. This is
because for a given power level, higher order constellations
(16-QAM) are more prone to joint impairments compared to
lower constellations (4-QAM). Fig. 6 shows the BER as a

function of E,,,, / N, for pixelated system with impairments.

Unlike VLC where LIM-OFDM has a better optical power
efficiency than NDC-OFDM, SNDC-OFDM based pixelated
scheme has approximately 4 dB better optical power
efficiency than SLIM-OFDM.

V. CONCLUSION

This work extends the concepts of LIM-OFDM and NDC-
OFDM to the 2D space to form SLIM-OFDM and SNDC-
OFDM suitable for pixelated OWC. For SLIM-OFDM, four
consecutive 1image frames are used to transfer the
real/imaginary and positive/negative symbols, whereas for
SNDC-OFDM two consecutive image frames transfer
positive/negative symbols. However, the use of multiple image
frames to encode a single spatial OFDM frame, makes the data
rates of SLIM-OFDM and SNDC-OFDM to be lower than
other spatial OFDM forms such as SDCO-OFDM. Simulation
results indicate that when only AWGN is present, LIM-OFDM
is more optically power efficient than NDC-OFDM for both
VLC and pixelated OWC. However, for pixelated
communication affected by different impairments of defocus,
LFM, vignetting and AWGN, SNDC-OFDM outperforms
SLIM-OFDM in terms of electrical as well as optical power
efficiency. This indicates that compared to SLIM-OFDM,
SNDC-OFDM is more robust to spatial impairments. It can be
noted that in this paper an uncoded target BER of 10 is
considered which can be reduced to 10 by using channel
coding.
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Abstract— An analytical study is carried out for evaluating
the effect of atmospheric turbulence (AT) on the bit error rate
(BER) performance of a multi-wavelength optical code division
multiple access (CDMA) free space optical (FSO) system using
optical domain encoder and Sequence Inverse Keying (SIK)
balanced photodetector receiver. The analysis is represented to
derive the expression of the signal current, multi-access
interference (MAI) current and cross-talk current at the output
of the SIK receiver considering the effect of AT due to FSO
channel. The expression of average BER is found out by
averaging the conditional BER over the effect of probability
density function (PDF) of the AT. The numerical performance
results are evaluated for different code length, number of
simultaneous user, link distance and other system parameters. It
is found that, the performance of a multi-wavelength optical
CDMA system with a SIK receiver is degraded significantly due
to AT effect and suffers considerable amount of power penalty
at a given BER. The penalty is found to be 1 dB to 9.5 dB for
link distance ranges from 500 m to 4000 m with user number 16
and code length 1024 at BER=10".

Index Terms— Atmospheric turbulence (AT), Gamma-
Gamma PDF, Multiple Access Interference (MAI), Multi-
wavelength optical CDMA, Rytov variance and Sequence Inverse
Keying (SIK).

I. INTRODUCTION

FSO communications have gained sufficient interests in
recent years as an alternative to radio frequency (RF) links
for transferring data at high rates over short distances. FSO
also have enormous bandwidth compared to RF
communication systems. Performance of an optical CDMA
system is limited by multi-access interference and also by
channel impairments. The capacity of optical CDMA system
can be increased with a hybrid multiple access technique like
multi-wavelength optical CDMA system and can be
implemented by assigning a numbers of wavelength to optical
CDMA user along with wavelength division multiplexing
(WDM).

Numerous research works have been carried on the effect
of different types of AT’s and pointing error on multi-
wavelength  optical CDMA  communications, FSO
communications and optical CDMA FSO communications. A
detail study has been presented on the effect of AT and
pointing error on FSO communication system with
mathematical model for AT and pointing error [1]. A
theoretical study is represented to evaluate the effect of AT
on optical CDMA over the FSO channel using polarization
shift key (PolSK) modulation format [2]. The intensity
fluctuation on the multi-wavelength pulse position

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

modulation (MWPPM) signal due to the presence of AT has
been studied in [3]. Passive optical network (PON) for fiber
at home (FTTH) and optical CDMA over WDM are reported
in [4, 5]. Remarkable advantages achieved by using hybrid
optical CDMA WDM for different access network [6]. The
benefit of high spectral efficiency of WDM/DWDM system
is reported by theoretical analysis with experimental
verification in [7, 8]. Multi-wavelength optical CDMA is the
effective way to increase the channel capacity and to reduce
the cross talk as discussed in [9]. Recently, the authors have
presented analytical approaches on the performances of
optical CDMA FSO link and Multi-wavelength optical
CDMA system in presence of pointing error in [10, 11] using
SIK receiver.

In this paper, analysis is carried out to evaluate the BER
performance results of a Multi-wavelength optical CDMA
FSO communication system using optical encoder and SIK
decoder. The BER performance results are numerically
evaluated to determine the capacity enhancement of a multi-
wavelength optical CDMA system [7, 8] over atmospheric
turbulent channel. The BER performance results are
evaluated numerically based on the number of simultaneous
users, numbers of wavelength, different link distances and
code lengths, and the AT parameters using Gamma-Gamma
distribution. Power penalties are also numerically evaluated
for a given BER as a function of link distances and
wavelengths in presence of AT.

This paper is presented as follow: multi-wavelength
optical CDMA FSO system model and PDF of Gamma-
Gamma channel model is presented is presented in section II
and in section III respectively. In section IV, analysis on BER
performance with AT is represented. Finally, numerical
evaluations and conclusion are presented in section V and VI
respectively.

II. MULTI-WAVELENGTH-OPTICAL CDMA FSO SYSTEM
MODEL

The block diagram for a multi-wavelength optical CDMA
transmitter and multi-wavelength optical CDMA dual
photodetectors SIK receiver system is shown in Fig 1. The
serial input bit stream from i channel is converted to N
number of parallel bit streams. The optical input to the optical
CDMA encoder is the modulated output of i parallel data
stream from the laser diode (LD) with wavelength A The
optical CDMA encoder generates optical output with the help
of a code generator (CG). The WDM multiplexes N numbers
of wavelengths of optical CDMA encoders. The output of
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WDM multiplexer is the combined optical multi-wavelength
CDMA signal. The combined signal from WDM multiplexer
is then transmitted through the atmospheric turbulent FSO
channel.

The optical signal received from the FSO atmospheric
turbulent channel is amplified and then de-multiplexed by the
WDM de-multiplexer. The outputs of WDM de-multiplexer
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are given to the optical CDMA decoder to decode by the CG.
The SIK dual photodetector receivers receive the output of
each optical CDMA decoder. The decision for data is taken
on each data channel and then, the parallel data streams are
converted to serial bit streams for the respective users [11].

OCDMA Decoder |-

SIKRx  [——»1

Aot

) —

.

OCDMA Decoder [ SIKRx

FSO
Turbulent
Channel

XCZo ZOos

MW-OCDMA Dual Photodetector SIK Receiver Model

Fig. 1: Block diagram of optical CDMA transmitter and multi-wavelength optical CDMA SIK dual photodetector receiver.

III. MULTI-WAVELENGTH OPTICAL CDMA FSO CHANNEL
MODEL

Performance of FSO system is adversely affected by the
presence of AT in the channel. Gamma-Gamma distribution
for strong turbulence is the proposed form of the intensity
variation due to AT at the receiver of the optical link. The
small scale and the large scale fluctuations of the atmospheric
turbulent channel are describe by Gamma-Gamma PDF
model as [1]:

_ 2Ap)B(p)\rrhenz [ J

X K o p)-B(oy) A @BV 7T p)) M

] 1((0!(p)+ﬂ(p))/ 2)-

where, the intensity of the signal is /;, mathematical Gamma
function is 7(.) and modified Bessel function of the second
kind of order a(p)-B(p) is presented by Ko()-pp). The effective
number of small sale eddy a(p) and large scale eddy f(p) of
the scattering environment are related to atmospheric
conditions according to [1] as:
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where, o7 =1.23C k7L represents the Rytov variance,

[

cj presents the refractive index constant, L represents the

propagation link distance and K is the wave number.

IV.MULTI-WAVELENGTH OPTICAL CDMA SYSTEM ANALYSIS

The serial input information bits are converted to parallel
bit streams and the bit stream of i branch for the j* user
modulates the Laser Diode (LD) using the Mach-zehnder

modulator (MZM) at a wavelength of 4;. The output of the
MZM of J; can be represented as:

d; (t) = \2P.m! (t) cos Fﬂ’“ t:| 3)

1

The optical CDMA encoded signal for ;j# user to i"

wavelength A; can be written as:

‘ o 7= 2
s/ () =d! () ()=\2B. ¥ m ()] (t)p(t—ch)oos{f t} “
=0
where data of i* branch of the ;" user is m; (f), wavelength

ith

of i" optical carrier is 4 j” user code is ¢;(#) consists of Lc

chips of duration 7, the /" chip of the j* code is Clj (1).

The ;% user multi-wavelength optical CDMA signal
transmitted can be expressed by:
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Considering the effect of AT on the optical
CDMA signal Is, then the optical CDMA signal received by
K™ user receiver can be expressed as:
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where the attenuation due to AT 1is /4, normalized channel
fading coefficient is /.(?), link distance is d, chip power is p(?)
and average optical received power is P, which is expressed
as:
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The p” wavelength signal for ;" user receiver at the
output of WDM de-multiplexer can be expressed by:

r(t) =

(6)
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where the cross talk parameter is represented by x; for i
WDM channel for the use of WDM multiplexer and de-
multiplexer.

The output of the SIK receiver for the p” wavelength
channel for the j# user is expressed by:
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where T<=M.T;, and T= Ty/Lc
The proto-current, Zi(t) can also be expressed by (10) and
(11) as[10, 11]:
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The simplified form of (11) is given below [10, 11]:
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For a given value of 4,, the mean value of photo current
Zi(t) can be expressed as:

_R,P
U(l,h,)=

j i Lk (0).p, (1= IT,)dt (13)
4T 0 1=0
And, =JU Iq,h ) )d(I) (14)
0
The variance of noise current i,() can be expressed as:
2 4K, TB
a —alh+aqhm_ 2 +2eB(1wg+I +1,) (15)

L
M
where Ly;=Ral, and I,=RaPy, I. = RaP., P, =P..)_ ‘xz‘ ,

Boltzmann constant is K, temperature of the receiver in
Kelvin is T, bandwidth of the receiver is B, receiver load
resistance is R;, the background radiation is presented by Py
and e is the electron charge.

The variance of MAI can be expressed by:

2 2
GMAI(Is)zU (Is’ha) (16)
For a given value of I, the variance of MAI is given by [11]:
2(K —1)
2 2
O-MAI(IS)ZU (Is’ha)' (17)

c
The variance of MAI in presence of the cross talk
parameter [9] x; can be presented by:

2K -1
Oy 1) =)o 257D

(18)

The signal to noise plus interference ratio (SNIR) for
h,=1.0, is then expressed by:
2
U~(1y)
¢y =

7 2 P )
O+ Oy T O ) + Omar)x, ()

(19)

For a given value of channel coefficient h,, the conditional
BER can be presented by:

B(I,)= ;erfc [1/5(13) / 2&] (20)
The unconditional BER can be presented by:
BER = ; [efe[J&a) 1242] pupac) @

V. RESULTS AND DISCUSSIONS

We evaluate the average BER for a dual photodetector SIK
receiver at a bit rate of 1Gbps considering strong AT.
Numerical evaluations are carried out in terms of BER for the
number of wavelengths, number of simultaneous user, code
length and link distances. Finally, power penalties are
evaluated for number of wavelengths and link distances. The
system parameters used for numerical computations are
presented in Table I.



TABLE I
SYSTEM PARAMETERS
Parameter Symbol Value
Bit rate Ry 1 Gbps
Bandwidth of the receiver B 1 GHz
Responsivity Rua 0.85 A/W
Temperature of the receiver T 300 'K
Receiver load resistance Ry 50 Q
Boltzmann’s constant Kb 1.38x10°%
W/K/Hz
Charge of Electron e 1.6x10"° C
Transmitter effective beam radius Wi 20 cm
Receiver effective beam spot radius w, 50 cm
Aperture radius of detector r 20 cm
wavelength A 1550 nm
Link distance L 500-4000 m
Rytov variance for strong AT o’ 0.0559-
3.8081
Index of refraction structure C? 10-14
n
Number of user M 1-64
Code length Lc(Gp) 64 -1024
Power penalty measured at a BER - 107
Cross talk current I 1 nA
Background current I 10 nA
Cross talk parameter Xi 0.01
I I I I I I I I I
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Fig. 2: BER as a function of average received optical power

for number of wavelength=8, number of users M=8 and code
length Gp=512 using link distance L as a parameter.

It is noticed from Fig. 2 and Fig. 3 that, the BER
performance results improves with the increase of code
length from 512 to 1024 but degrades with the increase of
link distances from 500 m to 4000 m. The effect of MAI and
presence of AT in the channel are the cause of this
degradation. Comparison of the figures reveals that, the BER
performance results depends on the number of channel,
number of simultaneous user and code length.

