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ABSTRACT 
 
 

  

A compact elliptical-function lowpass filter using modified stepped impedance 

resonator is designed in this thesis. This is done by introducing two triangular coupled 

structures inside the filter proposed by Kai Chang in 2003. The model is evaluated with 

MoM simulation with good agreement. The proposed filter vastly improves the 

performance of the filter. The additional triangular structure suppresses the harmonic 

by adding poles at harmonic frequency. The filter is modeled using first order 

transmission line model as an equivalent L-C network.  The equivalent circuit proposed 

here also can give the cutoff frequency, rejection rate, and stopband rejection within 

±5% error range. The filter is fabricated on a 0.254mm thick RT/Duroid 5880 substrate 

with a relative dielectric constant εr=2.2. For single proposed filter, the return loss is 

better than 17 dB from DC to 1.488 GHz where the insertion loss is less than 0.13 dB. 

The rejection is greater than -14 dB from 2.0 GHz to 13 GHz. The proposed filter is 

about 30% smaller than the filter proposed by Kai Chang in 2003 for same cut-off 

frequency. In this thesis the proposed filter is modeled up to 5GHz lowpass response. 

By cascading these lowpass filters with different length and width, having different 

3dB cut-offs, more rejection in stopband can be obtained to design efficient filter for 

practical wireless communication systems.  
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Recent advances in modern wide-band radar and wireless communication applications 

demand high performance, low cost and compact RF subsystem. Therefore, much 

attention has been devoted for compact microwave devices. Microwave filters are the 

basic building blocks with frequency-selective or filtering functionality in the 

development of various wireless systems that operate at frequency ranges above 300 

MHz.  Filters block play a key role in effectively transmitting the desired signals in 

certain pass-band regions while attenuating all the undesired signals in the remaining 

band-stop regions. 

Filters play important roles in many RF/microwave applications. They are used to 

separate or combine different frequencies. The electromagnetic spectrum is limited and 

has to be shared; filters are used to select or confine the RF/microwave signals within 

assigned spectral limits. Emerging applications such as wireless communications 

continue to challenge RF/microwave filters with ever more stringent requirements— 

higher performance, smaller size, lighter weight, and lower cost. Depending on the 

requirements and specifications, RF/microwave filters may be designed as lumped 

element or distributed element circuits; they may be realized in various transmission 

line structures, such as waveguide, coaxial line, and microstrip. The recent advance of 

novel materials and fabrication technologies, including monolithic microwave 

integrated circuit (MMIC), micro electro mechanic system (MEMS), micromachining, 

high-temperature superconductor (HTS), and low-temperature cofired ceramics 

(LTCC), has stimulated the rapid development of new microstrip and other filters. In the 

meantime, advances in computer-aided design (CAD) tools such as full-wave 

electromagnetic (EM) simulators have revolutionized filter design. The development of 

efficient methods for tuning both the center frequency and bandwidth of the filter 

response should be one of the main goals of filter designing. Tunable-bandwidth 

microwave filters are especially useful for the design of high-frequency multifunction 

receivers supporting multiple information signals with different frequency-bands 
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1.2 Related Works and Scope  

Microstrip filters are of considerable research interest in recent years. In the last decade, 

it become more important for wireless and stacked semiconductor network. In all the 

electrical system and communication, wireless system is becoming more and more 

popular. To fulfill the requirement of the demand, the amount of research work on 

wireless system is more than ever. Small size lowpass filters are frequently required in 

many communication systems to suppress harmonics and spurious signals. As the 

devices become smaller, the field of microstip antenna and filter is getting bigger. 

Research has been done on different types of microtrip filters over the last few decades. 

Among them are the stepped-impedance filters, open-stub filters, semi-lumped element 

filters, parallel-coupled half wavelength resonator filters, hairpin-line filters, inter-

digital and combline filters, pseudo-combline filters, stub-line filters. 

 

However, elliptic-function Stepped Impedance Resonator (SIR) has been studied for a 

long time as both lowpass filter and bandpass filter. Hsieh et. al. [1] first proposed 

compact inverted ‘U’ shaped Stepped Impedance Resonator. They modeled the filter by 

transmission line circuit design and verified by Hybrid Finite Element Method (FEM) 

and Method of Moment (MoM) simulator. The IE3D simulator was used by them. It 

showed good matches to the experimental data. The problem for this proposed filter is 

that, it does not have a wide stopband. To achieve wide stopband they proposed to 

cascade the filter. But cascading those filter increases the size of the filter. The reason of 

using elliptic-function Stepped Impedance Resonator over the Butterworth and 

Chebyshev is to have sharp cut-off frequency response. To achieve similar sharp cut-off 

Butterworth and Chebyshev filters need to be cascaded. But increasing the number of 

sections also increases the size of the filter and insertion loss.  

 

A number of publications have followed on designs to suppress higher unwanted 

modes. They have used different techniques to suppress the higher harmonic modes, 

also known as spurious modes. J. H. Cho et. al. [2] proposed a new approach using an 

aperture. They used an aperture on the backside of the substrate. This eliminates the 

parasitic capacitance of the single transmission line. C. L. Huang et. al. [3] have used 

high permittivity substrate to increase the bandwidth suppressing the spurious modes. 
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They used high permittivity ceramic material with high quality factor. They cascaded 

their proposed filter to have a bandpass response. In 2007 Y. W. Chen et. al.[4] 

proposed a bandpass filter design using two connected quarter-wavelength SIRs with 

the joint shorting to the ground. It was built by a three-sectioned SIR of half-wavelength 

with its middle point shorting to ground through a metallic via hole.  M.H. Yang et. Al 

[5] also proposed a new structure for broad stopband lowpass filter. 

              

(a)                       (b) 

Figure 1.1 Microstrip SIR hairpin filter proposed by (a) Hsieh et. al. [1]  

(b) M.H. Yang et. Al [5] 

 

Simultaneously, compactness of the filter becomes more important now-a-days. 

Presently, Monolithic Microwave Integrated Circuit (MMIC) and small dimension 

device operation become evident in small structure filters. Cheng-Hsing Hsu et. al.[6] 

designed a four-pole elliptical function band-pass filter using miniaturized microstrip 

inter-digital structure and step-impedance structure having parallel coupled lines. 

By studying more recent works of M. Sagawa et. al.’s [7] and Kuo-Sheng Chin et. al.[8] 

work, it is convenient to design a novel microstrip filter which would suppress spurious 

modes and is compact in size. The design includes both the circuit modeling of the 

proposed filter and its verification by hybrid FEM/MoM simulator. 

1.3 Objectives 

The main objectives of this thesis are: 

i. To design an elliptic-function microstrip lowpass filter using inverted ‘U’ 

resonator. This model will be verified using Full-Wave EM Simulator. A 3D 
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Finite Element Method (FEM) / Method of Moment (MoM) simulation with 

accurate meshing should approximate the practical filter realization [10]-[11]. 

ii. To derive the equivalent circuit for the proposed filter and verify the results.  

iii. To improve the frequency response of the filter by some structural modification 

performed on the previously designed lowpass filters. This structural 

modification will relate the equivalent circuit model in such a manner that if the 

width of the metal strips changes, the capacitance between metal and ground 

will increase.  

iv. Suppression of the spurious effect (higher harmonic modes) of this lowpass filter 

will be done. 

v. To make the stopband region of this filter broad. 

vi. To achieve attainable compactness with respect to its previous designs for  

RFID, MMIC application. 

1.4 Organization of the Thesis 

Following this introduction, Chapter 2 provides a review of various concepts of 

micorstrip filters, transmission line models and different types of filters. This chapter 

covers the essential theories required for the design of the proposed filter.  

In chapter 3, a new stepped impedance resonator filter model is proposed and its 

equivalent circuit is presented. The mathematical model of the equivalent circuit’s 

parameters is derived in this chapter. 

In Chapter 4, the frequency response of proposed structures and its variants are 

discussed on the basis of the computer simulation using Agilent Advanced Design 

System (ADS) 2011.01. 
In Chapter 5, the performance of the equivalent circuit is evaluated. Equivalent circuit 

for some different filter is derived and their performance is compared. 

Chapter 6 focuses on the major findings and improvements of this thesis. The result 

found from layout simulation is compared with the result found from proposed 

equivalent circuit.  

Lastly, a brief summary of the contributions regarding the presented work and 

suggestion for future research work conclude the thesis. 



 
 

CHAPTER 2  

THEORY 

2.1 Introduction 

This chapter covers some essential theory to understand the filter and equivalent circuit 

proposed in this thesis. Among them are network analysis, scattering parameters, 

ABCD parameters, different types of filter responses, microstrip structures and the 

effect of discontinuity in microstrip structure etc. These are discussed in brief and only 

the essential parts needed for understanding this thesis are explained.  

