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ABSTRACT

Dual carrier modulation (DCM) is taken as a global standard for ultra wide band (UWB)
wireless communication system in establishing wireless personal area network (WPAN)
such as wireless universal serial bus (W-USB) and wireless high definition media
interface (WHDMI), where a data rate of >320 Mbps is desired. In practice, DCM
transforms 2 Quadrature Phase Shift Keying (QPSK) symbols into two 16 Quadrature
Amplitude Modulation (16 QAM) like DCM symbols using DCM matrix. Constellation
rearrangement (CoRe) is an inherent part of DCM and thereby DCM achieves coding

gain by constellation rearrangement (CoRe) and diversity gain by symbol repetition.

A number of research are carried out on the BER performance of a DCM MB-OFDM in
an UWB wireless communication system but without space diversity. In these works,
the authors claim that DCM provides a considerable amount of BER reduction in
comparison to QPSK and improves the overall data handling capacity in short range
wireless communication. In view of the success of space diversity in reducing BER in
numerous wireless communication studies, it is envisaged that incorporation of space
diversity with DCM may further reduce the BER at the receiver and thereby enhance the
overall performance of a system. Hence, an analytical approach is adopted to evaluate
the BER performance of DCM MB-OFDM UWB system with space diversity over a
Rayleigh fading channel.

Analytical expression for BER is deduced and evaluated through numerical computation
where, the graphical results are compared with the previous works to validate its
effectiveness. Analyzing the results, it is found that with the increment of number of
receiving antenna, receiver sensitivity increases and the overall performance improves.
However, using multiple transmitting antennas without incorporating any transmission
diversity coding technique causes performance deterioration. Therefore, in a DCM
system, the number of transmitting antenna should not be more than that of the
receiving antenna in absence of transmission diversity coding technique. The outcome
of the research is expected to open a new horizon in the arena of DCM to carry out
further research in quest of enhancing the performance of a DCM UWB wireless

communication system in future.
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CHAPTER-1
INTRODUCTION

1.1 UWB Wireless Communication

The desire to have more and more bandwidth with high data transmission rate for
sharing of information is endless. Besides the usual needs, due to the gradual
implementation of the idea of Internet of Things (IOT) and Machine to Machine (M2M)
communication, this demand is exponentially increasing. However, the hunger for more
and more flawless, convenient data and information has initiated a number of
advancements in the arena of communication technology let alone the sector of wireless
communication. Already a quite handsome number of technologies have been
developed and implemented to ease the wireless communication. But in every such
case, the one shortcoming that appeared is the relative poor data throughput. It is
because of the fact that in terrestrial wireless communication electromagnetic energy
transmitted over the air interface is subjected to encounter different adverse

environmental effects [1].

To meet the ever increasing demand of high data rate, different technologies have
already been developed and among them ultra-wideband (UWB) is prominent. It
provides a promising solution because of its very nature of handling wider bandwidth
which is capable of supporting larger throughput [2-4]. According to the policy of
International Telecommunication Union (ITU), the low power spectral density nature of
UWB signal causes a low electromagnetic interference. Thus, UWB is widely
implemented for indoor and outdoor wireless networking applications [5]. Generally,
UWB technology is implemented for wireless transmission with high bandwidth like
video, audio or real time streaming of big data between devices. But very often, it is
used for short-range radio communication to rely data between devices within
approximately 30 feet i.e. nearly 10 m. Generally, an orthodox UWB transmitter
operates over a very wide frequency spectrum in GHz range that has either a spectrum
which occupies bandwidth greater than 20% of its center frequency; or a bandwidth of

minimum 500 MHz [1,6].



In February 2002, the UWB technology was proposed to be taken as standard for
wireless personal area network (WPAN). Considering the potentialities, the Federal
Communications Commission (FCC) of the United States allocated the spectrum of 7.5
GHz (from 3.1 to 10.6 GHz) for unlicensed use in UWB devices with the restriction on
the transmit power spectral density to -41.3 dBm/MHz [6-8]. Since then, UWB
communication systems have received significant attention all over the world. The main
reason for the excitement about UWB is that this technology promises to deliver high
data rate which scales from 110 Mbps at a distance of 10 m to 480 Mbps at a distance of

3 m in realistic multi-path environments [9].