It is noticed from Fig. 4 that, the BER performance results
improves satisfactorily due to the increase of number of
wavelengths. The BER performance results are improved
significantly since the bandwidth of each of the sub-channels
are reduced with the increase of number of wavelength. This
result is similar to the multi-carrier CDMA (MC-CDMA)
system.
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Fig. 3: BER as a function of average received optical power for
number of wavelength=16, number of users M=16 and code length
Gp=1024 using link distance L as a parameter.
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Fig. 4: BER as a function of average received optical power
for number of user M=16, code length Gp=1024 and link
distance =500 m using number of wavelength as a parameter.
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Fig. 5: BER as a function of average received optical power for
link distance L=1500 m, number of wavelength=16 and number
of simultaneous users M=12 using code length Gp as a Parameter.

It is found from Fig. 5 that, the BER performance results
of the multi-wavelength optical CDMA FSO system
predominantly depends on the code lengths (Gp). It is also
found from the same Fig that, since the code length increases
from 64 to 1024 the BER performance results improves
significantly. The flooring of BER starts to occur at a code
lengths lower than 256 due to the impact of MAI and cross
talk present in the channels. Thus, the performance of a
multi-wavelength optical CDMA FSO system can be greatly
improved using higher code length.
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BER=10" using number of wavelengths as a parameter.

It is noticed from Fig. 6 that, remarkable improvement of
power penalty could be achieved by increasing the
wavelength even the AT effect increases with the increases of
link distances. It is seen from the figure that, the power
penalty improves from 14 dB to 8 dB since the number of
wavelength increase from 1 to 20 at a link distance 2500 m in
presence of pointing error. Similar improvement could be
achieved in Fig. 7 even the link distances increases from 500
m to 3000 m in presence of AT. It is also seen from the figure
that, the power penalty improves approximately form 8.75 dB
to 0.5 dB when wavelength number increases from 1 to 20
once link distance decreases from 3000 m to 500 m.

T T T T
! | Code length=1024
- 1800mi_ _ _ L __ I__ _ I Numberofuser=16
Data rate= 1 Gpbs
BER=10E-9

,,,,,,,,,,

Power penalty (dB)

Number of wavelength

Fig. 7: Power penalty as a function of number of wavelength
with number of simultaneous user M=16, code length Gp=1024
and at a BER=10" using link distance as a parameter.

Experimental results are reported in [4, 6] for 3-
wavelength multi-wavelength optical CDMA system using
511-chip, 640 Gchips/s superstructured fiber Bragg grating
(SSFBG) with the central wavelength of 1550.8 nm and
repetition rate 10 GHz. In the experiment, maximum number
of active user was 16 at a BER of 10° without considering
AT. We have numerically evaluated the system performance
results using SIK dual photodetector receiver at a bit rate of 1
Gbps, wavelength of 1550 nm for wave number of 1 to 20
using the other system parameters of Table I considering the
presence of AT in the channel. The results are very much
comparable with the experimental result which validates the
analytical approach.

VI. CONCLUSIONS

In this paper, the BER performance results of a multi-
wavelength optical CDMA communication system is
evaluated analytically under the effect of strong AT using
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dual photodetector SIK receiver. Results are numerically
evaluated at the data rates of 1 Gbps using different system
parameters considering strong AT present in the channel. It is
noticed that, the system suffers from considerable amount of
power penalties due to the effects AT’s, link distance and
different numbers of user using the channel simultaneously. It
is also observed that, these power penalties on BER
performance results could be significantly improved using
higher code length and also by higher number of wavelengths
per user. Thus, the capacity of an optical CDMA system can
be largely enhanced by using multi-wavelength optical
CDMA system over atmospheric optical channel.
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Abstract- Optical communication through Free-Space termed as
FSO system became popular in recent days as a possible alternative
to solve the bottleneck of connectivity problem. But atmospheric
turbulence induced fading may severely degrade the performances
of FSO communication system. We developed an analytical
approach here to evaluate the performances of FSO communication
system in respect of carrier to noise ratio and bit error rate with RF
subcarrier modulation considering the strong atmospheric
turbulence effect and the effect is modeled as gamma-gamma
distribution. An analytical expression is developed to find carrier to
noise ratio (CNR) by considering the turbulence effect at the
coherent optical receiver output. Results are analyzed inform of
average CNR, BER and power penalty taking into account the
turbulence effect for a certain BER for different system parameters
like variance of turbulence, link distance, local oscillator power etc.
It is found that at a data rate of 10 Gbps with number of subcarrier
4, the power penalty at a BER of 10 is 6dB for a link distance of 3.6
Km.

Index Terms- Coherent optical receiver, carrier to noise ratio
(CNR), free space optical (FSO) communication, gamma-gamma
channel model, subcarrier multiplexer.

I. INTRODUCTION

Free-space optical communication (FSO) systems have
developed to meet the growing demand for high-speed
communication systems [1-2]. FSO is suggested as an alternative
to the fiber network in recent days. The success of FSO link is
completely depends on clear Line Of Sight (LOS) between
transmitting and receiving end.

Unfortunately, the propagation of optical wave through free space
provides fluctuation in phase and amplitude due to the effect of
the atmospheric turbulence [3]. Atmospheric turbulence induced
fading produce intensity fluctuation which may degrade the
performances of FSO communication system even under clear
sky condition.

Significant amount of researches have already been reported in
literature to find the atmospheric turbulence effect on the
performance on FSO link [5-11]. Most of works are based on

978-1-5386-3374-8/17/831.00 ©2017 IEEE

computer simulation [5-10]. Even in Ref [6-8] researcher
performed their simulation work only for 2 subcarriers where the
effects of inter modulation distortion is not considered. In ref
[11] analysis for 64 subcarriers is presented considering the
effects of inter-modulation distortions (IMD) but the analyses
have not considered the effect of link distance, data rate and
turbulence variance. Some analytical works are also reported on
direct detection optical receiver with limited number of
subcarrier [7, 9] and there is no clarification of choosing the
detection scheme. Some experimental works are also reported
[9-10] to analysis the performance of FSO communication for
direct detection scheme. So the development of analytical
approach of a RF over FSO communication system is very
limited.

We provide an analysis here to find the BER performance of a
free space link over strong atmospheric turbulence using ASK
RF modulation scheme with coherent optical receiver. RF
demodulation is carried out using a synchronous demodulator.
Analytical approaches are presented inform of BER and power
penalty of the system. Results are evaluated at a data rate of 10
Gbps over link distance of 1 to 3.6 Km for various turbulence
variances.

II. SYSTEM MODEL:

The input data stream is converted to parallel first then the
output of the parallel bits are transmitted using N subcarriers.
ASK modulator is used to modulate each data channel and the
outputs of the modulators are combined using subcarrier
multiplexer. The output of the multiplexer is transferred to the
optical intensity modulator to produce intensity modulated
signal. Now the optically modulated signal is passes through free
space. The optical signal is detected by coherent detection
system at the receiver and the output current of the photo
detector is amplified by preamplifier. The output of the
preamplifier is the combined RF signal which is filtered by a RF
band pass filter to reduce the effect of the noise due to photo
detector and preamplifier. Now the signal output of the RF
demodulator mixed with the signal of the local oscillator and
demodulated through intermediate frequency (IF) demodulator to
get the original data stream at the output.
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ITII. CHANNEL MODELLING:

To develop a high-performance FSO communication link, it is
important to define the channel property properly. Different
probability density functions (PDFs) of the channel have been
reported in literature to demonstrate the effect of intensity
fluctuation. The most reliable channel model for atmospheric
turbulence is the Gamma-gamma model. This model can be
expressed mathematically and can be characterized by the Rytov
variance or? is given by [12],

o, =1.23CkK"°L"° (1)

C.2 is the strength of the turbulence, k = 27/A is the optical wave
number and propagation distance is represented by L.

The intensity fluctuation PDF for gamma-gamma model is
represented by [12]

_2ap) B
P =Tory ! T Ken@VaBD.1>0 )

I represents the fluctuation of light intensity due to atmospheric
turbulence, gamma function is represented by I'(.) and the
modified Bessel function of the second order of is given by K
p) .where o and B are PDF parameters describing the scintillation
are given by [12]

(€)
1

o = 2
exp{ 0.490 2 }_1

(1+0.184° +0.560.2)"°
“)
1
p= ) IS
0.51c2 (1 +0.690 5)
(1+0.9d2+0.62d 0 2*)"°

-1

exp

where d=(kD?*/4L)'? and the diameter of the receiver collecting
lens aperture is given by D.

IV. THEORETICAL ANALYSIS:

Let, Sy represents the k-th input data symbol consisting of N
number of bits ranging from a;’ to a/. The symbol is given input
to a serial to parallel converter and output parallel bits { ay, j=1
: N} are transmitted using N subcarriers. Thus a¢ is the j-th bit
of the k-th symbol and is used to modulate the j-th subcarrier.

Let m/(2) represents the message at the j-th branch of the serial to
parallel converter. Then n#(z) can be given as:
m’(t)y= alp(t—kT,)

k (©)
where T,=N T T, represents the bit period while 7, represents
the symbol period.

The output electrical field of the j-t4 subcarrier modulator can be
expressed as:
e/(t)y =Y a/p(t-kT )4 Cos(w ;1)

k (6)
where w; is the angular frequency of the j-th RF subcarrier and
the amplitude of the j-#h subcarrier is given by 4;.

The output of the subcarrier multiplexer (RF combiner)

corresponding to k-th symbol can be expressed as:
N

e (1) = 2 el() )

j=1
N

=> Y a/p(t-kT )4, ,cos(w,t)

j=1 k
The multiplexed RF signal is then intensity modulated (IM) with
the laser diode output through an electro optic intensity
modulator.

The intensity modulated optical carrier output as electric field
can be derived as:

e, (1) = 2P, [L+k,.e,(t)]e ®)
where the transmitted laser power is represented by Pr and k.
represents the optical modulation index and angular frequency
of optical carrier is given by ®.. The optical signal the is
received by the photodetector can be expressed as:

r(t) = J2P; I [1+ ke () ]e’™ +n, (1) )
where Pr=Pr ¢ is the received optical power, o represents the
atmospheric channel attenuation coefficient, L is the distance of
the optical link, the background radiation is n, and the turbulence
induced fading is represented by I



The output signal of the optical local oscillator is given by,

eLnl,,,, — IZPLOW e /@m0t (10)

where Pro represents the optical power of the local oscillator and
oo represents the angular frequency of the local oscillator.

The output current of the photo detector can be expressed as,
2
i,(t) =R, r(t)+ €0, (t)‘ (11)

V2RI [1+ ke, (1)]e/™ + 2P, e/ :

The RF power output of the j-th subcarrier is given by,

=Rd

2P [14k,4,cos @,1]e™ + [2P,, e[ (12)

C/(I):Rd‘ 2 ‘

V2P [k, 4, cost]e™ + 2P, e/ ’

= 2 |

If oLo=w;j, then the j-th subcarrier output is given by,

0 ‘ 2RIk, A cos o+ [2B, |
c ()=

=R, : |

2
2Pk, A, cosmt+ /2PL%

d 2

(13)

=R, (Putk, 4} o5’ wjt+ Py + 2Pl [Bg k,4,c0s 1)

The output power of the band pass filter for j-th subcarrier,
ignoring the second order term is given by,

P(t) = 2R [Pyl [Py, kA, cosm it (14)
The output signal of the local oscillator is given by,

- = 15
eo =40, COSO,, 1= 2P, cosm, t (15)

where Progrs represents the power of the local oscillator and ®rore
is the angular frequency of the local oscillator.

The synchronous RF demodulator output of j-th subcarrier is
given by,

S(0)=2RA[RI [Py kA cosot[2P,, cosm,, t
=2R, \/a ,PLo(y,, 2P, k,A;coswtcos @y, t
= Rd\/a ,PLOU," 2P, k.4, [cos (a)i + O, ) + cos(a)i — Wy, )}

We can filter out the sum terms in equation. Then we have,

S, (t)= RJPI [Py 2P, kA c0s (00, -0, ) (D

If we consider ®Lo= ®; , then

S, ()= RJPI P, 2P, K, 4, (18)

The total output of the synchronous RF demodulator for N
number of subcarrier is given by,

N
S()=3 s,() 19
j=1
= R,JP:1 \/PLOW J2Pio,, kAN

The noise power produced by the band pass filter can be

(16)

expressed as:
2 2 2 2
o-n = O-shis:g + O-lh + O-sh7L0 (20)

4kT

= 2eB[1,]+ B+2eB[I,,]

L

= 2B[R,P,(1)x ke (t)+ R P,y %k, A,,]1+ 4;{7TB

L

where B is the band width of the band pass filter, the shot noise
variance is 62, and o4 is the thermal noise variance.
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However, performances of multiple subcarriers modulated
(MSM) FSO communication system may be perceptible
degraded due to the nonlinearity of laser diode, mixing of
subcarriers and inter-modulation distortions (IMD). If we
consider that the transmission band is limited to single octave
then the second-order IMD (IMD2) can be designed out and the
third-order IMD (IMD3) provides the interference between the
carriers [11]. So the IMD3 term which falls between the N
numbers of subcarriers is given by [11]

2
O'IZMD :%(%a3m:D2(N,n)+%a3m3D3(N,n)j 1 @D

where
DW= {v-2- Sl ey e

(23)

Now the CNR with the IMD considering the fading
introduced by the turbulence can be expressed as

(R P[Py, 2P0, K, AN) (24)

2eB[R, P, I Xk, e (t)+R,Ppxk,A,]+ 4£T B+0

effect

CNR(I)=

aVsc

L

So, the BER conditioned is given by [10],

BER(I) = %erfc [“ Cz]\\l/R%(l) ] 25

Finally the average BER is given as:
BER = [ BER (I).p(I)dI (26)
p(I) represents the PDF of gamma-gamma condition.