2.2 Network Analysis 

Microstrip filters can be represented as a two port network shown on Figure 2.1, where 

V1, V2 and I1, I2 are the voltage and current variables at the port 1 and port 2, 

respectively, Z01 and Z02 are intrinsic impedance, and Es is the source voltage. 

 

Figure 2.1 Two-port network showing network variables 

 

As the measuring of the voltage and current at microwave frequencies are very difficult, 

wave variables a1, a2, b1, b2 are introduced where a indicating the incident waves and b 

the reflected waves. These wave variables has an unique relationship as shown,  

 n on n nV Z a b 
           (2.1)

 

                                                     n=1 and 2 

 1
n n n

on

I a b
Z

 
 

         (2.2) 
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1

2
n

n on n
on

V
a Z I

Z

 
  

              

(2.3) 

                                                           n=1 and 2 

1

2
n

n on n

on

V
b Z I

Z

 
   

              

(2.4) 

The power at port n is, 

   * * *1 1
Re .

2 2n n n n n n nP V I a a b b  
            

(2.5) 

 

2.3 Scattering Parameters 

The scattering or S parameters of a two-port network are defined in terms of the wave 

variables as [9], 

                                   2

1
11

1 0a

b
S

a 

  
1

1
12

2 0a

b
S

a 


 

2

2
21

1 0a

b
S

a 


1

2
22

2 0a

b
S

a 

  

Where  an = 0  implies  a  perfect  impedance match. So it can be  written  as  following, 

1 11 12 1

2 21 22 2

.
b S S a

b S S a

     
     

       

 

Where, the matrix containing the S parameters is referred to as the scattering matrix or S 

matrix, which may simply be denoted by [S]. 

Here S11 and S22 are called reflection coefficient, whereas S12 and S21 are called 

transmission coefficient. These are the parameters directly measurable at microwave 

frequencies. In dB, S11 and S12 are called return loss and insertion loss respectively. 
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Insertion loss,  

20logA mnL S dB  m, n =1,2    (m n )
             

(2.6) 

And return loss,  

20logR nnL S dB     n=1,2 
            

(2.7) 

 

2.4 ABCD Parameters 

The ABCD parameters of a two-port network are given by, 

 

2

1
0

2
I

V
A

V 
2

1
0

2
V

V
B

I 
  

    
2

1
0

2
I

I
C

V 
 

2

1
0

2
V

I
D

I 
  

These parameters are actually defined in a set of linear equations in matrix notation, 

 

1 2

1 2

.
V VA B

I C D I

    
         

 

Where, the matrix comprised of the ABCD parameters is called the ABCD matrix. 

Sometimes, it may also be referred to as the transfer or chain matrix. The ABCD 

parameters have the following properties, 

 

                  AD – BC = 1   , for a reciprocal network 

                 A = D              , for a symmetrical network 

 

If the network is lossless, then A and D will be purely real and B and C will be purely 

imaginary. 
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  
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(b)
 

 

,  cZ j     

 

 

coshA l           sinhcB Z l

sinh

c

l
C

Z




          
coshD l  

(c)  

Figure 2.2 Two-port networks and their ABCD parameters (a) π-network  

(b) T-network (c) Transmission line 

 

2.5 Basic Concept of Filter 

The transfer function of a two-port filter network is a mathematical description of 

network response characteristics, S21. It can be defined as, 

   
2

21 2 2

1

1 n

S j
F

 
 

            

(2.8)
 

Where ε is the ripple constant, Fn(Ω) represents a filtering or characteristic function and 

Ω is a frequency variable.
 

it is convenient to let Ω represent a radian frequency variable 

of a lowpass prototype filter that has a cutoff frequency at Ω=Ωc for Ωc = 1 (rad/s). For 

linear network, the transfer function can be defined as a rational function, 
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21

( )
( )

( )

N p
S p

D p


 

N(p) and D(p) are numerator and denominator polynomials. The roots of  N(p) is called 

zeros and the roots of  D(p) is called poles. At pole, S21(Ω) becomes higher, i.e 0dB. 

Now, insertion loss 2

21

1
10 log

( )
AL

S j



 (dB) 

Now, 
2

2

( )
10log

( )A

D p
L

N p
    (dB)

             

(2.9) 

2
( )

10log
( )

D p

N p
   (dB) 

So, pole of S21 becomes the zeroes of LA (undefined value in dB)and zero of S21 

becomes the poles of LA (0 in dB). 

Since 2 2

11 21 1S S  , for a lossless passive, two port network, the return loss response 

of the filter can be found, 2

2110 log[1 ( ) ]RL S j     (dB) 

Poles and zeroes for LR can be shown as the opposite vision of the previous words for 

insertion loss.  

As S12(Ω) is a rational function so, N(p) and D(p) will be factors of zeroes and poles. To 

have a stable response, we need all the poles of S21 to be in the left plane of pole-zero 

plane (real-imaginary axis). Here D(p)’s root should be in the left plane where N(p)’s 

root can be anywhere on the pole-zero plane. The roots of N(p) is called transmission 

zero. But the position of pole may change the characteristics of filter. 

2.5.1 Butterworth response 

The amplitude-squared transfer function for Butterworth filters that have an insertion 

loss LAr= 3.0 dB at the cutoff frequency Ωc= 1 is given by, 

  2

21 2

1

1 n
S j 


            

(2.10) 
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Where n is the degree or the order of filter, which corresponds to the number of reactive 

elements, required in the lowpass prototype filter. This type of response is also referred 

to as maximally flat because its amplitude-squared transfer function defined in (2.10) 

has the maximum number of (2n – 1) zero derivatives at Ω= 0.Therefore, the maximally 

flat approximation to the ideal lowpass filter in the passband is best at Ω= 0, but 

deteriorates as Ω approaches the cutoff frequency Ωc. Figure 2.3 shows a typical 

maximally flat response. 

 

Figure 2.3 Butterworth (maximally flat) lowpass response 

 

A rational transfer function constructed from (2.10) is [12–13] 

 
 

21

1

1
n

i
i

S p
p p




                                                   

(2.11) 

With,  

 2 1
exp

2i

i
p j

n

 
   

          

(2.12) 

 

There is no finite-frequency transmission zero .all the zeros of S21(p) are at infinity and 

the poles pi  lie on the unit circle in the left half-plane  at  equal angular spacing, since 

|pi| = 1 and Arg pi= (2i – 1) /2n. This is illustrated in Figure 2.4. 
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Figure 2.4 Pole distribution for Butterworth (maximally flat) response 

 

2.5.2 Chebyshev response 

The Chebyshev response that exhibits the equal-ripple passband and maximally flat 

stopband is shown in Figure 2.5. It is defined as, 

   
2

21 2 2

1

1 n

S j
T

 
 

                                             

(2.13) 

where the ripple constant ε is related to a given passband ripple LAr in dB by, 

1010 1
ArL

  
    

(2.14) 

 

Figure 2.5 Chebyshev lowpass response 
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Tn(Ω) is a Chebyshev function of the first kind of order n, which is defined as 

 
 
 

1

1

cos cos           for 1

cosh cosh       for 1
n

n
T

n





     
    

(2.15) 

Hence, the filters realized from (2.13) are commonly known as Chebyshev filters. 

Rhodes [13] has derived a general formula of the rational transfer function from (2.15) 

for the Chebyshev filter, that is, 

 
 

 

1/2
2 2

1
21

1

sin /
n

i
n

i
i

i n
S p

p p

 




  







 

(2.16) 

With, 

 1 2 1
cos sin

2i

i
p j j

n


  

    
   

(2.17)
 

11 1
sinh sinh

n



   

   
(2.18) 

Similar to the maximally flat case, all the transmission zeros of S21(p) are located at 

infinity. Therefore, the Butterworth and Chebyshev filters dealt with so far are 

sometimes referred to as all-pole filters. However, the pole locations for the Chebyshev 

case are different, and lie on an ellipse in the left half-plane. The major axis of the 

ellipse is on the jΩ-axis and its size is 21  ; the minor axis is on the σ-axis and is of  

the size η. The pole distribution is shown in Figure 2.6 for n = 5. 

 

Figure 2.6 Pole distribution for a Chebyshev response for n=5 
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2.5.3 Elliptical function response 

The response that is equal-ripple in both the passband and stopband is the elliptic 

function response, as illustrated in Figure 2.7. The transfer function for this type of 

response is, 

   
2

21 2 2

1

1 n

S j
F

 
 

 
(2.19) 

Where, 

/2
2 2

1
/2

2 2 2

1

( 1)/2
2 2

1
( 1)/2

2 2 2

1

( )
for  even

( / )
( )

( )
for ( 3) odd

( / )

n

i
i

n

s i
i

n n

i
i

n

s i
i

M n

F

N n












   


     
   
 
      

(2.20) 

 

 

Figure 2.7 Elliptic function lowpass response 

 

Where Ωi (0<Ωi<1) and Ωs>1 represents some critical frequencies. M and N are 

constants to be defined [14-15]. Fn(Ω) will oscillate between ±1 for 1  , and

( 1) 1nF     . 
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2.6 Microstrip Structure 

A conduction strip with a width W is shown in Figure 2.8. It has a thickness t and is on 

the top of a dielectric substrate that has a relative dielectric constant εr and a thickness h. 