Multiple band orthogonal frequency division multiplexing (MB-OFDM) is used as a
modulation technique for UWB wireless system [9,11]. In fact, single carrier
transmission can hardly exhibit desired performance in wideband wireless
communication system because it requires high complexity equalizer to deal with the
ISI problem of the multipath frequency selective channels. On the contrary, OFDM is a
bandwidth efficient modulation technique where the parallel subcarriers generated by it
are orthogonal to each other. In addition, the use of cyclic prefix with it helps the
system to combat the effect of multipath fading and minimizing the effects of ISI.
Moreover, it has a relatively large Peak to Average Power Ratio (PAPR) which tends to
reduce the power efficiency of the RF amplifier. Altogether, OFDM appears to be a
very useful modulation technique in the field of wireless communication under

frequency selective channels. [10].

In case of a single carrier systems, data modulation rate is considered to be R;. But, a

multicarrier system, such as OFDM transmits data simultaneously on N subcarriers
with a data rate of RS/ N.- Though the total data rate remains same for both the cases
N

but, OFDM along with its subcarriers expose less sensitivity to the delay spread of the
channel [10].

In a system, the OFDM symbols undergo two operations. First, an inverse Fast Fourier
Transformation (IFFT) is done to the symbols to shift from frequency to time domain.
Then, guard interval is added to the obtained signal stream. The extension of the stream

is set as such that its length is always larger than the delay spread of the channel [10].



The range and robustness of a communications system is proportional to the multi-path
energy collection capability of a communication system. However, by combining
OFDM with multi-banding, the strengths of the pulsed multi-band system can be
retained while still addressing the issue of capturing multi-path energy. Thus, MB-
OFDM, has several unique properties, including the ability to efficiently capture multi-
path energy with a single RF chain, insensitivity to group delay variations, and the
ability to deal with narrowband interferers at the receiver and so on. In addition, the
MB-OFDM system offers simplified synthesizer architectures and relaxes the band-
switching timing requirements. In a nut shell, MB-OFDM system radiates relatively
low-power but provides broad-spectrum communication, enables high bandwidth data
transfer [1] and helps satisfying the demand of exponentially increasing data rate in the
world of communication. The use of MB-OFDMA significantly improves the
performance of an UWB wireless link in terms of power requirement and data rate
[1,11,12]. However, the only drawback of MB-OFDM approach is that the transmitter is
more complex because of the IFFT and has slightly higher PAPR than a pulse-based
multi-band system [9].

1.2 MB-OFDM UWB

MB-OFDM UWRB is taken as the global UWB standard by the WiMedia Alliance and
European Computer Manufacturers Association (ECMA) in 2005 and they published it
as a report “ECMA-368, 2007” [13]. ECMA-368 is also chosen as physical layer of
high data rate wireless specifications for high-speed Wireless USB (W-USB), Bluetooth
3.0 and Wireless High-Definition Media Interface (WHDMI) [14,15]. But due to the
relative low radiation power and short-range nature of UWB, the signal integrity of a
given tone/subcarrier in MB-OFDM UWRB is likely to get impaired even by a nominal

degree of signal fading or interference from an adjacent frequency band [1].

ECMA-368 specifies a MB-OFDM system occupying 14 bands from 3.1 t010.6 GHz in
electro-magnetic spectrum as allocated by FCC. However, MB-OFDM UWB follows a
unique numbering system for all channels those lie within the spectrum. Each band with
a bandwidth of 528 MHz can support up to 480 Mbps. This technique helps to capture
efficiently multipath energy with a single RF chain.
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Fig. 1.1: Band Group (BG) Allocation of MB-OFDM UWB [16,17]

As shown in Fig.1.1, six Band Groups (BG) are defined for MB-OFDM UWB. The first
12 bands are grouped into a sub group of 4 bands (BG1-BG4), and the last two bands
are grouped into BGS. Lastly, Band group 6 is formed comprising the bands 9, 10 and
11 from BG3 and BG4 [15,16].

Frequency | ZPS (Tzps=70.08 ns)
]
3168 MHz
Band 1 | 528 MHz
3696 MHz
Band 2
4224 MHz
Band 3
4752 MHz
G «—>
Time — Symbol (Trr1=242.42 ns) OFDM Symbol (Tsys=312.5 ns)
IFFT output

Fig. 1.2: OFDM Symbols Transmission Sequence in RF Signal [16]

Frequency hopping technique is used in ECMA-368 where the band is hopped by using
a Time-Frequency Code (TFC), known to both the transmitter and receiver. The
transceiver transmits a single OFDM symbol in one band, and the next OFDM symbol
in the following band. There are two types of TFCs such as, Time-Frequency
Interleaving (TFI) and Fixed- Frequency Interleaving (FFI). In case of TFI the coded



information is interleaved over three bands as shown in Fig. 1.2. On the other hand, in

case of FFI the coded information is transmitted on a single band [16].

i Convolutional Constellation OFDM
Binary | Encoder & |»| Interleaver |» Mani —» Modulation &
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Fig. 1.3: Block Diagram of MB-OFDM UWB Transceiver