V. RESULTS AND DISCUSSION

Following the analysis presented in previous section, we verify
the performance results of subcarrier modulated optical free
space link. The parameters that are include for computation are
given in table below.

Tablel: System Parameters used for computation

Parameters Values
Data rate 10 Gbps
Number of the Subcarriers 1,2,4,8,16,32 and 64
Wavelength of the Laser, A 1550nm
Responsivity of PIN photodetector, R 0.85
RF modulation index, k 0.5and 1
Link distance, L 1000 m - 3600 m
Subcarrier Power, Ps 05Wand 1 W
Optical local oscillator power, PLoorr 1w
RF Local Oscillator power, PLorr ImW and SmW
Received power -30 to 30 dBm
Subcarrier power 1.0 watt and 0.5 watt
Turbulence strength, ¢ 2 1?*01:?51;1/3;;“1
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Fig 2: BER performances with respect to the Received optical power with
turbulence variance with two different value of local oscillator power.

Fig.2 includes the plots of BER vs. Received optical power with
local oscillator power of ImW and 5SmW respectively. From the
close analysis of the figure it is clear that the high amount of
received power is required to get a desired BER and the BER
increases with the atmospheric turbulence level. It is also found
that the error performance improves with the increasing the local
oscillator power.

The effect of turbulence is depicted in Fig.2 by plotting power
penalty as a function on turbulence variance is shown in Fig.3.
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Fig 3: Plots of Power Penalty with respect to the Turbulence variance for
different condition of BER with ImW local oscillator power.

From the close analysis of the figure it is observed that with the
variance of the turbulence the power penalty increases
irrespective of the BER. It is also noticed for higher BER the
power penalty is maximum at same turbulence level. For
example, when the turbulence variance is 0.5 the penalty due to
turbulence is are ~ 1.8 dB, 2 dB and 2.3 dB at a BER of 1073, 10

and 10 respectively.

The link distance, L dependence of the system is illustrated in
Fig. 4,. It is noticed that the error performance gradually
decreases as L increases from L = 1000m to L = 3600m. It is
also noticed that the length increases from 3200m to 3600m
shows more critical performance deterioration than in the case
where length increases from 1000m to 3200m.
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Fig 4: BER performances with respect to the Received power for variable link
distance (m) with two different value of local oscillator power.

It is also noticed that if we maintain the similarity in aperture
configurations then the BER performances remain unchanged.
But increase the power of local oscillator demands lower

received power.
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Fig 5: Power Penalty performance of the system with respect to the Link distance
under different BER Condition with local oscillator power is ImW.

The power penalty performances of the system at BER 10, 10

and 107 with respect to the link distance are shown in Fig.5.

Fig. 6 shows the BER performances with respect to the received
optical power considering effect of the turbulence strength.
Figure demonstrates that the changing effect of turbulence
strength is not so impressive on BER performances.
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Fig. 6 Plots of BER vs. Received optical power with different Refractive index
structure parameter.
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The plots of CNR vs. received power under strong turbulence
with variable number of subcarriers are shown in Fig.7. It is
noticed that there are improvement in CNR with increasing the
number of subcarrier.
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Fig. 8 Plots of BER vs. Received power for variable combinations of subcarriers
under turbulent condition.

Fig 8 shows the different combination of subcarriers under
turbulent conditions to realize the improvement of the link.
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Fig. 9 Plot of power penalty vs. subcarrier number under turbulent condition.

The power penalty vs. different number of subcarriers is
included in Fig.9. Figure shows that, due to increasing the
number of subcarrier from 4 to further the value of IMD
decreases and the overall performance gradually improves.
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VI. CONCLUSIONS

We have provided a novel analytical approach for error
performance analysis for a FSO link with multiple RF
subcarriers considering strong turbulence with gamma-gamma
distribution as channel model. In this analysis we use ASK
modulation  technique for subcarrier modulated FSO
communication systems with coherent optical receiver. It is also
reported that for unchanged configurations of apertures, the error
performance deteriorates as link distance increases and
increasing the value of local oscillator power can improve the
overall performances. It is found that at a data rate of 10 Gbps
with number of subcarrier 4, the power penalty at a BER of 10
is 6dB for the link distance of 3.6 Km.
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Abstract—Analytical approach for evaluating the performance
of bit error rate (BER) of an optical M-ary Pulse Position
Modulation (M-PPM) scheme using a PIN receiver and
considering the effect of pointing error through a strong
atmospheric turbulent channel is presented. The expression of
conditional and unconditional BER is developed over the
probability density functions (pdf) of atmospheric turbulence
strength and the normalized pointing error. Numerical
evaluations were conducted for 10 Gbps data rate considering
the effect of normalized pointing error through atmospheric
turbulence with PIN receiver for a different M-PPM order. The
evaluation showed that significant BER degradation occurs when
the effects of pointing error and atmospheric turbulence
increases and significant performance improvement is achieved
using higher order PPM. It is also noticed that power penalty of
the system suffers significantly for both pointing error and
atmospheric turbulence.

Index Terms— Bit Error Rate, Optical M-PPM, Pointing Error,
Gamma-Gamma distribution, Atmospheric turbulence strength, PIN
photodiode.

I. INTRODUCTION

Free Space Optical (FSO), commonly referred as Wireless
Optical Communication (WOC) is a popular way of
communications due to its advantages over RF
communication providing higher bandwidth, secure
transmission, low cost and easy deployment. However, FSO
systems are sensitive to fog, cloud, rain, haze, dust, snow,
atmospheric turbulence and this causes significant bit errors in
the received data. Change in temperature changes the
refractive index of the channel hence, changing the
atmospheric turbulence which can be classified into weak and
strong turbulence [1-3]. The degradation caused by
atmospheric turbulence can be analytically evaluated by Log-
normal and Gamma-Gamma distribution models on terrestrial
FSO links with IM/DD modulation [1, 2] and [4-7]. Pointing
error also bears tremendous importance in the performance of
a FSO system. BER of the received data will be high if there
is pointing error and turbulence; which degrades the entire
aim of FSO communication system.

Numerous research works have been done on FSO link for
finding BER and pointing error applying intensity modulation
and direct detection (IM/DD). But Optical M-PPM is a much
more energy efficient modulation format than On-Off Keying
or other modulation techniques. The performance of BER of a
FSO system using Log-normal and negative exponential
distribution with error correction coding and without coding
has been evaluated in [8]. The authors in [9-10] have reported
atmospheric turbulence effects, timing jitter and pointing error
on the bit error rate performance of an optical PPM FSO link
using PIN and APD receivers. Investigation in [11-14] shows

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

that for future optical communications, OCDMA (Optical
Code Division Multiple Access) along with optical PPM
(OPPM) schemes are emerging as more promising
communication scheme.

In this paper, an evaluation of the impact of pointing error
along with atmospheric turbulence on optical M-PPM FSO
system with PIN receiver is conducted analytically. The entire
analysis is carried out for finding out the effect of pointing
error that strong turbulent channel has on the performance of
BER in an optical M-PPM FSO communication system.
Power penalty due to several cases of turbulence is
determined against pointing errors for a given BER on optical
M-PPM FSO communication system.

This paper is arranged as follows: System model, model of
atmospheric turbulence and pdf of pointing error are
represented in Section II, III and IV respectively. BER
performance analysis using PIN photodetector receiver is
presented in Section V. At the end, section VI holds the
evaluation of BER performance and conclusion is given in
section VII.

II. SYSTEM MODEL

M-OPPM FSO system block diagram with PIN photodiode
is presented in Fig. 1 In the transmission end serial to parallel
binary data bits are given as input to the M-PPM. The PPM
modulated data bits are then transmitted by laser transmitter in
channel.
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X . M-PPM 0
|/{P_' Marypem) | Collim- Demodulator [~
Bits *| Modulation 3 -ator

Slot synchronizer

Fig.1. Block diagram of M-PPM FSO system using PIN photodiode

At the receiving end, a PIN receiver is present to receive
the modulated optical data beam. An opto-electrical
conversion takes place and then data is fed to low pass filter to
remove the effects of channel noise. The output obtained is a
pulse position modulated data which is passed through a PPM
demodulator and as it is required to match the position of the
input bits and the output bits, hence a slot synchronizer is used
to synchronise the transmitted and received data stream.

/o
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III. ATMOSPHERIC TURBULENCE MODEL

Assuming strong turbulent channel, the intensity
distribution is given using Gamma-Gamma distribution model
by [2]:

(o) B(p)/2
p(I, | p)= 2(oUP)B(P)) L) @prppya-

x(

YINPT@(P)TB(p))  vIp)
x Km,,)_ﬁ(p)(zJ aAp)B()L, 1 ¥ IGp))

(D

Here, p is a function of fluctuation by which optical field is
defined, 7(.) represents Gamma function, Kugp)-pp(.) 1S
modified Bessel function of second order a(p) — f(p). a and S
are connected to atmospheric conditions as follows [16]:

-1
o= [exp(O 4907 /(1+1. 11012/5) )—1} @)
2 12/5%/¢ B
B= exp(O.Slo‘R /(1+0.690'R ) )—1 3)
and oz’ is Rytov variance and is described as:
o2 =123(27/10)" =21V (4)

here A denotes wavelength, L defines link distance, and the
strength of atmospheric turbulence is denoted by the
parameter C,°.

IV. PDF OF POINTING ERROR

Pointing error takes place when the received optical beam
is incident imperfectly on the photodetector. Assuming that %,
is the attenuation occurred by pointing error, pdf of 4, can be
represented as [15]:

y2 P

fhp<hp>=f " L0<h, < 4 )

here y=w.., /20, and it defines the ratio among beam radius
(equivalent) and standard deviation of pointing error at the
receiver side. The parameter w., can be defined by the
equation [15]:
Ny 5 5 \/;erf ) 2
Wy = 0 = Ay =[erf (V)]
\/Ea)z 2vexp(—v7)

here w. is the radius measured from z distance from the
transmitter.

V. SYSTEM ANALYSIS

We consider the effect of atmosphere on the optical signal
in terms of /h.(?), which represents the overall impulse
response of the atmosphere which also includes the effect of
both pointing error and atmospheric turbulence and /,.(¢) can
be represented as [4]:

hoe (1) = hyh, (6)
here, 4, is pointing error and atmospheric turbulence is
represented by A,

The M-ary optical PPM signal transmitted over the
atmospheric channel is given by:

S(t)=2Pe’ a, (7
here, ax is the k™ bit which is either 1 or 0, average
transmitted optical power is denoted by Pr and angular optical
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carrier frequency is presented by w.. The received signal at n'
receiver aperture is given by:

M
n(0) =R SO hy,e ™ +n(),n=1,.....N (8)
m=i

where, M is the number of transmitter and N is the number
of receiver photodetector, o represents path loss coefficient, L
is the link distance, R, is detector responsivity, n(?) represent
the photodetector shot noise, preamplifier thermal noise and
zero mean Gaussian noise with variance ¢,°. Parameter A, is
the normalized fading channel coefficient which models the
effect of turbulence in the channel from the m" transmit
aperture to the n” receive aperture.

The output of the photodetector can be expressed as:

M

iy (6) = Ry, (6) = 2Ry 1D Byt +i, (6) ©9)
m=1

where, I is the received optical irradiance with atmospheric

turbulence.

Mean value of photo current for a given value of p, I, and %o

can be expressed as:

M
R(p, Iy, ko) = 2Ry 1 ()Y By +i, (1] (10)

m=1
R (U hye) = jR (P L oshoe)P(PYP (a1
Here, noise variance, o,° where,

4k, T
02 =2eB(RyI+1,)+——B (12)
L

Here, charge of electron is e, responsivity is denoted by Ry
and R; here defines load resistance of receiver, [, is the
background radiation intensity, £ is receiver bandwidth and T
is the temperature of receiver in Kelvin.

Now the signal to noise ratio (SNR) for PPM order K and
bit rate R is given by:

_R (Iw hoc)

n

E h,)=—“x Klog, K (13)

The conditional BER conditioned on a given value of
channel coefficient he is then given by:

R, m>——erfc[\/ ELy by, )/ 2N2] (14)

The average bit error rate (BER) for a given I, is given by:
B = [ B Py, (1s)

The unconditional BER is obtained as:

BER = [ B,(1,)P(1,)dI, (16)

Finally, the equation for unconditional BER can be written
as:

BER = I IO.Se;fch [E(L h,, 1 2N21.P(1,)P(h,, )dl,dh,, (17)

VI.RESULTS

In accordance with the approach shown analytically
estimating a bit rate of 10 Gbps and considering the effect of



pointing error in presence of atmospheric turbulence in the
channel for different values of MPPM order.