There is ground plane at the bottom. 

The fields in the microstrip extend within two media, air above and dielectric below. So 

the structure is inhomogeneous. Due to this inhomogeneous nature, it does not support 

pure TEM wave inside the substrate. This is because, a pure TEM wave has only 

transverse components, and its propagation velocity depends only on the material 

properties, namely the permittivity ε and the permeability µ. However, with the 

presence of the two guided-wave media (the dielectric substrate and the air), the waves 

in a microstrip line will have no vanished longitudinal components of electric and 

magnetic fields, and their propagation velocities will depend not only on the material 

properties, but also on the physical dimensions of the microstrip. It can be approximated 

by quasi-TEM approximation. The phase velocity entirely depends on the material 

properties and the dimension of the microstrip. For quasi-TEM wave we neglect the 

longitudinal wave where transverse wave has greater value. So the transverse field 

approximates the pure TEM which is called quasi-TEM wave. 

 

 

Figure 2.8 General microstrip structure 
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2.7 Effective Dielectric Constant and Characteristic Impedance 

In the quasi-TEM approximation, a homogeneous dielectric material with an effective 

dielectric permittivity replaces the inhomogeneous dielectric–air media of microstrip. 

Transmission characteristics of microstrips are described by two parameters, namely, 

the effective dielectric constant εre and characteristic impedance Zc, which may then be 

obtained by quasistatic analysis [16]. In quasi-static analysis, the fundamental mode of 

wave propagation in a microstrip is assumed to be pure TEM. The above two 

parameters of microstrips are then determined from the values of two capacitances as 

follows, 

d
re

a

C

C
 

 

(2.21) 

1
c

a d

Z
c C C



 

(2.22) 

in which Cd is the capacitance per unit length with the dielectric substrate present, Ca is 

the capacitance per unit length with the dielectric substrate replaced by air, and c is the 

velocity of electromagnetic waves in free space (c =3.0 × 108 m/s). 

For very thin conductors (i.e., t → 0), the closed-form expressions that provide accuracy 

better than one percent are given [17] as follows, 

For 
W

h
≤ 1: 

1
2

21 1
1 12 0.04 1

2 2
r r

re

h W

W h

 
               

     

 

(2.23) 

8
ln 0.25

2
c

re

h W
Z

W h


 

   
 

 

(2.24) 

For 
W

h
 ≥ 1: 

1

21 1
1 12

2 2
r r

re

h

W

 
      

    

 

(2.25) 

1

1.393 0.677 ln 1.444c

re

W W
Z

h h





       

       
(2.26)
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Where, η=120π ohms is the wave impedance in free space. 

W=strip width 

h=height of the substrate 

A more accurate model for εre proposed by Hammerstad and Jensen [18] .Which is, 

1 1 10
1

2 2

ab

r r
re u

 
      

 

 

(2.27) 

Where, u=W/h and  

2
4

3

4

1 152
1 ln ln 1

49 0.432 18.7 18.1

u
u

u
a

u

                    
 

 

(2.28) 

0.053
0.9

0.564
3

r

r

b



 
   

 

(2.29) 

 

The accuracy of this model is better than 0.2% for εr≤ 128 and 0.01≤ u ≤100. 

2.8 Hairpin Filters 

 

Figure 2.9 Hairpin filter structure 

Hairpin-line filters are compact structures. They may conceptually be obtained by 

folding the resonators of parallel-coupled, half-wavelength resonator filters into a “U” 

shape. This type of “U” shaped (Figure 2.9) resonator is called hairpin resonator [9]. 
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The advantages of the hairpin resonator are, 

1) It is compact because of folding the resonators of parallel-coupled, half-

wavelength resonator filters to reduce the length of the couple line. 

2) Better coupling because of two parallel line coupling of adjacent U-shape 

resonators.  

2.9 Coupled Line Transmission Line 

The system of two parallel coupled lines is shown in Figure 2.10. Now, if the port 3 and 

port 4 are considered as open, then I3=I4=0. Then the two port network seems to be [22], 

1 11 13 1

2 21 22 2

V Z Z I

V Z Z I

     
     

     
 

 

Figure 2.10 Schematic of pair of coupled-lines 

 

Where,  

0 0 0 011 13

0 0 0 021 22

cot cot cosec cosec1
cosec cosec cot cot2

e e o o e e o o

e e o o e e o o

Z Z Z ZZ Z
j

Z Z Z ZZ Z

   
   

   
           

 

0 0
cot cosec cot cosec

cosec cot cosec cot2 2
e e o oe o

e e o o

Z Z
j j

   
   

   
        

  

(2.30) 

So the Z matrix can be written as, 

  0

cot cosec

cosec cot
Z jZ

 
 

 
   

 

 

(2.31) 
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Figure 2.11 Equivalent circuit of a pair comb structured coupled line 

Now the ABCD parameter of the above defined transmission line, 

0 0

0 0

0 0

0 0

0 0

cot cot

cot cot

2 cot cot

cot cot

2

cot cot

e e o o

e e o o

e o e o

e e o o

e e o o

Z Z
A D

Z Z

Z Z
B j

Z Z

C j
Z Z

 
 

 
 

 


 



 





 

2.10 Micorstrip Line Step  

In microstrip line, when the width of the strip changes abruptly as shown in Figure 2.12, 

the impedance also changes [19]. The impedance depends on the width of the microstrip 

line. So by making a step in microstrip line, an impedance step can be created. Step can 

be of two types, asymmetric and symmetric as shown in Figure 2.13. 

 

(a) (b) 

Figure 2.12 Abrupt change in microstrip line width  (a) schematic, (b) equivalent circuit 
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For 1

2

1.5 3.5
w

w
  and 10.0r  , 

  1
1 2

2

10.1log 2.33 12.6 log 3.17s r r

w
C w w

w
 

 
    

 
   (pF/m)

   

(2.32) 

For 1

2

3.5 10
w

w
  and 9.6r  , 

1
1 2

2

130.0 log 44.0s

w
C w w

w

  
   

  
   (pF/m)

  

(2.33) 

The inductance is calculated with, 

1 1 1

2 2 2

40.5 1.0 75.0 log 0.2 1.0s

w w w
L h

w w w

      
          

      
  (nH/m)

         

(2.34) 

This equation is accurate within 5.0% for  1 2

2

5.0  and 1.0
w w

w h
   

   

(a)                                        (b)      (c) 

Figure 2.13 Abrupt steps of different type (a)asymmetric (b)symmetric and 

(c)equivalent circuit 

According to Hoffman [20], the parameters of the equivalent circuit shown in Figure 

2.13 can be calculated from, 

( 1/ )
2 2.11

2
1

2 24.0 2 2
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 
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(2.35) 
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  1 20.012 0.0039p rC w w     (pF)

    

(2.36) 

Where, 
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2.11 Microstrip Line Gap 

The microstrip gap shown in Figure 2.14 is used in the filters and other circuits as a 

coupling element. It also occurs as a stray circuit element across surface mount 

components. According to [21] the equivalent circuit of the line gap can be represented 

as a transmission line. The capacitance Ca and Cb can be calculated in terms of Ceven and 

Codd as followings,
 

 

Figure 2.14 Microstrip line gap 

2
even

a

C
C 

        

(2.39) 

and,  

        
2 4
odd even

b

C C
C  

        

(2.40) 

where, oddC   odd capacitance
 

and,     evenC   even capacitance  

 



 
 

CHAPTER 3 

 MATHEMATICAL DERIVATION 

3.1 Introduction 

The layout of modified stepped impedance hairpin resonator is showed in Figure 3.1. It 

has three parts− series line, parallel coupled line and the modified triangular coupled 

line as shown in Figure 3.2. First the series line has a length of ls =l2+2l3 and width of 

w4. As the length, ls is much larger than the width w4, it acts as an inductance. Then the 

parallel couple line has large width w3, length l4 and the gap between the parallel plates, 

g. The modified triangular couple line has a length, 6l  and a gap between the triangular 

plates, x . If  Zs is the characteristic impedance of the single transmission line ls, Zo and 

Ze are the odd and even impedance for the parallel couple line, we took sZ > o eZ Z to 

reduce the size of conventional hairpin resonator[1]. 

 

    

(a)                                                          (b) 

Figure 3.1 Modified stepped impedance hairpin resonator (a) schematic (b) 3d view 
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(a)            (b)     (c) 

Figure 3.2 Stepped impedance hairpin resonator highlighting the (a) series line,                   

(b) parallel couple line, (c) modified triangular couple line. 