In a MB-OFDM UWRB system, just before radio transmission 128 point IFFT is carried
out to take the baseband signal from frequency domain to time domain. Eventually,
each IFFT subcarrier comes up with a clock speed of 528 MHz [18]. According to the
MB-OFDM standard, the period of one OFDM symbol is 312.5 ns between two
successive transmissions and the OFDM symbol rate is RS= (1/312.5 ns) = 3.2 MHz
(Fig. 1.2) [190]. A block diagram of MB-OFDM UWB transmitter and receiver system is
shown in Fig. 1.3 [14,15,20].
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Fig. 1.4: Position of the MB-OFDM UWB Subcarriers in 128 Point IFFT [17,21]

Among the IFFT generated 128 subcarriers (as given in Fig. 1.4), 100 subcarriers (Co to
Cy9) are used to carry data symbols. 12 pilot subcarriers (Ps) located on P-ss, P45, P_35, P-
25, P15, P-s, and Ps, Pis, Pa2s, P3s, Pas, Pss are used for synchronization purpose. They
carry data which is known to the receiver and is used for coherent detection. 10
subcarriers are used as guard interval (GI) to mitigate Inter Symbol Interference (ISI).

GIs are located on either edge of the OFDM symbol [22]. The remaining 6 subcarriers



are null. These 6 null subcarriers are kept reserve for future purpose [1,17]. However,
each OFDM symbol is appended with zero-padding suffix (ZPS) to reduce multipath

interference and to settle time related issues between the transmitter and receiver [15].

1.3 Modulation Technique Used in MB-OFDM UWB

In case of conventional OFDM systems, a number of data coding and redundancy
techniques are utilized for error correction and data integrity purposes. These techniques
improve the overall reliability of data transmissions with a tradeoff in reduction of
effective data transfer rate by a significant amount [1]. Similarly, various modulation
techniques are incorporated with MB-OFDM UWB such as M-PSK, M-QAM and Dual
Carrier Modulation (DCM). Relevant modulation techniques are highlighted below.

1.3.1 Binary phase shift keying (BPSK)

Binary Phase Shift Keying (BPSK) is a two phase modulation scheme, where the 0’s
and 1’s in a binary message are represented by two different phase states in the carrier

signal: 6=0° for binary 1 and 6=180° for binary 0.

Modulation in BPSK is achieved by varying the phase of the sinusoid depending on the
message bits. Therefore, within a bit duration Tb, the two different phase states of the

carrier signal are represented as;

s;1(t) = A cos(2mf,t) = A.cos(w,t), 0<t<T, forbinaryl
So(t) = A cosmuf.t+m)=A.cos(w.t+m), 0<t<T, forbinary0
where, A, is the amplitude of the sinusoidal signal, f, is the carrier frequency (Hz), t
being the instantaneous time in seconds, T}, is the bit period in seconds. The signal s, (t)

stands for the carrier signal when information bit a; = 1 is transmitted and the signal

So(t) denotes the carrier signal when information bit a;, = 0 is transmitted [24].



Fig. 1.5: BPSK Constellation
The constellation diagram for BPSK is shown in Fig. 1.5. It shows two constellation
points on the same axis. That is, the BPSK modulated signal have only an in-phase

component but no quadrature component.

1.3.1.1 BPSK transmitter

Oscillator
coswc(t)
Input bit stream NRZ Encoder BPSK modulated
I:lk:()l 0010 —>  2a=1ie. output bit stream
0—-1& 1—-+1 S(t)

Fig. 1.6: BPSK Transmitter

A BPSK transmitter is shown in Fig. 1.6. It follows NRZ coding technique where, lis
represented by positive voltage and 0 is represented by negative voltage. The output of
the coding function is in baseband and is multiplied by the carrier frequency f, before

transmission [24].



1.3.1.2 BPSK receiver

Received signal

. Original signal
e I S

PLL
(Carrier recovery blok)
cosac(t)

Fig. 1.7: Coherent BPSK Receiver

A coherent BPSK receiver is shown in Fig. 1.7. In coherent detection technique, the
knowledge of the carrier frequency and phase is to be known to the receiver which is
achieved by using a Phase Lock Loop (PLL) at the receiver. In the receiver, the signal is

multiplied by a reference frequency signal f. provided by the PLL [24].