The parameters that were used for this system are given
below in Table 1.

TABLE 1
System parameters

Parameter Symbol Value
Data rate Ry 10 Gbps
Wavelength A 1550 nm
Responsivity Ra 0.85 A/W
Bandwidth of receiver B 10 Gbps
Temperature of receiver T 300 K
Load resistance of receiver R 50 Q
PPM order K 210128
Background current Ip 10nA
Standard BER for power penalty - 10-1°
Pointing error as/r 02t02.5

10 ;
PPM order, K=2
10° Turbulence,Cn’=1x10" |
0 /=02 Da"ra rate, Rb = 10Gbps
s Pointing Error,
71 0 /=0.2-2.3
10 s
e~
[=a]
Mg
10 ¢ |
-9
10 ¢ |
10" ‘ ‘
-15 -10 -5 0 5 10
1(dBm)

Fig. 2. Plot of BER vs. received optical signal intensity / (dBm) for
PIN receiver using pointing error as a parameter at a data rate R,= 10
Gbps when atmospheric turbulence strength, C,” = 1x107,

10 T
PPMorder. K=2
Turbulence, CnZ=10-1¢
10° Bitrate, R,—10Gbps ||
)
o 10
23]
m
K
10 i
K
10 4
10"
-15 -10 -5 0 5 10
1(dBm)

Fig. 3. Plot of BER vs. received optical signal intensity / (dBm) for PIN
receiver using pointing error as a parameter at a data rate R,= 10 Gbps
when atmospheric turbulence strength, C,2 = 1x107"m?3

Plot of BER wvs. signal intensity / (dBm) are shown in Fig.2
and Fig.3 for pointing error (oy/r) from 0.2 to 2.5 and data rate
10 Gbps in presence of atmospheric turbulence strength, C,’
equals to 1x10""*m?? and 1x10"'"m™?> respectively. Fig. 2 and
Fig. 3 shows that FSO system suffers because of atmospheric
turbulence and imperfect normalized pointing error. It is also
noticed from the Figures that as the atmospheric turbulence
strength increases, BER 1is also degrades significantly. The
results of BER performance improve notably when the
normalized pointing error (oy/r) decreases from 2.5 to 0.2
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keeping the other system parameters (turbulence strength, data
rate) constant.

10 -
PPM order, Kf 16
% Turbulence, Cn= 100
10 Datarate, ha 10 Gbps
oir=0.2 g 1=02-25
w 10 E
5}
m
5
10 E
-9
10 3
-10
10 :
-15 -10 5 0 5 10

I(dBm)

Fig. 4 Plot of BER vs. /[(dBm) for PIN receiver while PPM order,K=
16, atmospheric turbulence,C,’= 1x107'° at data rate equals to 10 Gbps.
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I
25
10" ' :
-15 -10 -5 0 5 10
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Fig. 5. Plot of BER vs. /(dBm) for PIN receiver while PPM order,K=
32, atmospheric turbulence,C,’= 1x107* at data rate equals to 10 Gbps .

Comparing Fig. 3 and Fig. 4 it is observed that, for the same
normalized pointing errors and at C,/=1x10"'°, BER
performance improves significantly for low pointing error
such as 0.2, 0.8, 1.2, 2 when PPM order was increased from 2
to 16 but degraded for high pointing error of 2.5 which also
proves the degrading effect of pointing error on BER
performance. Similarly, difference of Fig. 2 and Fig. 5 shows
that, if PPM order is increased from 2 to 32, BER
performance improves significantly for the same C,? value of
10"'* when pointing error is less and for high pointing error
that is os/7 = 2.5, BER performance degrades. So, it can be
concluded that even if FSO communication occurs in
atmospheric turbulent channel and pointing error is present,
by increasing the PPM order BER performance can be
improved.
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10- 1 1
-15 -10 -5 0 5 10

10(dBm)
Fig. 6. Plot of BER vs. received optical signal intensity / (dBm) for PIN



receiver using PPM order as a parameter varying from 8 to 128 and ata
data rate R, = 10 Gbps when atmospheric turbulence, C,” = 1x107'° and
at pointing error, oy/7 = 0.8.

3
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Fig. 7. Plot of BER vs. received optical signal intensity / (dBm) for PIN
receiver using PPM order as a parameter varying from 8 to 128 and at a
data rate R, = 10 Gbps when atmospheric turbulence, C,” = 1x107* and at
pointing error, oy/r = 0.8.

The plots of BER vs. signal intensity / (dBm) are shown in
Fig. 6 and Fig. 7 when the parameter PPM order, K is varied
from 8 to 128 for normalized pointing error o,/7=0.8, data rate
of 10 Gbps in presence of atmospheric turbulence, C,? equals
to 10 m?? and 1071 m? respectively. It is noticed from Fig.
6 and Fig. 7 that BER increases at a higher atmospheric
turbulence, C,’ and BER performance results significantly
improves with the increase of MPPM order from 8 to 128.

10r | BER = 1010
Bit rate, Ry = 10 Gbps

8[| Pointing errorg /= 02-25

Turbuleace, Cd= 1014-1010

Power Penalty (dB)

0 : 0
10
Pointing error (Gsfr)

Fig. 8. Plot of power penalty (dB) vs. pointing error(c,/r) at BER= 10",
data rate, R,= 10 Gbps as a parameter of atmospheric turbulence strength,
C,? for PIN receiver.

The plots of power penalty (dB) vs. normalized pointing error
oy/r for atmospheric turbulence strength, C,” equals to 1x10'4
m?23, 1x1013 m?3 1x10"? m?3, 1x10"! m?? and 1x1071® m>?
respectively are shown in Fig.8 at BER equals to 10°1°, data
rate, Ry= 10 Gbps as a parameter of for PIN receiver. It can be
observed that penalty is significant and higher for stronger
atmospheric turbulence and lower for lower atmospheric
turbulence strength. So, by decreasing atmospheric turbulence
strength (C,), power penalty in dB can be decreased for given
pointing errors (oy/r). For instance, the power penalty
improves from 9.7 dB for C,” = 1x107'° to 2 dB for C,” =1x10
14 at a normalized pointing error 2.5.
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Pointing eIror,o, =0.8 1
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Turbulence strength,Ctz1

Fig. 9. Plot of power penalty (dB) vs. atmospheric turbulence strength,
C,’ at BER= 10", data rate, R;= 10 Gbps as a parameter of PPM order,
K for PIN receiver.

The plots of power penalty in dB due to atmospheric
turbulence, C,’ at a given BER of 1071° for PPM order of 8, 16,
32, 64 and 128 respectively are shown in Fig. 9 at a data rate
of 10 Gbps. It can be noticed that, penalty is significant and is
higher for lower order PPM order. Thereby, it can be depicted
that, higher order of PPM is required to maintain the same
BER performance as well as to reduce atmospheric turbulence
and pointing error effects.

From Fig. 9, it is observed that for data rate, R, = 10 Gbps,
pointing error, o/7=0.8, BER = 10!® Gbps and turbulence
strength, C,> = 107" m?3; when PPM order, K=128 power
penalty is the lowest and the value is 1.8(dBm) whereas for
K=8, power penalty is the maximum and the value is
2.8(dBm). As with the increase of PPM order, bandwith
requirement also increases drastically, an optimum value of
PPM order was chosen for our system which is K=32 for
which power penalty is 2.6(dBm).

VIL

An analytical formulation is presented, providing
evaluation of atmospheric turbulence effects, normalized
pointing error and MPPM order in the BER performance
results on the FSO link using a PIN receiver. It was observed
clearly that, significant increase in BER occurred for
increasing effect of normalized pointing errors and also of
atmospheric turbulence. Power penalty suffered by the system
due to pointing error and turbulence could be reduced
significantly using higher order MPPM. The analysis can be
proved useful and applied in designing a high data rate optical
M-PPM FSO communication system using PIN receiver.

CONCLUSIONS
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Abstract—In this paper, the performance of multi-hop free-space-
optical (FSO) communications systems over atmospheric turbu-
lence fading channel along with pointing error effects is analyzed
considering Pulse Position Modulation (PPM). The analysis is
done under weak atmospheric turbulence i.e. Lognormally dis-
tributed and transmission using multi-hop which is established on
amplify-and-forward relays. We illustrate combined probability
density function for multi-hop FSO system. The numerically
found results show that the multihop transmission along with
M-ary PPM is a good solution for obtaining desired Bit Error
Rate (BER) under the effects of weak turbulence and pointing
error.

Index Terms—Free space optics (FSO), multi-hop relaying, weak
turbulence, PPM modulation, pointing error, relay assisted FSO,
energy over a PPM bit.

I. INTRODUCTION

An FSO communication is a system that uses visible or
infrared rays to transmit data over a distance, applying the line
of sight (LOS) technology. In recent days FSO is frequently
used in designing communication channel models due to its
significant advantages over radio wave and micro wave like
last-mile access, fiber backup etc. [1].

Like any other system using FSO has its pros and cons, atmo-
spheric turbulence effects the system severely and deteriorates
its performance. Atmospheric turbulence creates fluctuation
of received optical signal specially for link ranges longer
than 1 km. Another drawback of using FSO is the effect of
pointing error on its performance. To solve the turbulence
related problem, as well as to broaden the coverage of the
system multihop transmission technique is considered as an
effective option [2-4].

The main idea of multi-hop is to relay signal from transmitter
or receiver that is from source to destination. Types of re-
laying that are generally used : decode-and-forward (DF) and
amplify-and-forward (AF). DF implies to a technique in which
the received signal is demodulated and decoded before it is

978-1-5386-3374-8/17/831.00 ©2017 IEEE

remodulated and retransmitted at each hop or relay. Whereas
AF is the system in which the received signal is amplified
before it is retransmitted at each hop, amplification can be
done by electrical or optical means.

As FSO is very popular now-a-days, studies related to FSO
channel link performances are quite common. Many studies
have been made in this field including BER vs. SNR for
multi-hop FSO channel [12]. Popular models such as Gamma-
Gamma distributions and Log-Normal channel models have
been studied for investigating the effects of turbulence [1],
[13]. Other papers have investigated the outage probability of a
multi-hop FSO communication system in the weak turbulence
region and pointing error induced fading [6].

We have analyzed the BER of a multi-hop free space optical
link. The type of modulation used here is PPM and pointing
error has been taken into account in our analysis. The required
receiver sensitivity for different PPM order has been included
in our analysis. Maximum allowable transmission distance that
is the distance within which we get desired BER has been
computed for a particular hop length. We have also calculated
the energy over a PPM bit.

II. SYSTEM MODEL

An FSO system consisting of a source terminal (S) with one
transmitter aperture for transmitting data to the 1% hop), seven
hops with one receiver aperture (for receiving the tx data sent
from the source or from the (k — 1)** hop) and one transmitter
aperture (for transmitting signals to the receiver or to the next
hop) and one destination node (D) with one receiver aperture
(for receiving the tx data by the seventh hop) is assumed.
Type of modulation used is OPPM and aforementioned system
model is portrayed in Fig. 1. Transmitter consists of an
Optical PPM (OPPM) modulator. An FSO system with OPPM
modulation direct detection with loss between any two hops
or nodes due to atmospheric turbulence and pointing error is
assumed between (k—1)*" and k*" hops. There are N+1 nodes
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for N hops.

In the source terminal, there is a PPM modulator which
consists of a serial to parallel converter followed by a PPM
modulator. A laser diode is driven by this OPPM modulator
output for media conversion. Then the PPM modulated optical
signal is transmitted.

The transmitted optical signal is received by a relay node
which amplifies the signal and retransmits to the next relay
node. Finally, the optical signal is received by the optical
receiver at the destination and demodulation is carried out by
optical PIN Photo Diode (PD) and PPM demodulator.

III. FSO CHANNEL FADING MODEL

One of the main challenges of FSO channel model is turbu-
lence induced fading (TIF), which occurs due to changes of
temperature and pressure. For distance dependent turbulence
fading, there are some popular channel models. We have
considered pointing error and weak turbulence. Since The
property of each of the hops is considered same, the PDF
of each hop is considered same.

A. Atmospheric turbulence-induced fading

Due to variation of refractive index, the optical signal is
affected severely due to inhomogeneities the performance of
the signal is degraded. We here discuss weak turbulence with
popular distribution model of log normal distribution [7].
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Tty o) = (- g

1
PP A0 2 2
2h¢_y oy/2m02 803

(1)

where 02 is the turbulence induced variance and can be

calculated by [10]:
02 = 1.33k7/C2(L)2"/6
2

B. Pointing Error

We consider a model of misalignment fading in which the
receiver radial displacement is Rayleigh distributed. The prob-
ability density function (PDF) then can be written as [7]:

2

p ol
fhifl,k(hkfl’k) A’Y (he_, )72t

3)
where v = w.eq/20, is the ratio between equivalent beam
radius w4 and pointing error displacement standard deviation
o, at the receiver [7].