 

Figure 3.3 shows the Current density of the proposed structure at cut-off frequency. Port 

1 is used as input and port 2 is characterized as output port. From Figure 3.3 it is seen 

that the current density at the series line is very high. So it acts as an inductor. On the 

other hand parallel coupled line and the modified parallel coupled line has almost zero 

current density. So it can be assumed that these two act as capacitor. 

 

 

Figure 3.3 Current density of the proposed filter at cut-off frequency 

3.2 Series Line 

For any single transmission line as we know, 
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Figure 3.4 Transmission line with a length of l 

ABCD parameter is described as, 
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For lossless transmission line, j    and 0  . So, j   
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Figure 3.5 series line with a length of ls 

 

Similarly here, for the series line ls, 
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Where, 

βs= propagation constant 

ls= length of the series line 

We can determine βs as given below,  
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h
 ≤ 1: 
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h
 ≥ 1: 
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 (3.7) 

Where, 

W= ws (width of the series line) 

η=120π ohms is the wave impedance in free space. 

εre=relative dielectric constant 

h=height of the substrate  

As the effective dielectric constant has been determined, so the given wavelength of 

quasi-TEM mode of microstrip is given by, 

0
g

re






 

(3.8) 
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Where, λ0= free space wavelength. 

So the propagation constant, 

2

g






 

(3.9) 

Here s   for series line. 

Again, equivalent Pi-model of transmission line of the microstrip (length ls) is shown as 

below, 

 

Figure 3.6 Equivalent circuit of a series line 

 

Now the ABCD parameter of the above circuit will be, 
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(3.10) 

 

Where, L sZ j L and c sY j C . 

As the matrix of (3.3) and (3.10) are equivalent, it can be stated that, 
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(3.11) 
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Now, 

sin( )s s s LjZ l Z   
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Again, 
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(3.13) 

 

3.3 Parallel Couple Line 

For the coupled line the structure is given in Figure 3.7. 

 

Figure 3.7 Coupled line with line gap g 
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For this stepped impedance resonator, ABCD parameters will be [22], 
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(3.14) 

Here 0e  , for a symmetric parallel resonator. So, 
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            

(3.15) 

Again for parallel stepped couple line, we can derive an equivalent circuit shown in 

Figure 3.7. 

 

Figure 3.8 Equivalent circuit for coupled line 

Now the ABCD parameters of the stepped couple line should be, 

1

(2 ) 1
g p g

p g p g p

Z Y ZA B
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(3.16) 

 

Figure 3.9 Cross section of coupled microstrip line 
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Here Zo and Ze are the parallel couple line’s odd and even impedance. For any couple 

line shown in Figure 3.9, the static electromagnetic field, even and odd impedance can 

be derived in terms of even and odd capacitance. 

e p f fC C C C  

     

(3.17) 

o p f gd gaC C C C C   

    

(3.18) 

 

(a) (b) 

 

Figure 3.10 Quasi-TEM modes of a pair of coupled microstrip lines for  

(a) even mode; (b) odd mode. 

 

In these expressions, Cp denotes the parallel plate capacitance between the strip and the 

ground plane, and hence is given by, 

0p r

W
C

h
 

    

 

(3.19) 

 

Cf  is the fringe capacitance as if for an uncoupled single microstrip line, and is 

evaluated by [9], 

  2 /f re c pC cZ C 

    

(3.20) 

The term fC accounts for the modification of fringe capacitance fC of a single line due 

to the presence of another line. An empirical expression for fC is given by [9], 

8
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(3.21) 

where, exp 0.1exp 2.33 2.53
W

A
h

        

   

(3.22) 
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For the odd-mode, Cga and Cgd represent, respectively, the fringe capacitances for the air 

and dielectric regions across the coupling gap. The capacitance Cgd may be found from 

the corresponding coupled strip line geometry, with the spacing between the ground 

planes given by 2h. A closed-form expression for Cgd is, 
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(3.23) 

The capacitance Cga can be modified from the capacitance of the corresponding 

coplanar strips, and expressed in terms of a ratio of two elliptic functions, 
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Where, 
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(3.25) 

After deriving Co and Ce, we can derive Zo and Ze as follows, 
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Where, a
eC  and a

oC are even and odd capacitance for the coupled microstrip line 

configuration with air as dielectric. 

 

Now computing (3.15) and (3.16), we have, 
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Now, combining the equivalent circuits from Figure 3.6 and Figure 3.8, we get the 

equivalent circuit shown in Figure 3.10.  
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Figure 3.11 Equivalent circuit for SIR proposed by K. Cheng 

This model has been proposed by K. Cheng [1] for the first time and was verified by 

MoM simulator and experimental data. 

Here, the combined capacitance is given by, 

 ps p sC C C C  
     

(3.31) 

Where,  Cp=Capacitance of the single transmission line 

Cs=Capacitance of the coupled line 

CΔ=Capacitance due to junction discontinuity  

We have neglected the effect of the junction discontinuity because the value of CΔ is 

negligible compared to Cp and Cs. 

3.4 Modified Parallel Triangular Line      

 

Figure 3.12 Modified triangular couple line 
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Figure 3.13 Modified triangular couple line simplification 

 

The triangular plates inside the series line has capacitance other than the above 

mentioned abrupt stepped junction capacitance. For simplicity we can assume these two 

triangular plates as parallel coupled lines. For deriving purpose of the equivalent circuit 

we can assume the triangular couple line as parallel coupled lines shown in Figure 3.13. 

From the theory of microstrip line gap [21] we have the equivalent circuit shown in 

Figure 3.14. 

 

Figure 3.14 Equivalent circuit for the modified triangular couple line 

Where,  

2
even

p

C
C  

     

(3.32) 

and 

2 4
odd even

g

C C
C  

         

(3.33) 

These capacitance will shift the spurious effect further more right, giving us a broad 

stopband. It also make the filter more compact than predicted by K. Chang et.al.[1]   
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3.5 Overall Equivalent Circuit 

Now the overall equivalent circuit for the proposed modified stepped impedance 

resonator is shown in Figure 3.15. 

 

Figure 3.15 Equivalent circuit for the proposed filter in this thesis  

 

3.6 Conclusion 

In this chapter, the equivalent circuit for the proposed structure is derived. The total 

circuit is consisting of three major parts. The equivalent circuit of each individual part is 

derived separately and finally combined into one circuit. Here some of the components 

of the circuit is neglected for simplification. So the output of the filter will not be 100 

percent correct, but it will be close to original response.     



 
 

CHAPTER 4 

NUMERICAL ANALYSIS 

4.1 Introduction 

Hairpin filters have greater inductance than parallel coupled filters. But it requires 

smaller space than normal parallel coupled half wavelength resonator filter or end 

couple half wavelength resonator filters. It has ‘U’ shaped inductor with parallel couple 

stepped inductance resonator. In this chapter we will show some filter structure and 

their EM simulation result using Advanced Design System (ADS) 2011.01 by Agilent 

system[23]. For every simulation the meshing is set for 20GHz to get the best result.  

4.2 Stepped Impedance Hairpin Resonator 

4.2.1 Single stepped impedance hairpin resonator 

Figure 4.1 shows the structure of the stepped impedance hairpin resonator. As the line 

has a stepped impedance resonator, it has less space than conventional hairpin line 

resonator. K. Cheng [1] was first to include this stepped impedance to a conventional 

hairpin line resonator. The only purpose of the inclusion of the stepped impedance was 

to make the structure compact.  There are 2 ports−port 1 and port 2 with feed line, lf. 

The width of the feed line is w1. Now we have matched the line with 50Ω input and 

output line. First, the series line has a length of ls (l2 +2 l3 +2 w1) and width of w2. 

 

Figure 4.1 Layout of stepped-impedance hairpin resonator 
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As the length, ls= l2+2l3 is larger than the width, w2 , it shows good inductance. Then the 

parallel couple line has large width, w3, length, l4 and gap between parallel plates, g. 

This lowpass filter is designed for a 3dB cut-off frequency of 1.86 GHz and fabricated 

on a 0.254mm thick RT/Duroid 5880 substrate with a dielectric constant εr=2.2. The 

dimensions considered in this modeling are as below:  

l1= 18mm and w1=0.79mm for a 50Ω feed line to match the input and output port. l2= 

5mm, l3= 5.3mm, l4=6.2mm, l5= 1mm,w2=0.2mm, w3=2.6mm and gap size g=0.2mm. 