1.3.2 Quadrature phase shift keying (QPSK)

Fig. 1.8: Constellation Diagram of QPSK/4 QAM

The most commonly used modulation scheme for wireless communication systems is
QPSK. It is a method for digital transmission where data bits are grouped into pairs to

form symbols. However, the QPSK signal is mathematically defined as [25]:

x;(t) = Acos(2rf,t + 6;) = Acos6; cos 2t f,t — Asin@; sin 2nf.t (11



In (1.1), the carrier frequency f is chosen as integer multiple of the symbol rate. At any
symbol interval the phase angle is either %, %,%ﬂ or %. So, the constellation diagram

of QPSK signal can be represented as shown in Fig. 1.8.

1.3.2.1 QPSK modulator

The QPSK modulator is a combination of two binary phase shift keying (BPSK)

modulators. It modulates, two information bits simultaneously and forms a symbol in
combination. As a result, the data bit rate is reduced to half i.e. % and allows space for

the other users.

The QPSK modulator uses a bit-splitter (2 bit serial to parallel converter), a local
oscillator, a phase shifter, two multipliers and a summer circuit. The serial to parallel
convertor is used to separate odd and even number of bits from the total information bits
fed in the system. Each of the odd bits (quadrature arm) and even bits (in-phase arm) are

converted to non-return to zero (NRZ) format in a parallel manner.

I-phase R ®

Bit Stream Oscillator
x(t) cosac(t) Il
Odd |Even | Q
. . Z
Bit | Bit 90° Phase Shifter ~ QPSK/QAM
sinwc(t) ional
Bit Splitter Signa
(2 bit serial to|parallel convertor)
Q-phase'

Fig. 1.9: Schematic Diagram of QPSK/QAM Modulation System

The even bit on the in-phase arm is multiplied by cosine component of the carrier
generated by local oscillator and the odd bit on the quadrature arm is multiplied by the

sine component. In fact the cosine component of the carrier is phase shifted by 90° to
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generate the sine component before modulating the signal. The diagram of QPSK

modulator is given is Fig. 1.9.
In a QPSK system, let x;(t) and x,(t) represent the even and odd bits of the message

signal respectively and ®c be the carrier signal frequency. So, the general equation of

the QPSK signal @ can be expressed as:

Q= x;(t)cosw.(t) + x,(t) sinw (t) e (1.2)
1.3.2.2 QPSK demodulator
In coherent demodulation technique the information of the carrier frequency and phase
must be known to the receiver. This can be achieved by using a PLL (phase lock loop)

at the receiver. PLL essentially locks the incoming carrier frequency and tracks the

variations in frequency and phase.

® I-phase

Oscillator Output Bit
@ cosac(t) Odd [Even| Stream
Bit | Bit

Input Signal 90° Phase Shifter .

QPSK/QAM sinae(t) Bit Splitter
(2 bit Parallel to Serial
Convertor)
Q-phase

Fig. 1.10: Schematic Diagram of QPSK/QAM Demodulation System

The QPSK demodulator comprises with a local oscillator, two multipliers, two band
pass filters and a 2-bit parallel to serial converters. A diagram of QPSK demodulator is
given in Fig. 1.10 where, the Il-channel and Q-channel signals are individually
demodulated. The received signals are multiplied by a reference frequency such as
cosmc(t) and sinwc(t) on in-phase and quadrature phase arm respectively. The
demodulated outputs from each arm passes through the low pass filter (LPF) to block

the higher frequency components. A threshold detector makes a decision on each
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integrated bit passes through it. Finally, the bits on the in-phase arm (even bits) and on
the quadrature arm (odd bits) are sequentially arranged with the help of parallel to serial

converter to recover the desired bit stream.

1.3.3 Quadrature amplitude modulation (QAM)

The basic idea of QAM is almost similar to that of the QPSK technique. QAM is used
to transmit two bit streams signals over a single channel by shifting the phase of the
carrier by 90° and the amplitudes to a desired level. The resultant output of a QAM
system consists of both amplitude and phase variations. Amongst the two modulated
signals one is called "I" signal and the other is called "Q" signal which, can be
mathematically represented by a cosine and a sine wave respectively. However, the

schematic diagram of QAM system is similar to a QPSK system.

1.3.3.1 QAM constellation

QAM is able to carry higher data rates than ordinary amplitude modulated or phase
modulated schemes. The constellation points of a QAM system are normally arranged
in a square grid with equal vertical and horizontal spacing. To transmit more bits per
symbol higher order modulation formats are generally used, i.e. more points exists in
close proximity on the constellation. However, the higher the modulation orders the
more the system is susceptible to noise and data errors. Therefore, higher order
modulation schemes are considerably less resilient to adverse environmental effects and
its performance is inversely proportional to the distance between the transmitter and the
receiver. The most common forms of QAM are: 16 QAM, 64 QAM and 256 QAM.
Among them, the lowest order is 16 QAM, because, 2 QAM is the same as BPSK and 4
QAM is the same as QPSK. However, 8 QAM is not widely used because the BER
performance of 8 QAM is almost similar to that of 16 QAM - it is only about 0.5 dB
better and the data rate is only three-quarters that of 16 QAM [26].