Ay = [erf(v)*]and 9 rerf(v)

2 _
Weq=Wy 2vexp(—v?)

“4)

Here v = \/7a/v/2w.. w, is the Gaussian beam radius at a
distance z and 2 = Ly 1

C. Channel Statistical Model

Considering both the PDF of weak turbulence and pointing
error we generalize hi_1, as the channel state (for single
hop). where hy_1 ) = hzfl)k X hi_l - S0 the probability
distribution function is expressed as [7]:

Iz (Pie—1e) = [ fryalng,, (hmii [ REZ 1 p0)

X Sy (P )Ry,

4)
where hi_, ; is turbulence state, fp, , , (hr—1,) is the PDFs
of parameter and f,  (hi_, ;) is the PDF of weak atmo-
spheric turbulence and f},, | wlhg o (he—1k | hig_yp) is the
conditional PDF. This is the equatlon for single hop. Here,

h
fhk1k|hk1k(h’k Lk | B 1k) fk 1k(21§)

72 a h’k 1,k\y2—1,
= F(hk—l,k)(hai> ;0 <h < Aohf_q 4
0 k—1,k

(6)
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Substituting Equation2 (5) and (6) we get,
2 00 a
fhk—l,k(hk—l,k) = /;YVQ (hk—l,k)w -1 f(hk—l,k)AO fhk—l.,k
0
1 ( (Inhi_1 p) + 203)2)
Eexrp\—

2hz_1yk0'x\/2ﬂ'0'% P 82
(N

Considering weak turbulence o7 < 0.3, fi (hf_ ;) is
Log-Normally Distributed. So, finally from equation (7) we
can write,

(hji—1,k)

2 2
(hy— =X (hp_1x)Y L
Fhi v i (P—1,) 2Agz( k—1,k)
n (hr—1,k) +u
Ao (2029%(14+7))
xerfc ez 8
fe( o ) ®)

where 1 = 202(1+24?%) is the mean. Finally, for cal-
culating overall PDF, we convolute the combined PDF,
Sheer o (hi—1%), k times for (k+1)", 1 < k+1 < N)
hop as,

Thow(hox) = fro iy (hok—1) ® frg oy (hor—1)  (9)

where f,,_, (hor—1) can be found as:

Jrow-1(hok—1) = fros_o(Pok—2) ® fro o (hor—2) (10)

Similarly fp, , ,(ho,x—2) can also be found in aforementioned
method of reconvolving upto k times.

IV. PERFORMANCE ANALYSIS
A. Signal To Noise Ratio

For PPM of M order modulation the transmitted signal is [8]:

5(t) = V/2P,e9et x ay, (11)

where P, is the transmitted signal power. w. is the carrier
frequency of optical signal and aj is the k" bit. Due to
randomness of nature (variation of refractive index) the signal
does not remain same while transmitting through (k—1)*" hop
to k' hop. We here consider Shot noise and Thermal noise
both as noise factors. I is defined as the output signal of the
photocurrent from the photo-diode in the k" node [9].
S S

1] = HZL] = [RdPTh'Zzl”“ T (12)
where I}] is the received signal and I}} is denoted as non signal
parameter i.e. on time and off time of PPM modulation time
slots. The power received by the photo diode is not as same
as transmitted power due to atmospheric attenuation. So we
calculate SNR as the ratio of signal power to noise power, If
the signal power is 12 then [9] ,

I?= (RaPrhj—1,1)?

(13)
where Ry is the receiver sensitivity ; P, is the received optical
power;

The Shot noise is given by [8] :
02hot = 2qRaPrhi_1 k Af
(14)
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where Af = Be/2 is the effective electrical Bandwidth; q
depicts electron charge ;
And Thermal noise is expressed by [8] :

_ SKBTAf

2
gthermal ~ Rp

(15)
where Kp is Boltzman Constant ; T signifies absolute tem-
perature and Ry denotes load resistor. Combining these two
noise from Equation (15) and (16), we get the total noise given

by [8] :

0-721 = Ughot + UtQhermal
(16)
So finally we calculate SNR by the expression:
12
o

SNR(hg—1,1)=
a7)

B. Energy over a Bit

We assume L number of bits are sent in a word with the Pulse
Position Modulation where pulse width Ty, = L/ (2% Br) [14].
Here L = logoM and Br = Bit Rate. We can now calculate
the energy over a PPM bit, E} by the equation:

Ey=P.-xT, (18)

where P, is defined as received power and Tj denotes bit
period.

C. Bit Error Rate

So the conditional BER can be calculated [11] :

1 1 M
BERPPM(hk—l,k) = 2€ch(2\/§\/SNR(hk_1,k)2[092M)
(19)
where PPM modulation order, M = 2L, and L is the number
of bits per transmission word and SN R(hj_1,j) can be shown
as (17):

(RaPrhi—11)°

2qRaPrhy—1 1 A+ FETAS

SNR(hy—1,)=

(20)
So the average BER can be calculated by integrating Equation
(19):

BERppM = /BERPPM(hk—Lk)Xffbk,l,k(hk—m)dhk—l,k
21

where fp,,_, , (.) represents the combined PDF for Lognormal

distribution and Pointing Error PDF for single hop according

to Equation (8).

For multiple hop:

BERppy = /BERPPM(hO,k) X fhor. (hok)dhor  (22)

where fy, , (ho,x) is from Equation (9):

Trow(ho) = fro sy (hok—1) ® frg i (hor—1)  (23)



V. RESULTS AND DISCUSSION

This section deals with our findings of performance evaluation
by numerically computing the aforementioned mathematical
models and equations from Section 3 and 4. We have
evaluated the bit error rate and some other results derived
from these curves using MATLAB. At first, we considered
the total transmission distance is fixed to 14 km. Then
we assumed a fixed hop distance of 4 km. For both case
multi-hop transmission is analyzed. Parameters those we
assumed are shown in the Table below:

Parameters Values

PIN Photodiode Responsivity, Ry 0.85 A/w
Received Power, P, -35 dBm to 5 dBm
Electron Charge, q 1.6 x 10~1°C
Frequency Deviation ,A f 5 GBps
Jitter Standard Deviation, o 30cm
Beam Radius , w, 2.5 m
Refractive Index variation, C'2 10~ 183m—2/3
PD Load Resistance, Ry, 100 ©
Laser Wavelength , A 1550nm
Total link Distance, L 14 km
Log Normal Variance, o2 01<02<0.7

BER VS Received Power, Pr

o ‘M=8
o 7 F Total Tx distance = 14km

—P—NoofHop =1 | =
—=3— No of Hop = 2
A NoofHop =3
—XF— No of Hop =4
| —B—NoofHop=5
2 No of Hop = 6
2 No of Hop = 7

108
-35 -30 -25 -20 -16 -10 -5 o 5

Pr (dBm)
Figure 3: BER vs Rx Optical Power with various no. of Hops

Fig.3 shows the bit error rate (BER) vs Received optical power
for various number of hops. It is found that, if the number of
hop increases, then the BER decreases (i.e. the BER curve
shifts to left) considerably for transmission distance 14 km
with PPM modulation order 8. For maximum number of hops
the best performance is found in Fig.3.

From this curve, we can derive the required receiver sensitiv-
ity for a fixed BER value. We have derived for BER =103
and also for BER = 10~° depicted in Fig.4 and Fig.5.

In Fig.4 and Fig.5 it is found that for lower PPM oder higher
receiver sensitivity is required. In case of acquiring BER
=10"3 considering PPM order 4, required receiver sensitivity
0 dBm, -1 dBm, -5 dBm and -26.57 dBm for single hop,double
hop,third hop and seventh hop accordingly.Thus, the required
receiver sensitivity for other PPM modulation order can be
found from the Fig.4 for BER= 10~3.Similarly from Fig.5, It

Receiver Sensitivity dBm vs PPM Order, M

BER=107 .

—h— For Hop 1
—%— For Hop 2

¢ For Hop 3 |-
—O— For Hop 4 [
i) For Hop 5

P For Hop 6
== For Hop 7 by

Receiver Sensitivity dBm

2 4 & 8 10 12 14 16
PPM Modulation Order, M

Figure 4: Receiver Sensitivity vs Order of PPM Modulation
of BER 1073

Rx Sensitivity vs PPM Order, M

i & —o—For Hop 5
BER=10" ~—¥e— For Hop 6
s | - o € ForHop 7 |

8

Receiver Sensitivity dBm
o

[ 1 r
2 4 =3 8 10 12 14 16
PPM Modulation Order, M

Figure 5: Receiver Sensitivity vs Order of PPM Modulation
for BER 10

is found that in order to acquire BER =10~ required receiver
sensitivity is 5 dBm, -7.66 dBm and -16.89 dBm for fifth and
sixth hop and seventh hop respectively.

We also calculated the energy over a PPM bit which is

BER vs Energy over a PPM Bit

1072

1074}

108}

BER

108}

107 F

1072 102

Energy over a bit (pJoul)

1078 107

Figure 6: BER vs Energy over a PPM bit

depicted in Fig.6 which shows the plot of BER vs Energy
over a PPM bit. It is found that, for any hop with the increase
in PPM order BER curve shifts left and BER decreases. It
is also shown from Fig.6 that for a lower BER, the required
energy over a bit is high.
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Now keeping the Hop distance, di_1 i fixed to 4 km we see

BER vs Total Tx distance (km)

1072

BER
3

For Same Hop Length 4km
__________ g hlo of Hop = 1 | =f
=y No of Hop =2

O Moof Hop =3
~——if— No of Hop = 4
—O-— Noof Hop =5

- Mo of Hop =&

——NoofHop =7

10 15 20 25
Total Tx distance (km)

Figure 7: BER vs Total Tx distance (km)

that in Fig.7, the BER increases with the increase in total Tx
distance.

From these curves and for a fixed BER = 1073 we have
derived maximum transmission distance, depicted in Fig.§,
and found that with the increase in number of hops the
maximum allowable Tx distance can be increased also results
for various PPM orders are shown. When no. of hops n; =4
and PPM order, M=2 for keeping BER= 1072 max 14 km
can be transmitted. If we increase PPM order 2 to 4,8,16
we can transmit maximum 14.76 km, 15.34 km and 16 km
respectively for BER= 10~3. Thus using seventh hop , we can
transmit maximum 20 km for BER= 10~2 from our derived
curves.

Maximum Allowable Tx distance vs No of Hop

20

14

Max allowable Tx distance (km)
>

—O— PPM Order h=2
~i— PPN Order hi=4

- PPM Order M=8
—— PPM Order M=16

1 2 3 4 5 3 7
No of Hop, ny

Figure 8: Max allowable Tx distance vs No of Hop for BER
=103

VI. CONCLUSION

An analytical approach is presented to find the Bit Error Rate
(BER) performance of a multiple-hop FSO link in presence of
weak atmospheric turbulence and pointing errors, which is Log
Normally distributed. The results show that better performance
can be achieved by using more number of hops than no hop
considering higher PPM order of modulation. The maximum
allowable distance that reported in this paper and also other
results can be used for designing multiple-hop FSO link.
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Abstract—Er3*-Yb3* co-doped Al2Os thin films were sputtered
on SiO2 substrate at 350°C in argon-oxygen conditions by
magnetron sputtering method. Thermal annealing was performed
at high temperatures, ranging from 750°C to 950°C. The films
annealed at different temperatures were characterized by
Scanning Electron Microscopy, X-ray diffraction, Raman spectra
and photoluminescence. The results show the smooth surface
morphology of Er3*-Yb3* co-doped Al2Oz thin films fabricated
with magnetron sputtering method. With increasing annealing
temperature, the as-grown amorphous films became gradually
crystallized. Sample annealed at 850°C is shown to provide the
highest photoluminescence intensity, which indicated that the
formation of strained Er-O or Yb-O clusters will enhance
the photoluminescence intensity.

Index Terms—Magnetron sputtering, Eré*-Yb3* co-doped
Al20s film, Annealing temperature

I. INTRODUCTION

Optical devices such as amplifiers, optical couplers, splitters
as well as optical detectors are widely used in optical
telecommunication system. There is an urged for new material
and new fabrication process to achieve devices of cheap price,
high efficiency for integrated system [1][2]- Erbium is used as
an optically active element in optical devices because of its
intra-4f transitions at 1.54um, which involving wavelengths of
interest for telecommunications [3][4] However, the Er®* doped
materials performance is not very efficient because of its small
absorption cross-section, one possible solution is co-doping
with Yb®*. The Yb®* optical absorption cross-section is much
larger than Er®* with about 975nm exciting photons. The Yb3%*
has also a high efficiency of energy transfer to Er3* [5][6][7][8].
It has been reported very wide range of materials suitable for
Er®*/Yb® doping such as polymer and nanocrystals[9]. Among
them, Al,O3 is considering to be an efficient host medium for
Er¥*-Yb®* co-doped waveguide amplifiers for its small
absorption in the wavelength region [1] and host of high
concentrations of Er®* and Yb%* ions, Er,O; and Yb.Os is
thought to be incorporated in Al,O3[10]. However, the optical
properties of Er®* or Yb3* doped Al,Os; waveguide is not robust
enough for vast device application because of the difficulties in
the material fabrication  process, i.e., with the magnetron
sputtering method the material fabrication suffering from the
tricky in gas flow ratios, the influences of annealing
temperature and even the working power. The annealing
process will enhance or degrade the performance of material in
many aspects like crystal size, surface morphology, vacancies.
In this work, we report the influences of annealed temperature
on the crystal structure of Er¥*-Yb®* co-doped Al,Os thin films
sputtered on SiO; substrate and their influence on the optical
properties.