 

Figure 4.2 EM simulated results for the filter in Figure 4.1 where 1.86 GHz                   

is the cutoff frequency 

Figure 4.2 shows the S11 and S12 parameter. It has a cut-off 1.86GHz, a transmission 

Zero at 700MHz before cut-off and two spurious zero(3.3GHz and 4.7GHz) after cut-off 

inside the stopband. Here the stop band is 1.7GHz to 5.95GHz. It also shows that there 

is a  spurious pole at 6.2GHz. Here insertion loss is −43dB which is good.The rejection 

rate is 22dB/GHz, and at stopband, the rejection is of -30dB. 
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4.2.2 Cascaded stepped impedance hairpin resonator varying width 

Figure 4.3 figure shows five multiple cascaded stepped impedance hairpin resonators. 

Two resonators are linked with an adjacent transmission line w7, w8, w9 and w10. Due to 

the adjacent transmission line, the coupled lines become an asymmetrical coupling 

structure, as shown on the left-hand side of Figure 4.3(b). The asymmetrical coupled 

lines can roughly be treated as a symmetric coupled line with a separate parallel single 

transmission line as shown on the right-hand side of Figure 4.3(b) [16]. Here the 

dimensions are, l1=18mm l4=6.2mm,  w1=0.79mm  w2=0.2mm, w3=2.6mm, w7=0.7mm, 

w8=1.4mm, w9=2.1mm, w10=2.8mm and g=0.2mm. 

 

(b) 

Figure 4.3 Layout of cascaded stepped impedance resonator with variation of width 

 

As changing width of the adjacent transmission line, the capacitance of the cascaded 

circuit will change its resonant frequencies. Resonant frequency depends on the size of 

the filter. So there are five resonant frequencies which are asymmetric parallel coupled 

line. 

(a) 
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Figure 4.4 EM simulated results for the filter in Figure 4.3 where 1.522 GHz                   

is the cutoff frequency 

We have assumed it as symmetric parallel coupled line for simplicity. The cut-off 

frequency depends on the left most hairpin structure which has the highest cut-off 

frequency. So, the rejection region deviates to −80dB and rejection rate is 84dB/GHz 

just after the cut-off. It seems that the cascaded circuit has three times greater rejection 

than single one.  

4.2.3 Cascaded stepped impedance hairpin resonator varying length 

 

Figure 4.5 Layout of cascaded stepped impedance resonator with variation of length 
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Figure 4.5 shows six cascaded stepped impedance hairpin resonators varying the length 

of the resonators, keeping the width same. By varying the length the resonant frequency 

can be changed more than changing the width of the stepped impedance filters. For this 

particular case, l1=18mm, l2=5mm, ls1=48mm, ls2=32mm, ls3=22.4mm, ls4=16mm, 

ls5=12.8mm, ls6=8mm, l41=18.6mm, l42=11.2mm, l43=8.7mm, l44=6.2mm, l45=5mm, 

l46=3.1mm, and w1=0.79mm, w2=0.2mm, w3=2.6mm,, w7=0.7mm, and g=0.2mm. 

 

Figure 4.6 EM simulated results for the filter in Figure 4.5 where 679 MHz                   

is the cutoff frequency 

Here the stopband rejection is of -70dB after 1.7GHz and rejection rate is 66dB/GHz. 

The cut-off frequency is 679.5MHz which depends on the largest stepped impedence 

hairpin filter . As the length become smaller, the frequency shifts toward the right of the 

cut-off. 

4.2.4 Single modified stepped impedance hairpin resonator proposed in [5] 

Figure 4.7 shows the proposed stepped impedance hairpin resonator in [5]. An extra 

capacitor was included inside the hairpin structure. The low pass filter was designed for 

a 3dB cut-off frequency of 1.516 GHz and fabricated on a 0.254mm thick RT/Duroid 

5880 substrate with a relative dielectric constant εr=2.2. The dimensions considered in 

this modeling are as below:  
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l1=18mm and w1=0.79mm for a 50Ω feed line to match the input and output port. 

l2=5mm, l3=5.3mm, l4=6.2mm, l5=1.0mm, l6=6.5mm, w2=0.2mm, w3=2.6mm, 

w4=0.2mm,  w5=0.4mm, w6=0.2mm  and  gap size g=0.2mm. 

 

Figure 4.7 Layout of proposed modified stepped-impedance hairpin resonator in [5]. 

. 

 

Figure 4.8 EM simulated results for the filter in Figure 4.7 where 1.516 GHz                   

is the cutoff frequency 
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Figure 4.8 shows the S11 and S12 parameter for the filter shown in Figure 4.7. It has cut-

off frequency at 1.516 GHz, a transmission zero at 1.05GHz before cut-off and four 

spurious zeros (3.1GHz, 4.5GHz, 5.6GHz and 6.8GHz) after cut-off inside the 

stopband. There are two major spurious effects at 4.9GHz and 6.95GHz. Here insertion 

loss is −18dB. The rejection rate is 29dB/GHz, and at stopband the rejection is of                   

−30dB. 

4.3 Proposed Modified Stepped Impedance Hairpin Resonator 

4.3.1 Single proposed modified stepped impedance hairpin resonator 

Figure 4.9 shows the proposed structure in this thesis. Here two extra triangular 

capacitors are included inside the hairpin structure. The coupled stepped impedance 

resonators are used as a capacitor in order to get a sharp cutoff frequency response and 

create a pole at harmonic to get a broad stopband. As this extra parallel coupled 

resonator will create an extra pole at harmonic, it will suppress the higher order spurious 

mode. Thus the modification of the stopband can be made. The filter will be compact 

because the extra capacitor is introduced inside of the filter which was unutilized.  

The low pass filter has been designed for a 3dB cut-off frequency of 1.518 GHz and 

fabricated on a 0.254mm thick RT/Duroid 5880 substrate with a relative dielectric 

constant εr=2.2. The dimensions considered in this modeling are as follows: l1= 18mm 

and w1=0.79mm for a 50Ω feed line to match the input and output port, l2= 5mm, 

l3=5.3mm, l4=6.2mm, l5=1mm, l6=6.5mm, w2=0.2mm, w3=2.6mm, w4=0.2mm, 

w5=0.4mm, w6=0.2mm and gap size g=x=0.2mm. 

 

Figure 4.9 Layout of proposed modified stepped-impedance hairpin resonator. 
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.  

Figure 4.10 EM simulated results for the filter in Figure 4.9 where 1.488 GHz                   

is the cutoff frequency 

 

Figure 4.10 shows the S11 and S12 parameter for the filter shown in Figure 4.9. It has a 

cut-off frequency at 1.488 GHz, a transmission Zero at 1.05GHz before cut-off and 

three spurious zeros (3.0GHz, 5.8GHz and 6.95GHz) after cut-off inside the stopband. 

The filter shows a very good stopband from 1.488GHz to 12.5GHz. Here insertion loss 

is −18dB. The rejection rate is 27.8dB/GHz, and at stopband the rejection is of -28dB. 

4.3.2 Cascaded proposed modified SIR hairpin filter varying width 

Figure 4.11 shows five multiple cascaded modified stepped impedance hairpin 

resonators. Two resonators are linked with by an adjacent transmission line with w7, w8, 

w9 and w10. Due to the adjacent transmission line, the coupled lines become an 

asymmetrical coupling structure, as shown on the left-hand side of Figure 4.11(b). The 

asymmetrical coupled lines can be roughly treated as a symmetric coupled line with a 

separate parallel single transmission line, as shown on the right-hand side of Figure 

4.11(b) [16].Here the dimensions are, l1=18mm l4=6.2mm,  w1=0.79mm  w2=0.2mm, 

w3=2.6mm, w4=0.2mm, w5=0.4mm, w6=0.2mm, w7=0.7mm, w8=1.4mm, w9=2.1mm, 

w10=2.8mm and g=x=0.2mm. 
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(b) 

Figure 4.11 Layout of cascaded modified stepped impedance resonator                            

with variation of width 

 

Figure 4.12 EM simulated results for the filter in Figure 4.11 where 1.270 GHz                   

is the cutoff frequency 
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As changing width of the adjacent transmission line, the capacitance of the cascaded 

circuit will change its resonant frequencies. Resonant frequency depends on the size of 

the filter. So there are five resonant frequencies which are asymmetric parallel coupled 

line. We have assumed it as symmetric parallel coupled line for simplicity. The cut-off 

frequency depends on the left most hairpin structure. So, the rejection region deviates to 

-85dB and rejection rate is 96.2dB/GHz just after the cut-off, which is very steep. It 

seems that the cascaded circuit has four times greater rejection than single one. So any 

rejection and rejection rate can be designed with cascading the proper number of 

stepped impedance hairpin resonator. 

4.3.3 Cascaded proposed modified SIR hairpin filter varying length 

Figure 4.13 shows six cascaded modified stepped impedance hairpin resonators varying 

the length of the resonators, keeping the width same. By varying the length, we can 

modify the resonant frequency more than changing the width of the stepped impedance 

filters. For this particular case we took, l1=18mm, l2=5mm, ls1=48mm, ls2=32mm, 

ls3=22.4mm, ls4=16mm, ls5=12.8mm, ls6=8mm, l41=18.6mm, l42=11.2mm, l43=8.7mm, 

l44=6.2mm, l45=5mm, l46=3.1mm, and w1=0.79mm, w2=0.2mm, w3=2.6mm,, w7=0.7mm, 

and g= x=0.2mm. 

 

Figure 4.13 Layout of cascaded modified stepped impedance resonator                     

with variation of length 
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Figure 4.14 EM simulated results for the filter in Figure 4.13 where 502MHz                   

is the cutoff frequency 

 

Here we have rejection of -82dB and rejection rate is 105dB/GHz just after cut-off. Its 

cut off frequency is 502MHz which depends on the left most (largest) modified stepped 

impedance hairpin filter. As the length become smaller, the frequency shifts toward the 

right of the cut-off. 

 

4.3.4 Single modified stepped impedance hairpin resonator varying length 

Now we take another case where we take the structure described in 4.3.1 and vary the l3 

and l6. For this case we take l3= 6.1mm and l6= 7.3mm 

So the dimensions become, l1= 18mm and w1=0.79mm for a 50Ω feed line to match the 

input and output port. l2= 5mm, l3= 6.1mm, l4=6.2mm, l5= 1mm, l6= 7.3mm, 

w2=0.2mm, w3=2.6mm, w4=0.2mm, w5=0.4mm, w6=0.2mm and gap size g = x = 0.2mm. 
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Figure 4.15 Layout of modified stepped-impedance hairpin resonator in 4.3.4. 

 

Figure 4.16 shows the S11 and S12 parameter for the filter shown in Figure 4.15. 

Increasing the length (l3 and l6) of the modified SIR filter decreases the cutoff 

frequency. As the size of the filter increases, the cut-off frequency of the filter 

decreases.  The spurious effects also shift toward left. But the rejection and the rejection 

rate stays the same.  The cut-off frequency is at 1.389GHz. The rejection rate becomes 

31dB/GHz and the rejection at stopband is -30.7dB. 

 

Figure 4.16 EM simulated results for the filter in Figure 4.15 where 1.389 GHz                   

is the cutoff frequency 
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4.3.5 Single modified stepped impedance hairpin resonator varying width 

Now we take another case where we take the structure described in 4.3.1 and vary the l3 

and l6. For this case we take l2= 4.2mm and w3= 2.2mm. So the dimensions become, l1= 

18mm and w1=0.79mm for a 50Ω feed line to match the input and output port. l2= 

4.2mm, l3= 5.3mm, l4=6.2mm, l5= 1mm, l6= 6.5mm,  w2=0.2mm, w3=2.2mm, 

w4=0.2mm, w5=0.4mm, w6=0.2mm and gap size g= x =0.2mm. 

 

Figure 4.17 Layout of modified stepped-impedance hairpin resonator in 4.3.5. 

 

Figure 4.18 EM simulated results for the filter in Figure 4.17 where 1.623 GHz                   

is the cutoff frequency. 
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Figure 4.18 shows the S11 and S12 parameter for the filter shown in Figure 4.17. 

Decreasing the width (l2 and w3) of the modified SIR filter decreases the cutoff 

frequency. As the size of the filter increases, the cut-off frequency (1.623GHz) of the 

filter decreases.  The spurious effects also shift toward left. But the rejection and the 

rejection rate stays the same.  

 

4.3.6 Single modified stepped impedance hairpin resonator varying gap 

Now we take another case where we take the structure described in 4.3.1 and vary the g 

and x. For this case we take g= x= 0.4mm  

l1= 18mm and w1=0.79mm for a 50Ω feed line to match the input and output port. l2= 

5.2mm, l3= 5.3mm, l4=6.2mm, l5= 1mm, l6= 6.5mm,  w2=0.2mm, w3=2.6mm, 

w4=0.2mm, w5=0.4mm, w6=0.2mm and gap size g= x= 0.4mm. 

 

Figure 4.19 Layout of modified stepped-impedance hairpin resonator in 4.3.6 

Figure 4.20 shows the S11 and S12 parameter for the filter shown in Figure 4.19. 

Increasing the gap g of the modified SIR filter increases the cutoff frequency slightly at 

1.518GHz. The rejection attenuation decreases and rejection rate becomes25dB/GHz. 

But the spurious effect at 6.95GHz is increased.  
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Figure 4.20 EM simulated results for the filter in Figure 4.19 where 1.518GHz                   

is the cutoff frequency 

4.3.7 Single modified stepped impedance hairpin resonator adjusting for high 

frequency 

Now we take another case where we take the structure described in 4.3.1 and vary all 

the parameter to make the filter to have a cutoff frequency of 5 GHz.  

l1= 18mm and w1=0.79mm for a 50Ω feed line to match the input and output port. l2= 

2.2mm, l3= 1.4mm, l4=2mm, l5= 1mm, l6= 2.6mm, w2=0.2mm, w3=1.2mm, w4=0.2mm, 

w5=0.4mm, w6=0.2mm and gap size g=0.2mm, x= 0.2mm. 

 

Figure 4.21 Layout of modified stepped-impedance hairpin resonator for 4.3.7 
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Figure 4.22 shows the S11 and S12 parameter for the filter shown in Figure 4.21. Here the 

3dB cut-off frequency is 5 GHz. The rejection rate is 9dB/GHz. We have the stopband 

rejection at -24dB. Comparing to the lower frequency filters, the rejection rate of this 

filter is low. It has a rejection better than 10.2 dB from 6.2GHz to 22GHz. So the 

stopband is very broad.  

 

Figure 4.22 EM simulated results for the filter in Figure 4.21 where 5GHz    

               is the cutoff frequency 

 

Table 4.1 Relation between filter parameters and cut-off frequency 

Parameters Cut-off Frequency 

ls series line length 
Increase (↑) Decrease (↓) 
Decrease (↓) Increase (↑) 

ws series line width 
Increase (↑) Increase (↑) 
Decrease (↓) Decrease (↓) 

lc 
Parallel couple line 

length 
Increase (↑) Decrease (↓) 
Decrease (↓) Increase (↑) 

wc 
Parallel couple line 

width 
Increase (↑) Decrease (↓) 
Decrease (↓) Increase (↑) 

g, x Coupling gap 
Increase (↑) Increase (↑) 
Decrease (↓) Decrease (↓) 

h 
Thickness of the 

substrate 
Increase (↑) Increase (↑) 
Decrease (↓) Decrease (↓) 

εr dielectric constant 
Increase (↑) Decrease (↓) 
Decrease (↓) Increase (↑) 
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4.4 Conclusion  

In this chapter the layout simulation of the proposed filter and its variants are showed. 

From the simulations, many concluding decision can be taken. The cut-off frequency of 

the filter is inversely related with the series line length ls. But cut-off frequency 

increases with the increase of series line width ws. For the parallel coupled line both the 

width wc and length lc are inversely related with the cut-off frequency. But cut-off 

frequency increases with the increase with the coupling gap g. All of these relations are 

shown in Table 4.1. These relations can be uses to modify the cut-off frequency of the 

proposed filter and adjust it to any particular frequency. In this thesis the filter is 

modeled up to 5 GHz cut-off frequency lowpass response. As the cut-off frequency 

increases, the rejection rate after cut-off frequency decreases. For the proposed filter, 

the highest rejection rate can be obtained at the lower cut-off frequencies.  

 

 

 

 

 

 

 

 

 



 
 

CHAPTER 5 

CIRCUIT ANALYSIS 

5.1 Introduction  

The equivalent circuit of the proposed filter is shown in Figure 5.1. 

       

    (a)                                                 (b) 

Figure 5.1 proposed SIR filter (a) structure, (b) equivalent circuit 

The element of the equivalent circuits are directly depends on the dimension and the 

material of filter. These elements can be derived from the following equation derived 

previously,  
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5.2 Equivalent Circuits for the Proposed Filters 

5.2.1 Single proposed modified stepped impedance hairpin resonator 

For the proposed modified stepped impedance resonator filter described in section 4.3.1 

where, l1=18mm, l2=5mm, l3=5.3mm, l4=6.2mm, l5=1mm, l6=6.5mm, w1=0.79mm, 

w2=0.2mm, w3=2.6mm, w4=0.2mm, w5=0.4mm, w6=0.2mm x=0.2mm and gap size 

g=0.2mm, using the (5.1)-(5.7) the equivalent circuit is shown in Figure 5.2. 