978-1-5386-3374-8/17/831.00 ©2017 IEEE

Il. EXPERIMENTAL

The Er¥*-Yb®* co-doped Al,Os film was deposited on a SiO>
substrate by magnetron sputtering of Er/Yb/Al composite
target. The atom number ratio of the metallic Er, Yb and Al in
the composite target was 0.8:3.2:96, this atomic ratio had been
calculated by numerical simulation using Optical System
software. Before the deposition, the substrate was ultrasonic
cleaned by acetone and isopropanol to remove the surface
particle, then it was cleaned with deionized water then used
nitrogen gas to dry the it and finally placed it on the holder-
plate inside the sputtering chamber. The gas pressure of
chamber achieved before deposition was 5x10“pa. The
temperature of the substrate was stay 350°C. the airflow ratios
of oxygen and argon was 15sccm:35sccm, the sputtering was
kept for 2.5 hours and the thickness of the deposited films were
measured to be about 680 nm.

To study the co-doped film’s micro-structure highly related
crystallization characteristics and the photoluminescence, the
film samples were annealed in N, ambient at 750°C, 850°C,
950°C (both elevating and cooling rate is about 5°C/min) for
1h, respectively. SEM measurements were carried out to study
the surface morphology of the films and XRD were performed
to evaluate the crystallization of the films annealed at different
temperature. Raman spectra has been measured to study the
vibration mode and local structure of the samples.
Photoluminescence (PL) measurement were taken at Suzhou
Institute of Nano-Tech and Nano-Bionics. All the above-
mentioned measurements were carried out at room
temperature.

16 44 SEI|

10um

16kV ~ X2,000

Fig. 1 SEM images of Er®*-Yb® co-doped Al2O3 film

I1l. RESULTS AND DISCUSSION

Fig.1 show the SEM images of a typical Er®*-Yb** co-doped
Al>,O3 film. The uniform distribution of the image pixels
(expect for several ‘hot point” indicated with red circles) reveal
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the smooth morphology (with the resolution of 10um) of Er3*-
Yb® co-doped Al,Oj3thin films fabricated with magnetron
sputtering method. Several ‘hot point” may be due to the defects
on the surface of the SiO; subtract which can lead to thermal
inhomogeneous during the sputtering process.

The XRD patterns of the samples annealed at various
temperatures were shown in figure 2, with an indicate the SiO;
subtract data as a reference. It is shown that for annealed
temperature of 750°C, there is a small peak located around 35
degrees appeared, which could be indexed as the (1,0,4) peak
of Al,Os crystal. The very small intensity of the peak and the
coexisted of a bump indicated the crystalized phase hosted in a
amorphous mother phase. When the annealed temperature
increase to 850°C, the intensity of the peak increasing, showing
the crystalized process, which increasing annealed temperature.
The location of the peak shifted a little to lower angle
comparing with XRD database mainly due to the strain in the
film. When the annealed temperature goes up to 950°C, this
peak moves a little to higher angle indicated the relax of the
strain when annealed temperature goes higher.
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Fig.2 Measured XRD patterns of samples annealed at various
temperatures
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Fig.3 The Raman shifts of the samples annealed at various
temperature. The data of crystalized SiOz and Al20s are also shown in
the figure as references.

The Raman spectra of the samples annealed at 750°C, 850°C
and 950°C are shown in figure 3. The most intensity peak (A)
is assign to the strongest A; mode of SiO- and it shows up for
all three samples indicate that the vibration mode of the
substrates keeps the same with different annealing temperature.
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The broad peak (B) mainly comes from the Aig mode of Al,O3
but with large broaden and distortions. This mainly due to the
nano-scale of the clusters and the different orientations of nano-
crystals. With increasing annealed temperature, the interface of
Al>O3 clusters moves and the samples became crystalized, the
number of vibration active mode decrease, which lead to the
increase in the peak intensity and decrease in peak width.

The annealing temperature has an important influence on the
photoluminescence(PL) performance. Fig.4 shows the PL
intensity measurement of the Er®*-Yb3* co-doped Al.O; films
annealed at various temperatures under 980nm laser excitation.
Under the excitation at 980nm, both Er®* and Yb®* were
excited. Energy transfer process between Yb3* to Er®* occurred
due to the ?Fs;;—2F7p transition of Yb®* and transfer its energy
to Er¥, increase the population on *l11,. The electrons on
the*l112 level relax non-radiatively to the *li3 level and the
1132 — *l1s2 transition occurs, resulting in the emission at
1530nm[1][6]. The PL intensity peak of all the samples were
observed around 1530nm observed can be assigned to the
*1132—"l1512 transition of Er®* ions.
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Fig.4 Photoluminescence spectra of Er-Yb co-doped Al20z films
annealed at various temperature with the excitation wavelength of
980nm.

The PL intensity increased quickly and reached a
maximum value at the annealing temperature 850°C, and then
decreased under higher annealing temperatures. One possible
reason is when the samples were annealed at 850°C, the strains
introduce local distortion of the crystal structure around Er3* or
YDb®* ions, which lead to different Er-O or Yb-O bond lengths
and angles. Thus, some of the non-radiatively decay channels
may be blocked and the lifetime of the PL increase. With
further increasing annealing temperature, the strain relaxed,
and local distortions disappeared, lead to the decrease of PL
intensity.

IV. CONCLUSIONS

We have fabricated Er¥*-Yb* co-doped Al,Os thin films on
SiO, substrate by magnetron sputtering method. The
photoluminescence of the samples annealed at different
temperature were studied. The results show that the formation
of strained Er-O or Yb-O clusters will enhance the
photoluminescence intensity. With proper control of micro-
structure of Er-Yb co-doped Al;Os thin films, high intensity



and stable PL can be achieved for optical telecommunication

system.
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Abstract—Cadmium Telluride (CdTe) thin film solar cells have
tremendous potential in renewable energy research for their
reduced cost and high efficiency. In this work, a high efficiency
CdTe solar cell structure using Zinc Telluride (ZnTe) and Tin
Telluride (SnTe) heterojunction as the back surface field (BSF) is
investigated. The proposed structure is analysed using AMPS by
considering Shockley-Reed-Hall recombination in the defect
states. It has been observed that the inserting ZnTe between the
SnTe BSF layer and the absorber layer reduces back surface
recombination and increases the efficiency of the cell. The highest
efficiency is achieved by optimizing the ZnTe thickness. The
proposed ultra-thin solar cell also shows better temperature
stability under global AM 1.5 condition.

Index Terms—Thin-film solar cell; Cadmium Telluride;
BSF; numerical analysis; AMPS.

I. INTRODUCTION

Polycrystalline Cadmium Telluride (CdTe) is mainly used
as the semiconducting material in photovoltaic technology [1].
It is the second most utilized solar cell material in the world
and provides a most promising field of research [2]. CdTe solar
cells have low manufacturing cost and high-quality thin films.
It has high optical absorbance and its bandgap is near perfect
match to the photon distribution in the solar spectrum [3].The
Shockley-Queissar limit for CdTe solar cell is about 29%,
which is the limiting theoretical efficiency [4]. Recently, First
Solar, a leading organization of solar cell manufacturer, has
reported record 22.1% efficiency achieved by CdTe solar cell

[5].

Conventionally, a CdTe thin film solar cells is generally
composed of four layers. The top layer comprises of a
transparent conducting oxide (TCO) that acts as a front contact,
the window layer is of n-doped Cadmium Sulphide (CdS), a p-
CdTe functions as absorber layer below the window layer, and
a back contact is at the bottom. Polycrystalline n-CdS with p-
CdTe heterojunction gives higher efficiency, as higher
bandgap CdS is used as window layer and lower bandgap
CdTe is used as absorber layer. The most common back
contact material used is Copper (Cu), but the efficiency
reduces with time due to Cu diffusion to the front contact.

Performance of ultra-thin CdS/CdTe solar cells can be
improved by introducing a back surface field (BSF) layer after
absorber layer. Research work has been done using several
materials as BSF, such as, Antimony Telluride (Sb,Tes),
Arsenic Telluride (As;Tes), Copper Telluride (Cu,Te), Zinc
Telluride (ZnTe), Lead Telluride (PbTe) and Germanium

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

Telluride (GeTe) [6] - [10]. Among these, ZnTe is the most
common BSF material, since CdTe is easily grown over ZnTe
by forming superlattice structure [11]. The scope and
challenge of CdTe thin film solar cells lies in maximizing the
efficiency by reducing the loss mechanisms.

The low open circuit voltage (Vo) of CdS/CdTe cells can
be improved by increasing carrier density and absorber
lifetime of CdTe, and reducing the back-contact barrier height.
The carrier recombination loss at the back contact, which is a
major impairment in solar cell, degrades the short circuit
current density (Js). Adding a stable back surface reflector
improves the stability of the solar cell. The BSF may be of low
bandgap material, such as, Tin Telluride (SnTe) or of higher
bandgap material of low dielectric constant e.g. ZnTe [12].
Thus, the prospect of using both ZnTe and SnTe in BSF must
be studied to make the CdTe solar cells more efficient.

A CdS/CdTe solar cell with SnTe BSF hast been taken as
reference for this work. The front contact is considered to be
Indium Tin Oxide (ITO) and the back contact is Indium (In).
The reference cell is modified with a layer of ZnTe above the
SnTe layer. The simulation results of the proposed structures
is compared with that of the reference cell and analyzed to
optimize the thickness of the ZnTe and CdTe layer.

II. MODELING AND SIMULATION

AMPS (Analysis of Microelectronic and Photonic
Structures) software is used for numerical analysis of solar
cells in this paper [13]-[14]. The basic equations of
semiconductors are solved numerically to get the characteristic
graphs of CdS/CdTe solar cells. The Shockley-Reed-Hall
recombination has also been considered here.

The reference structure of CdTe solar cell is shown in Fig.
1(a). The analysis considers deep trap to be in the mid-gap
energy level. About 10'*~ 10'® cm™ defect density is used in
the calculation [15]. The surface velocity of the carriers is
considered as 108 cm/s. The top contact reflectivity of 0.1 and
the bottom contact reflectivity of 0.9 are used in the calculation.
The capture cross section (o,) for electrons is taken as 1072

cm?. In the window layer, o, is taken as 10°'° cm?.

The modified structure is shown in Fig. 1(b). Depending on
the fabrication and deposition methods, the solar cell
paremeters vary even for the same batch in same technology.
Table I lists the solar cell parameters used in the numerical

255



simulation, which are selected based on experimental data and
literature values [15]-[18].

ITo

Znz25n04 { 100 nm)
CdS (80 nm)

Znz25n04 { 100 nm)
CdS (80 nm)

CdTe {1000 nm)

CdTe (1000 nm)

ZnTe (110 nm)
5nTe (100 nm) SnTe (100 nm)
Back Contact (In) Back Contact (In)
(@) (b)
Fig. 1: Schematic of CdS/CdTe solar cell; (a) Reference structure, (b)
Modified structure
TABLE
THE CELL PARAMETERS USED FOR THE NUMERICAL ANALYSIS
Parameters n-CdS p-CdTe p- p-SnTe
ZnTe
Dielectric 9 94 | 967 | 100
constant, €/€o
Bandgap
Energy, 2.42 1.45 2.26 0.18
E¢(eV)
Electron
Affinity, 7 (cV) 4.5 4.28 3.5 5.1
Conduction
band effective |y gyg1o | 75107 | 7x1010 | 1010
density of
states, N¢ (cm™)
Valance band
effective 2.4x10'8 | 1.8x10'8 | 2x10' | 10V
density of
states, Ny (cm™)
Electron
mobility, 350 100 330 500
tn(cm?V-'s!)
Hole mobility,
) 50 60 80 2720
Doping 1
Density, NoNa | 1.1x1017 | 1017 | 6x10 | /710
(em?)

III. RESULTS AND DISCUSSION

With the purpose of reducing the barrier height at the back
contact and possible recombination loss of ultra-thin CdTe
solar cell, a high band gap material with low dielectric constant
(ZnTe) is placed between the SnTe BSF layer and absorber
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layer that causes reduction of back surface recombination rate
at the CdTe/SnTe interface. This heterojunction bounces back
the carriers from the CdTe/SnTe junction and hence increases
the carrier flow. Different layers (CdTe, SnTe and ZnTe) have
significant lattice mismatch, but they can be grown on top of
each other as superlattice [11].

The ZnTe layer thickness is optimized to maximize the
efficiency of the proposed structure. The variation of the solar
cell efficiency with ZnTe thickness is shown in Fig. 2(a). From
the analysis, the optimized thickness of ZnTe is found to be
110 nm.