 

Figure 5.2 Equivalent circuit for the filter in Figure 4.9 

 

Figure 5.3 Output of the equivalent circuit of Figure 5.2 
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The S11 and S12 of the equivalent circuit is shown in the Figure 5.3. It has the cut-off 

frequency at 1.441GHz. As we used the first order Pi-model with modified capacitance 

(gap-capacitance), we cannot approximate the higher order resonant pole-zeroes with 

this simplified circuit. Here, form the figure we find that the rejection rate is 27dB/GHz, 

and at stopband the rejection is of -33dB. 

So the equivalent circuit show good approximation with the layout simulation for cutoff 

frequency, rejection rate and stopband rejection. 

5.2.2 Cascaded proposed modified SIR hairpin filter varying width 

 

Figure 5.4 Layout of cascaded modified stepped impedance resonator                            

with variation of width 

 

For cascaded modified stepped impedance hairpin resonators with variable width, let 

two resonators are linked with by an adjacent transmission line with w7, w8, w9 and w10. 

Here five resonators are cascaded. The adjacent transmission line can be modeled as a 

shunt capacitor Cw, 

0 /w rC w h   

 

Where, the width of the adjacent transmission line is w  and the substrate height is h . 

Here the dimensions are, l1=18mm l4=6.2mm, w1=0.79mm w2=0.2mm, w3=2.6mm, 

w4=0.2mm, w5=0.4mm, w6=0.2mm, w7=0.7mm, w8=1.4mm, w9=2.1mm, w10=2.8mm, 

x=0.2mm and g=0.2mm. 
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The value for the equivalent circuit elements of each separate resonator are, 

6.943 nHsL   

0.057 pFgC   

2.353 pFpsC   

0.837 pFpC    

0.3149 pFgC 
 

And 1 0.3328 pFwC  , 2 0.6656 pFwC  , 3 0.9984 pFwC  , 4 1.3312 pFwC  . 

So the equivalent circuit becomes, 

 

 

Figure 5.5 Equivalent circuit for the filter in Figure 4.11 

 

 

Figure 5.6 Output of the equivalent circuit of Figure 5.5 
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The S11 and S12 parameter of the equivalent circuit is shown in Figure 5.6. Here the cut-

off frequency is found 1.263GHz which is almost equal to the cut-off frequency 

(1.286GHz) found from layout simulation. The rejection rate is 99dB/GHz, which is 

also very close to the rejection rate found in layout simulation(91dB/GHz). The 

rejection at stopband is found to be -145dB which is much higher than the result found 

in layout simulation (-85dB).  We cannot approximate the higher order resonant pole-

zeroes with this simplified circuit as we use the first order pi-model to find the 

equivalent circuit. So the equivalent circuit can accurately give the cut-off frequency 

and rejection rate, but fails to give the stopband rejection for the filter. 

 

5.2.3 Cascaded proposed modified SIR hairpin filter varying length 

For cascaded modified stepped impedance hairpin resonators with variable length, let 

two resonators are linked with by an adjacent transmission line with w7. Here we 

cascade six modified stepped impedance resonator varying their length, keeping the 

width same. The length are varied in such a way that length of the hairpins are 48mm, 

32mm, 22.4mm, 16mm, 12.8mm and 8mm. The adjacent transmission line can be 

modeled as a shunt capacitor Cw, where 0 /w rC w h   

 

 

Figure 5.7 Layout of cascaded modified SIR with variation of length 
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The individual equivalent circuits are given by, 

For length=48mm For length=32mm For length=22.4mm 
10.253 nHsL   

0.22147 pFgC    

9.268 pFpsC   

3.1557 pFpC    

1.1869 pFgC 
 

And, 1 0.985 pFwC   

10.925 nHsL   

0.1253 pFgC    

5.1495 pFpsC   

1.9965 pFpC    

0.7509 pFgC 
 

And, 2 0.6656 pFwC   

9.0242 nHsL   

0.08275 pFgC    

3.3863 pFpsC   

1.301 pFpC    

0.4893 pFgC 
 

And, 3 0.46596 pFwC   

For length=16mm For length=12.8mm For length=8mm 
6.943 nHsL   

0.057 pFgC    

2.353 pFpsC   

0.837 pFpC    

0.3149 pFgC 
 

And, 4 0.3328 pFwC   

5.706 nHsL   

0.0456 pFgC    

1.864 pFpsC   

0.6054 pFpC    

0.2277 pFgC 
 

And, 5 0.2663 pFwC   

3.672 nHsL   

0.02825 pFgC    

1.1523 pFpsC   

0.2576 pFpC    

0.0969 pFgC 
   

 

 

Figure 5.8 Equivalent circuit for the filter in Figure 4.13 

 

Here from the S11 and S12 curve the cut-off frequency is found to be 565.1MHz which 

is close to the cut-off frequency (502.0MHz) found from layout simulation. The 

rejection rate is found 98dB/GHz. The rejection at stopband is found to be -170dB. Here 

both rejection and rejection rate found are much higher than the original value. 
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Figure 5.9 Output of the equivalent circuit of Figure 5.8 

 
5.2.4 Single modified stepped impedance hairpin resonator varying length 

For the proposed modified stepped impedance resonator filter described in section 4.3.4 

where, l1=18mm, l2=5mm, l3=6.1mm, l4=6.2mm, l5=1mm, l6=7.3mm, w1=0.79mm, 

w2=0.2mm, w3=2.6mm, w4=0.2mm, w5=0.4mm, w6=0.2mm and gap size x=0.2mm  and 

g=0.2mm, using the (5.1)-(5.7) the equivalent circuit becomes,                   

 

Figure 5.10 Equivalent circuit for the filter in Figure 4.15 
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The S11 and S12 of the equivalent circuit is shown in the Figure 5.10. It has the cut-off 

frequency at 1.341GHz. As we used the first order Pi-model with modified capacitance 

(gap-capacitance), we cannot approximate the higher order resonant pole-zeroes with 

this simplified circuit. Here, from the figure we find that the rejection rate is 33dB/GHz, 

and at stopband the rejection is of -32dB. 

So the equivalent circuit show good approximation with the layout simulation for cutoff 

frequency, rejection rate and stopband rejection. 

 
Figure 5.11 Output of the equivalent circuit of Figure 5.10 

 
 

5.2.5 Single modified stepped impedance hairpin resonator varying width 

For the proposed modified stepped impedance resonator filter described in section 4.3.5 

where, , l1= 18mm and w1=0.79mm for a 50Ω feed line to match the input and output 

port, l2= 4.2mm, l3= 5.3mm, l4=6.2mm, l5= 1mm, l6= 6.5mm,  w2=0.2mm, w3=2.2mm, 

w4=0.2mm, w5=0.4mm, w6=0.2mm, x=0.2mm and gap size g=0.2mm., using the (5.1)-

(5.7) the equivalent circuit becomes,  
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Figure 5.12 Equivalent circuit for the filter in Figure 4.17 

 

The S11 and S12 of the equivalent circuit is shown in the Figure 5.13. It has the cut-off 

frequency at 1.562GHz. Here, from the figure we find that the rejection rate is 

27dB/GHz, and at stopband the rejection is of -32dB. 

 

 
Figure 5.13 Output of the equivalent circuit of Figure 5.12 
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5.2.6 Single modified stepped impedance hairpin resonator varying gap 
 

For the proposed modified stepped impedance resonator filter described in section 4.3.6 

where, l1=18mm, l2=5mm, l3=5.3mm, l4=6.2mm, l5=1mm, l6=6.5mm, w1=0.79mm, 

w2=0.2mm, w3=2.6mm, w4=0.2mm, w5=0.4mm, w6=0.2mm and gap size x=0.4mm 

g=0.4mm, using the (5.1)-(5.7) the equivalent circuit becomes, 

 

Figure 5.14 Equivalent circuit for the filter in Figure 4.19 

The S11 and S12 of the equivalent circuit is shown in the Figure 5.15. It has the cut-off 

frequency at 1.461GHz. Here, from the figure we find that the rejection rate is 

27dB/GHz, and at stopband the rejection is of -35dB. 

 
Figure 5.15 Output of the equivalent circuit of Figure 5.14 
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5.2.7 Single modified stepped impedance hairpin resonator adjusting for high 
frequency 

 
For the proposed modified stepped impedance resonator filter described in section 4.3.6 

where, l1=18mm, l2= 2.2mm, l3= 1.4mm, l4=2mm, l5= 1mm, l6= 2.6mm, w1=0.79mm, 

w2=0.2mm, w3=1.2mm, w4=0.2mm, w5=0.4mm, w6=0.2mm and gap size g=0.2mm, x= 

0.1mm using the (5.1)-(5.7) the equivalent circuit becomes, 

 

Figure 5.16 Equivalent circuit for the filter in Figure 4.21 

The S11 and S12 of the equivalent circuit is shown in the Figure 5.17. It has the cut-off 

frequency at 4.925GHz. Here, from the figure we find that the rejection rate is 

6dB/GHz, and at stopband the rejection is of -29dB. 

 
Figure 5.17 Output of the equivalent circuit of Figure 5.16 
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5.3 Conclusion 

 
 

In this chapter the equivalent circuit for the proposed microwave filter is evaluated and 

verified. For all the cases it shows very good approximation to the layout simulation. It 

can accurately give the cut-off frequency.  These circuit simulations were done in 

Agilent Advanced Design System 2011.01. The simulation time required for the circuit 

simulation is almost negligible to the time required for layout simulation using MoM. 

 



 
 

CHAPTER 6 

RESULTS AND DISCUSSION 

6.1 Introduction  

In order to evaluate the performance of the proposed filter and its equivalent circuit 

some comparison has been made. In this chapter, these comparisons are discussed and 

reviewed. The cut-off frequency, simulation time, compactness and suppression of the 

spurious effect are discussed here. 

 

6.2 Approximation of Cut-off Frequency 

The comparison between the cut-off frequency and rejection rate of the layout 

simulation and circuit simulation is compared in Table 6.1. From this data it is seen that 

for single SIR filter the circuit model derives the cut-off frequency and rejection rate are 

within ±4% error. But for the cascading the filter varying length, the cut-off frequency 

rate gives an error of -12.55%. But the rejection rate of all the filter can be estimated 

within ±8% error range with the equivalent circuit model. 

Table 6.1 Comparison of Cut-off frequency and rejection rate of layout simulation 

and equivalent circuit 

Sl. Ref. 

Cut-off frequency Rejection rate 
from 

layout 
simulation 

(GHz) 

from 
equivalent 

circuit 
(GHz) 

% 
difference

from 
layout 

simulation 
(dB/GHz) 

from 
equivalent 

circuit 
(dB/GHz) 

% 
difference 

1 
4.3.1 
5.2.1 

1.488 1.441 3.16% 27.8 27 2.88% 

2 
4.3.2 
5.2.2 

1.27 1.263 0.55% 96.2 99 -2.91% 

3 
4.3.3 
5.2.3 

0.502 0.565 -12.55% 105 98 6.67% 

4 
4.3.4 
5.2.4 

1.389 1.341 3.46% 30.7 33 -7.49% 

5 
4.3.5 
5.2.5 

1.623 1.562 3.76% 29 27 6.90% 

6 
4.3.6 
5.2.6 

1.518 1.461 3.75% 25 27 -8.00% 

7 
4.3.7 
5.2.7 

5.00 4.925 1.5% 9 6 -33.3% 
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Figure 6.1 Comparison between layout simulation and equivalent circuit simulation of 

filter shown in Figure 4.9 

 

To compare the result of equivalent circuit with the layout simulation, both results from 

Figure 5.3 and Figure 5.10 are shown in Figure 6.1. From this figure it can be seen that 

the cut-off frequency almost matches exactly. The passband region found from circuit 

simulation is almost same as the passband found from FEM/MoM simulation. The 

higher order harmonics do not match as we use first order L-C circuit to derive 

equivalent circuit.   

 

6.3 Improvement in Simulation Time 

The simulation time for the layout simulation and the circuit simulation is compared in 

table 6.2. From the data, it is seen that the simulation time required for the circuit 

simulation is about one thousandth to one hundredth of the time required for layout 

simulation. So the circuit simulation is essentially very helpful to minimize the 

designing time.   
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Table 6.2 Comparison of simulation time of layout simulation and equivalent circuit 

Sl. Ref. 

Simulation time required  

for layout simulation 
(seconds) 

for equivalent circuit 
(seconds) 

% time required of 
layout simulation 

1 
4.3.1 
5.2.1 

52 0.38 0.73 % 

2 
4.3.2 
5.2.2 

428 0.37 0.086 % 

3 
4.3.3 
5.2.3 

374 0.35 0.094 % 

4 
4.3.4 
5.2.4 

63 0.39 0.619 % 

5 
4.3.5 
5.2.5 

38 0.37 0.973 % 

6 
4.3.6 
5.2.6 

42 0.36 0.857% 

7 
4.3.7 
5.2.7 

37 0.31 0.838% 

*Simulation is done on a Intel Core i3 machine, 4GB RAM running windows 7 64bit 
with the Agilent ADS (Advanced Design System) 2011.01 simulator [23]. 
 

6.4 Suppression of the Spurious Effect 

From comparing the S11 and S12 of a single structure proposed by K. Cheng [1] in Figure 

4.2 with the S11 and S12 of a single structure proposed in this thesis in Figure 4.10, It is 

seen that the spurious effect is drastically reduced. This is due to the inclusion of the 

triangular coupled capacitance added in the proposed structure. For K. Cheng’s filter the 

stop-band bandwidth is 4.09GHz (1.86GHz to 5.95GHz). On the other hand the stop-

band bandwidth of the proposed filter in this thesis is 10.512GHz (1.488GHz to 

12.00GHz).  

 

6.5 Compactness of the Structure  

In this section the size of the proposed filter is compared with the size of the filter 

proposed by K. Chang [1] for the same frequency. The frequency considered here are 

1.4GHz, 1.5GHz, 1.6GHz, 1.7GHz, 1.8GHz, 1.9GHz and 2.0GHz. The measured result 

is shown in Table 6.3. From this data it is found that, for same cut-off frequency and 
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0.254mm thick RT/Duroid 5880 substrate with a relative dielectric constant εr=2.2, the 

proposed filter in this thesis is roughly about 30% smaller than the filter proposed by K. 

Cheng. So the proposed structure is more compact than any other SIR filter proposed 

before. 

 

Table 6.3 Comparison of size of proposed filter and filter proposed by K. Cheng [1] 

Case 
 

Frequency 
(GHz) 

Size 
Kai Cheng Model 

(mm2) 
Proposed model  

(mm2) 
% size of Kai 
Cheng Model 

1 1.4 
114 

(7.6 × 15.0) 
79.46 

(5.8 × 13.7) 
69.70 

2 1.5 
102.9 

(7.0 × 14.7) 
72.9 

(5.4 × 13.5) 
70.85 

3 1.6 
93.84 

(6.8 × 13.8) 
66.5 

(5.0 × 13.3) 
70.87 

4 1.7 
82.8 

(6.0 × 13.8) 
60.26 

(4.6 × 13.1) 
72.78 

5 1.8 
77.14 

(5.8 × 13.3) 
54.6 

(4.2 × 13.0) 
70.78 

6 1.9 
71.28 

(5.4 × 13.2) 
49.4 

(3.8 × 13.0) 
69.30 

7 2.0 
63 

(5.0 × 12.6) 
44.45 

(3.5 × 12.7) 
70.56 

8 5.0 
18.2 

(2.8 × 6.5) 
14.04 

(2.6 × 5.4) 
77.14 

 
 

6.6 Summary 

In this chapter, the performance of the proposed microstrip filter is evaluated in 

different aspects. At first the performance of the equivalent circuit is compared with the 

FEM simulation results of the proposed filters. Then the performance of the proposed 

filter is compared with the filter proposed by K. Cheng. From these evaluations, it is 

found that the proposed method gives a better performance than existing methods. 

These results has been published in [24]. 

 



 
 

CHAPTER 7 

CONCLUSION 

 
7.1 Conclusion and Discussion 
 
In this thesis, the first order transmission line model is used. So it cannot approximate 

the higher order spurious modes. But the cut-off frequency, rejection rate and the 

passband ripple is accurately approximated. If the higher order of the transmission line 

is used then a more close approximation can be achieved. But for higher order 

transmission line, mathematical derivation will become very difficult. 

 

Although the layout simulation is more accurate, it is not always convenient to use 

because for large cascaded circuits it takes too much time for completing the simulation. 

So at initial stage of a filter designing the layout simulation is not a practical solution. 

Designer can roughly calculate the cut-off frequency, rejection rate and stop band 

rejection from the equivalent circuit. This drastically reduces the time to complete the 

design. When the required parameters are roughly found, then finally the layout 

simulation can be done to get the exact accurate result.    

 

From Table 6.3, it is found that the proposed filter is about 30% smaller than previously 

proposed similar filters. So a very good compactness is achieved here, which is one of 

the main requirements of designing a filter.  

 

7.2 Scope of Further Work  

 

There are a number of scopes to extend the research done in the thesis. Some possible 

avenues are: 

 For deriving the equivalent circuit the first order transmission line equivalent 

circuit is used in this thesis. So the higher order spurious modes cannot be 

found from the equivalent circuit. If the higher order of the transmission line is 

used then a more close approximation can be achieved. 

 To reduce the spurious effects, some novel elements such as Photonic crystal 

or metamaterial can be used with the proposed filter.  
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 The proposed filter can be actually fabricated and the measured data can be 

compared with the simulated results.  

 In this thesis the lowpass filter is designed. But Integrating multiple number of 

the proposed filter, a narrow bandpass filter can be designed.    
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