The effect of inserting ZnTe layer on the thickness of the
CdTe (absorber layer) is studied by optimizing the thickness
of CdTe layer. The performance of the cell depends on the
thickness of the absorber layer. By thinning the CdTe absorber
layer, the structure becomes cost effective. But on the other
hand, if the CdTe layer is too thin, the cell performance will
decrease due to deep level absorption, and back contact
recombination [19]. The effect of CdTe thickness on the solar
cell efficiency is shown in Fig. 2(b). The optimum thickness
of CdTe layer is found to be 1000 nm.
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Fig. 2: Cell efficiency vs thickness of (a) ZnTe layer; (b) CdTe layer

The J-V and P-V characteristics of the reference cell and the
modified cell is shown in Fig. 3. The characteristics of the
reference cell closely matches with another work [17]. The
reference structure has an efficiency of 18.9%. The modified
structure with ZnTe over the SnTe BSF layer shows a



conversion efficiency of 24.03%. Parameters of these two
structures are listed in Table II for comparison.
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Fig. 3: J-V and P-V curve of the reference and the modified structures
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TABLE III
THE OUTPUT PARAMETERS OF REFERENCE STRUCTURE AND MODIFIED
STRUCTURE
Reference Modified
Structure Structure
Jsc (mA/cm?) 21.10 24.60
Voc (V) 1.06 1.13
Fill Factor (%) 84.45 86.83
Efficiency (%) 18.90 24.03
Temperature
Coefﬁc?ent (%/°C) -0.16% -0.14%

Figure 4 shows the external quantum efficiency of the
modified structure plotted against wavelength. The quantum
efficiency is current per unit flux for each band width.The Fig.
shows that the spectral response of the modified structure is
greater than the reference cell, i.e., it utilizes more of the solar
spectrum and converts it into electrical power.
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Fig. 4: Quantum efficiency (QE) vs wavelength curve

The normalized efficiency versus temperature curve of the
modified structure is shown in Fig. 5. The Fig. compares the
temperature stability of the reference and modified cell. The
slope of this curve represents the percentage change in the
efficiency of cell with temperature. Steeper curve represents
less temperature stability. From the Fig., it is evident that

inserting ZnTe layer in the
temperature stability.

reference cell increases the
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Fig. 5: Normalized Efficiency vs temperature curve

Fig. 6 shows the energy band diagrams of the reference and
modified cells. The band diagram indicates that inserting ZnTe
between the SnTe BSF layer and absorber layer creates a
higher barrier before reaching the back contact. Hence,
minority carriers get reflected, which reduces back surface
recombination and increases the efficiency of the cell.

3

Band Encrgy (cV)

'

0 05 1 15
Depth, x (um)

Fig. 6: The band diagram of the reference cell and modified cell.

IV. CONCLUSIONS

A CdS/CdTe solar cell is modified by adding ZnTe over
SnTe as BSF. Comparing with 18.90% efficiency of the
reference cell, the proposed structure shows the efficiency of
24.03%. The highest efficiency is achieved with J, = 24.60
mA/cm?, Voo = 1.13V and fill factor = 86.83%. A lower
temperature coefficient of -0.14%/C shows improved
temperature stability. Optimization of these solar cell
structures open up the possibility of further research to use
thinner CdTe absorption layer and ZnTe/SnTe BSF layer for
efficiency enhancement.
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Abstract— In this paper, we propound a solar cell structure
that can enhance the absorption in the active layer as compared
to the contemporary nano-structured solar cells reported in the
literature. We propose a novel multi-layered structure in which a
thin film Si semiconductor is sandwiched in between a top layer
of annular apertures which support Fabry-Perot Modes and a
bottom layer of Ag gratings that increase the active path length.
Finite-Difference-Time-Domain simulation method has been
performed for the proposed structure to evaluate the generation
rate, short-circuit current and open-circuit voltage. The
performance parameter values show significant improvement
over those of the the conventional thin film solar cells.

Index Terms— Plasmonic solar cell, Ag grating, annular
apertures, Frequency Selective Surfaces.

I. INTRODUCTION

In today’s world the shift to renewable sources of energy
is an utter necessity and in this regard photovoltaics or the
conversion of light to electricity is a major achievement.
The commercially available solar cells trap light within their
structures and increase the optical path length through
reflection in order that maximum light can be absorbed [1-3].
This requires large scale geomotries. The main drawback of
these geometries are that the greater surface area results in
recombination of the minority carriers. Moreover, intuitively,
there is larger production cost.

Plasmonics or the interaction of light with metal
nanoparticles is the way out in this regard. These offer us with
a viable solution to reduce the physical thickness without
compromising with the optical thickness. These structures [4]
with a much thinner absorber layer will exactly absorb the
same amount of light compared to a typical thicker solar
cell. Over a past years different types of structures have been
proposed. First of all, metal nanoparticles have been placed
on top of conventional solar cells to increase light absorption.
Silver gratings have been placed below the structure to couple
more light through reflection. Furthermore, tandem
geometries have be made by placing semiconductors with
different bandgaps over one another [5]. Each layer couples
light waves of different frequency bands. Also notable is
quantum-dot solar cells [6] in which light is confined in the
plane of silver and ultrathin dot layers. Quantum dots can also
be electrically excited to generate plasmons [7]. Also
available are examples of nanoscale antennas of coaxial holes
drilled in a metal film, which show localized plasmonic modes
due to Fabry-Perot resonances [8-10]. A surprising field
enhancement of about 50 are reported in structures where
semiconductors are poured inside the plasmonic cavity.

In general, light confinement, and hence enhancement of
electric field due to the use of plasmonic nanostructures in the
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active layer of any type of solar cell is beneficial [11]. In this
paper, we have simulated the performances of a solar cell
structure that can support Fabry-Perot resonances.

II. PROPOSED CELL STRUCTURE

Fig. 1 shows the proposed solar cell structure as simulated
in Lumerical. The annular apertures are important in the sense
that they help in active light trapping. At some particular
frequencies the annular rings absorbs all of the incident light
and for other frequencies, the absorption rate is still very high.
Only at a particular narrow-band range, the annular rings are
transparent [8]. To add to this exciting effect, we incorporated
Ag grating underneath so that if light escaping at any
particular frequency can be further reflected back to the active
layer.

concentric Si columns etched in Ag

(a) Side View

(b) Top View

Fig. 1 Schematic representation of the proposed solar cell structure as
simulated in Lumerical.

The front view of Fig. 1 shows that the active layer is
sandwiched between a top Ag layer and a bottom Ag grating.
The top view shows the annular grids that is present in the top
Ag layer. The regions marked with blue indicate Si and those
with ash indicate Ag. Any structure that can transmit or reflect
electromagnetic radiation are called FSS. Generally these are
metallic grids on a metal plate which can selectively transmit
frequencies. The special feature is that frequencies near
visible and infrared domain are transmitted or reflected
independent of the incidence angle of light and independent of
polarization. The grids or apertures are sub-wavelength in
dimension. According to Ref [11], the high transmission and
the general shape of the spectra do not rely on surface modes.
These are angle independent because the cavity modes it
depends on is angle-independent. Often a coupling between
surface modes and cavity modes occur. In these cases, the
Fabry-Perot spectrum is disturbed. For a particular metal
thickness, angleindependent transmission bands are obtained.
The absolute transmission in any FSS is more than 0.8. The
tolerance on polarization is also excellent. A cavity resonance
is the prime cause of these interesting properties. Popov et al.
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[12] presented the results in the far-infrared or microwave
domains. The high transmission is due to nonplasmon
resonances for one and two-dimensional gratings (Fabry-Perot,
waveguide or cavity resonances). The thoeretical description
of the bandpass property in the microwave regoin can be
found in the study of A. Roberts et al. [13]. T.K. Wu [14] has
shown the filtering properties of thin FSS grids that are
designed for applications in the infrared, with circular or
square loops patterns. All of these showed stable
performances inspite of variations in the illumination angle
and polarization. These properties remain secured in the
visible region as well, as shown by D. V. Labeke et al. [8].

III. NUMERICAL MODELLING

We simulated the solar cell structure, as shown
schematically in Fig. 1, employing FDTD algorithm using the
commercially available software Lumerical. For the source we
have used AM 1.5G spectrum. We first found out the
genration profile in FDTD and then using this result we
resimulated the design in DEVICE to obtain other
specifications of the proposed cell. In the latter case, we doped
the structure as well to obtain a p-i-n structure. The p-i-n
device structure is supposed to be superior to a p-n structure in
the sense that the middle layer (the intrinsic layer 7) has high
resistivity due to low doping. So only a small reverse bias
voltage value is necessary to extend the depletion layer in the
p region all the way through to the n region and thus this
structure provides a large sensitive volume or active area. In
addition, due to the symmetry of this structure it is possible to
reduce the computational domain in the simulation software
and we take the full advantage of this opportunity. This leads
to lesser computational resource requirement in terms of both
computation time and memory volume.

IV.RESULT AND DISCUSSION

We show different absorption enhancements for different
combinations. Fig. 2 shows absorption enhancement, g, of a Si
solar cell with Ag grating compared to another Si solar cell
with no grating. Fig. 3 then displays absorption enhancement
of a solar cell with only FP modes on top as compared to a
bare Si solar cell. The absorption enhancement of a cell with
FP modes as compared to a Si cell with Ag grating below is
shown in Fig. 4.

Enhancement of about a factor of a maximum of 44 and an
average of 15 is obtained, as can be seen from Fig. 3. Thus we
can easily conclude that there has been immense light
absorption if we compare with a bare Si cell. Even if we
compare our current model to that of a cell with Ag grating
below, we still notice from Fig. 4 an enhancement of a
maximum of 33 with an average of about 12. These are
encouraging results even as compared to plasmonic solar cells
with nanoparticles embedded on it.

It can be inferred from the device structure that there are
two different types of electromagnetic modes are induced in
the cell: propagating surface plasmon modes that are
propating along the horizontal metal-dielectric interface and
vertical cavity or resonator modes circulating within the
annular apertures. The high absorption and the resulting
enhancement factor can be assumed to be the result of strong
coupling between these two types of electromagnetic modes.
Due to the role of the vertical modes, the transmission remains
pretty small. For the case of the Ag layer placed on the top of
the solar cell structure, we would expect the surface plasmons
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or Raleigh anomalies to be the cause of the enhanced
transmission, which is actually not the case. It is the excitation
of the cavity modes inside the apertures in a resonant manner
that causes this increased transmission. It is more like a 7E1;
mode with a small attenuation.

The results also confirms that although the width of the air-
gap is small, all the cavities are acting like Fabry-Perot
resonators. Moreover, the spectral response of the excited
modes are independent of their periodicity. However the
periodicity has an valuable role of converting the guided
modes to the plane waves at the output of the device.

absp_metalfabsp_bare
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Fig. 2 Absorption enhancement of a Si solar cell with Ag grating compared
to a Si solar cell with no grating.
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Fig. 3 Absorption enhancement of a solar cell with only FP modes on top as
compared to a bare Si solar cell.
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Fig. 4 Absorption enhancement of a cell with FP modes as compared to a Si
cell with Ag grating below.



The transmission coefficient can be expressed by a simple
analytical model which corresponds to the excitation of a
mode in the cavity by the equation [16],

_ t1t2eikh
- 1 +T17‘2(:’2ikh' (1)

Here, ¢ is the transmission coefficient through the device.
This equation is similar to those expressing the transmission
through a dielectric slab or a Fabry-Perot resonator. Here, #
and #, the transmission coefficients of the two interfaces.
Similarly, 71 and », are the reflection coefficients of the two
interfaces.

Fig. 5 Generation profile on the surface. Large amount of EHP generations
on the upper portion is due to the FP resonance modes in the apertures.

Now we have a look at the generation profile of such a cell.
Fig. 5 shows the electron-hole pairs (EHP) generated within
the Si solar cell. x and z axes have been shown while y axis is
perpendicular to the paper. As can be seen, there are large
amount of electron hole pairs generated owing to FP
resonance.

Z )\ /

weenst

Fig. 6 Generation profile along a horizontal line on the surface. Very high
EHP at some points is due to the coupling of cavity modes and surface
plasmonic modes.

Fig. 6 shows the generation profile along a single line. We
note two places where we have enormous electron-hole pair
generation due to coupling between cavity modes and surface
plasmons.

TABLE 1

Common solar cell parameters for the proposed design

Parameters Values
Ve 048V
Isc 8.07 mA/cm?
FF 0.80
Pmax 3.11 mW/cm?
eta 3.12%

Finally we doped the Si to collect the generated electron-
hole pairs. A small photocurrent may result if the doping
profile is not optimum for collecting the photo-generated
electrons and holes. In a solar cell we need to have a built-in
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electric field to drive the electrons and holes to opposite
contacts. This field is usually created using a pn junction. In
our structure we have a pn junction, however it only covers
the silicon substrate and not the silicon ring above. Also, we
need to have some back surface doping to prevent minority
carriers from getting collected at the contacts.

The common solar cell parameters extracted from the
model are shown in Table 1.

V. CONCLUSIONS

A plasmonic solar cell can be very thin structurally but very
thick optically. This types of solar cell is attractive because of
its low fabrication and manufacturing cost. It can made
optically thick by increasing the path lengths of the traversing
light waves through the cell or by keeping them inside the cell
for longer time, which can be implemented, respectively, by
using nanostrucures as the resonant scatterers and by using
arrays of metal nanoparticles to trap or confine light in
between them. Path length can also be increased by coupling
the light energy to the surface plasmonic and photonic modes
where the direction of the energy flow changes from the
vertical to the horizontal direction, along the surface of the
active semiconductor layer, thereby increasing the path length.
In our design, we propose a novel solar cell structure
containing metal resonant cavities. In the current design we
did not add any nanoparticles. In the future we would add
nanoparticles in the top layer to form even effective coupling
of light in the Si ring.
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Abstract— With the current technological expansion in the
world's economic market, it is essential for any proposed
method to give maximum efficiency with minimum loss. LEDs
are basically PN junction diodes developed with compound
semiconductor materials. Now like other diodes in LEDs also
some of the input power will be dissipated as a heat and which
result a very high junction temperature. This high junction
temperature may not only degrade the material property but at
the same time reduces the life of the diode. Here we will discuss,
not only how the junction temperature will be determined
efficiently, but also the advantage of this non-invasive technique
will have on an industrial scale. In this experiment we had
devised a way to find out the junction temperature in a non-
invasive method, which is simple, accurate and precise. We
utilise the forward voltage drop across the p-n junction as a
temperature sensor to conclude our results in a uncomplicated
method. This is the new way of estimating the junction
temperature for any semiconductor p-n junction, with minimum
effort to get maximum output. This also gives a rough estimate
of the useful life of the LED, as junction temperature is one of
the major factors in determining lifetime of an LED.

Index Terms— Junction temperature, forward voltage, non-
invasive method, ambient temperature.

I. INTRODUCTION

From 1960 onwards Red, Green and Yellow LEDs have
been used mainly as indicator til the year 1993[1] when
scientists Isamu Akasaki, Hiroshi Amano, and Shuji
Nakamura made their pioneering research and created the
world's first blue light emitting diodes—LEDs which actually
showed the world the extent to which LEDs can be utilised as
an economical and efficient source for fiber optic
communication. LEDs are generally categorized based on
their applications and compositions. The most basic kind of
LEDs were the traditional inorganic LEDs. These LEDs were
used primarily as indicator lamps on circuit boards, are
typically small and have been used just for indication.

The next advancement came in the world of LEDs with the
introduction of High Brightness LEDs also known as
HBLEDs [2] which are capable of actual illuminating and are
used for lighting purposes. It is quite similar to ILEDs [3] but

978-1-5386-3374-8/17/$31.00 ©2017 IEEE

having much greater light output, thus being able to handle
far greater current and power dissipation making it useful for
commercial purposes. Because of its high efficiency, it is
replacing incandescent bulbs with CFLs (Compact
Fluorescent Light bulbs) in worldwide market. LEDs have a
long lifespan and can withstand constant switching ON/OFF
and random power cuts. Due to high power consumption they
did not appear to be very efficient and were soon replaced by
OLEDs[4] (Organic LEDs). They have taken over the
economic market of the world primarily because of some
factors[4] like high brightness, low power consumption as
compared to LCDs, lesser future cost as they are economic to
manufacture, and can generate all colors and are thin to be
used in LED TV-sets and cell phones.

These OLEDs use half as much power [2,3] as the CFLs,
giving the same brightness, efficiency and is expandable to be
used in any technological application. Due to high power
consumptions CFLs have been rapidly replaced by OLEDs,
specifically SSLs) as evident from the survey in Fig 1[5].

The main factors on which the life span and performance
of LED depends are [6]:

e Ambient temperature.

e Current through the LED.

e The material of heat sinking on the LED.

¢ Bulb Casing Temperatures.

e LED Power supply.

e Capacitors and LED drivers.

e Thermal Pad (T-PAD) present in the newer versions of
the LEDs reduces thermal dissipation thus reducing
junction temperature and extending lifespan.

We have already seen that determination of junction
temperature is a very complicated method, as well as long
and tedious. Also with the size of the LED generally being
quite small, it is extremely difficult to measure it from the
solder points of the LEDs.
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Fig. 1 Comparison of Light Technologies[5].

Therefore, in our research, we have developed a non-
invasive method to measure the junction temperature of an
LED at a constant current by utilising the "forward voltage"
of the circuit.

II. COMPARISON OF CONVENTIONAL AND
PROPOSED METHODS

The temperature that develops across the junction of the
semiconductor device is called the junction temperature (T;)
[7]. This temperature is generally higher than the ambient
temperature and the difference between the two indicate the
amount of heat transferred from the junction to the ambience
during the operation of the device. Generally, with the rise in
junction temperature the performance and ultimately the life
span of the device fades away.

Generally the ideal measurement of junction temperature is
to monitor the device temperature as close as it could get to
the heat source[l]. One of the conventional methods for
measuring junction temperature is to place a temperature
sensor near the PN junction of the LED and measure the
sensor output signal. Heat will be dissipated from the junction
as current is applied and flow to the environment, thus raising
the temperature of the ambient and tripping the sensor.

This conventional method does seem very simple and
acute but there are certain limitations and constrains when
performing it physically in a laboratory. One such constrain is
the size of the sensor, sometimes it is too big compared to the
junction that is to be measured. This large size of the sensor
adds a large amount of additional thermal mass to the system,
thus reducing the accuracy of the measurements. Hence this
method is avoided in most experiments for the amount of
error.

To overcome this problem and to gain much accuracy as
needed a new and better technique is proposed to measure the
Junction Temperature, not just for an LED but for any
semiconductor device having a PN Junction. A process via
which we could measure the junction temperature with
accuracy without tampering with the circuit physically, a
non-invasive method is proposed for this reason. A non-
invasive method which is simple and efficient in both
determining the T; with ease and accuracy, using the most
basic instruments thus making the method cost-effective.
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Fig. 2 This graph depicts the linearity of junction temperature versus
forward voltage drop [8].

There is a strong correlation between the junction
temperature and the forward voltage drop across the LED.
The relationship of forward voltage and junction
temperature is ideally linear as it is visible from the graph
in Fig 2.

II. PROPOSED METHODOLOGY

Here, we use the junction as a temperature sensor indicated
by their forward voltage to measure the junction temperature
of a LED with absolute accuracy and precision. The
relationship between forward voltage and current is utilized
to obtain the junction temperature such that, minor changes in
the voltage can bring huge changes in the current as shown in
the Fig. 3.

red LED

400 ==
blue LED

300 ==

200  e—

Current (mA)

100 cmy

Forward Voltage (V)
Fig. 3. Relationship between Voltage and Current .

The relationship between LED output and current is linear.
Therefore, if the current that is supplied is not checked over a
long period of time it will result in abridged useful life.

Fig 4, represents the proposed circuit diagram for this
study.
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Fig. 4. Proposed Circuit Diagram

The above block diagram is the current varying circuit, to
conduct the experiment. Here, at first the necessary
connections to the LED are made and it is tested for
minimum current just to check if the circuit’s operation
ability (As shown in Figure 5).

Now for a fixed current I; (say 25mA), the circuit is
calibrated for that corresponding current at different
temperatures which is created artificially by placing the
circuit inside a heat chamber and then recording the voltage
drop across the LED for each of the temperatures in the range
considered here 30°C to 65°C according to the wattage of the
LED. Then the results are plotted in a voltage versus time
graph for the readings acquired as shown in Fig 4.

Once all the voltage drops have been recorded for the
respective temperatures, and then the circuit brought out of
the heat chamber and allow it to cool down to the ambient
temperature.

TEMPERATURE
CALIBRATION A
v
1
RESET THE CIRCUIT.
I-V MEASUREMENT START OVER WITH
NEW SET OF READINGS
L)

PLOT SHOWS LINEAR
RELATIONSHIP BETWEEN
TEMP. & VOLTAGE ?

Fig. 5. The Flow Chart of the Process.

Then the current I, is applied in a constant supply and wait
till the circuit stabilizes and we get a constant voltage drop
across it. Let us say the fixed voltage drop is Vi, for the
corresponding current I;. Now for the current I;, a graph of
voltage verse time is drawn as per the figure the calibrations
and then plot the voltage V| in the already established graph.
From here we finally arrive at the junction temperature via a
non-invasive method only with utilisation of the forward
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voltage drop across an LED which is much more precise and
accurate. Now as it is done for the current I;, the experiment
is repeated for different currents, I, I3, I4, etc., for each
deriving their respective voltage drops and ultimately their
junction temperatures. Thus, by plotting all the graphs, we
can predict a trend for the LED being considered.

Using the methodology explained above experiment was
conducted for three different cases:

A. CASE A. 0.25 WATT LED FOR INITIAL TESTING PURPOSE

As the wattage of this LED is quite low, it was evident that
it is not meant for commercial purposes, yet I conducted the
first experiment on this particular LED on purpose to get a
proper idea of how to determine the junction temperature by
implementing this method in real life. Thus, the initial
approach met the expected results and now it was time to
raise the stakes and move on to commercially available LEDs
of 1 watt.

B. Case B. | WATT HIGH POWER LED WITHOUT HEAT SINK

After the initial success we now move on to commercially
useful 1 watt white PC LED. Since a 1 watt LED can support
a greater amount of current than the previous recipient I
purposely divided the experiment in two parts. The first part
would be to test it with a range of currents we used
previously 10 mA to 30 mA which is very comfortable for
this DUT and requires no heat sink.

C. Case C. 1 WATT HIGH POWER LED WITH HEAT SINK

This is the final part of the experiment were used heat sink,
as this time the range of the currents taken into consideration
varies from 55 mA to 115mA. Thus, to avoid any harm to the
DUT the heat sink has been used.

III. RESULTS OBTAINED

Here, we have conducted the experiment with a 0.25 watt
LED and a 1 watt LED, with heat-sink and without heat-sink.
Based on the plots depicted below we can determine the
nature and behaviour of the LEDs with respect to each of the
three cases considered here. From the plots given below we
can clearly see the variations in the junction temperature for
each case under a fixed current supply for different voltage

drops.
A. Case A. 0.25 watt LED for initial testing purpose
TABLE I

READINGS OF 0.25 WATT

I(mA) V() T(°C)
10.5 2.74 32
16.9 2.78 30
22.5 2.83 30
28.7 2.88 32
36.9 2.90 30

A = ampere, V =volt, m = mili, T = temp, °C = celsius

Ambient Temperature: 22°C.

Temperature Range: 30°C to 60°C

At the end of the experiment we see that for a range of
currents from 10.5 mA to 36.9 mA, the junction temperature
varies from 5°C to 7°C above the ambient temperature of
25°C.
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Fig. 6. All the five plots for their respective plots of initial testing

B. Case B. 1 watt high power LED without heat sink
TABLE III
READINGS OF 1 WATT LED WITHOUT HEAT SINK

I (mA) V (v) T (°C)
10.9 2.72 40
15.6 2.77 45
20.1 2.80 40
25.7 2.84 42
30.0 2.85 40

A = ampere, V =volt, m = mili, T = temp, °C = celsius

Ambient temperature: 22°C.
Temperature range: 30°C to 60°C

From the plots we can see that the graphs are nearly stable
and support the ideal Voltage vs Temperatures plot as seen
previously in Figure 2. Here, the junction temperature is
around 20°C to 23°C above the ambient temperature.

5in 1 best fitted line

/
/
/
1
/
A

JUNCTION TEMPERATURE
Fig. 7. All the five plots for their respective plots of without heat sink

C. Case C. 1 watt high power LED with heat sink

TABLE III

READINGS OF 1 WATT LED (WITH HEAT SINK)

I (mA) V(v) T (°C)
55 2.99 45
65 3.03 42
75 3.06 45
85 3.10 41
95 3.14 45

A = ampere, V = volt, m = mili, T = temp, °C = celsius
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Fig. 8. All the five plots for their respective plots of with heat sink

Ambient temperature: 20°C.

Temperature range: 55°C to 115°C.

Here the junction temperature varies from 20°C to 25°C
above ambient temperature and as seen from the plot, the
graphs show linearity.

IV. CONCLUSIONS

After conducting the experiment for two LEDs in three
portions we can conclude that this is by far the most efficient
way of determining the junction temperature by using the
forward voltage drop across the LED. Here all we need to do
is make sure the readings are accurate and then mapped them.
Hence, it is known as a non-invasive method. From the plots
displayed above, we can say that the logic of the experiment
is sound as the graphs nearly coincide with the ideal Voltage
verse Temperature plot.

Now, the old conventional methods were not just tedious
and complicated in terms of calculations, but there was a
problem that was even more accurate. LEDs are extremely
small in size so, to physically measure their junction
temperature from the solder points is not just inefficient
sometimes it is physically not possible to touch the exact
point from where the temperature should be noted and thus
generates faulty readings. Thus, invasive methods such as this
one mentioned here is a thing of the past now.
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