A constellation diagram shows the different position of symbols for different bit
arrangement. In this regard, constellation diagrams for a variety of QAM formats are

projected in Fig 1.11 below [27].



(a) BPSK/2 QAM (b) QPSK/4 QAM
() 8QAM d) 16 QAM
(e) 32QAM ) 64 QAM

Fig. 1.11: Various Constellation Diagrams of QAM
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The advantage of using QAM is that being a higher order form of modulation it can
carry more bits of information per symbol. Table 1.1 gives a summary of the bit rates of

different forms of QAM [27].

Table 1.1 Bit and Symbol Rates of Different Forms of QAM

Modulation Bits per Symbol Symbol Rate
BPSK/2 QAM 1 1 x bit rate
QPSK/4 QAM 2 1/2 bit rate
8 PSK/8 QAM 3 1/3 bit rate

16 QAM 4 1/4 bit rate

32 QAM 5 1/5 bit rate

64 QAM 6 1/6 bit rate
1.3.4 DCM

There was always a quest for a technique that not only provides data integrity in
OFDM-based communication system but also maintains optimum data transmission rate
in the field of wireless communication. This urge eventually led to invent a number of
technique and DCM is one of the highly potential outcomes amongst them. In fact,
DCM was introduced by Batra and Balakrishnan in 2006 [23] to be used in MB-OFDM

as one of the enhancement modulation technique.

In the fading environment, information transmitted over a single path is not reliable.
Diversity technique like, frequency diversity is a good option in this aspect to reduce the
error rate. The probability of channel deep fading can be reduced a lot if the same
information is transmitted over more than one wireless channel with a large bandwidth
separation in between. However, the same is followed in DCM technique where, the
same coded information is mapped onto two different subcarriers with a large
bandwidth separation.

High-speed wireless communication system, with data rate of at least 480 Mbps, usually
operates in frequency-selective fading channels where, different frequency components

of the signal experiences uncorrelated fading. A frequency diversified scheme such as,
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DCM effectively counteract against this fading effect [6]. The function of DCM

associates two punctured code data elements which are transformed into a format

suitable for transmission on two separate subcarriers/tones [1]. The key feature of DCM

is that the two Quadrature Phase Shift Keying (QPSK) modulated symbols are
multiplied by “DCM matrix” to form two 16 QAM like DCM symbols before being

transmitted over two different subcarriers of OFDM systems with a large frequency

separation of 50 subcarriers. Thus frequency separation between two DCM symbols is

minimum of 200 MHz {(528/128) x 50} which is far greater than maximum coherent
bandwidth of UWB channel (528/128) MHz [37]. Under this condition, the probability

of experiencing simultaneous fading by all components of transmitted signal are very

unlikely rather, individual frequency component undergoes independent fading [1,6].

Table 1.2 Band Group Allocation for UWB [21]

Band Band Lower Frequency | Center Frequency | Upper Frequency
Group | Number (m) (MHz) (MHz) (MHz)
1 1 3168 3432 3696

2 3696 3960 4224
3 4224 4488 4752
2 4 4752 5016 5280
5 5280 5544 5808
6 5808 6072 6336
3 7 6336 6600 6864
8 6864 7128 7392
9 7392 7656 7920
4 10 7920 8184 8448
11 8448 8712 8976
12 8976 9240 9504
5 13 9504 9768 10032
14 10032 10296 10560
6 9 7392 7656 7920
10 7920 8184 8448
11 8448 8712 8976
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In wireless transmission the adverse effect like path loss, environmental attenuation and
interference effects increase proportionately with the expansion of band width. It is seen
that frequency band more than 5 GHz results minor improvement in capacity at the cost
of receiver complexity [28]. Due to this reason, in DCM, the first 3 bands i.e. BG-1 of
UWB (Table 1.2) is considered suitable to transmit OFDM symbols [16,28]. The
channelization of OFDM symbols are primarily based on a set of TFCs [29,30]. Every
code specifies the center frequency of the operational band as well as operating time
slot. In DCM, as shown in Fig 1.2, the 1%* OFDM symbol is transmitted on band-1, 2"
symbol is on band-2, 3" symbol is on band-3, and the fourth symbol is transmitted on
band-1 again. The whole process continues in cyclic order (band 1,2,3,1,2,3,.....). This

is how TFC provides frequency diversity as well as multiple accesses [18].

QPSK and DCM are currently used as the modulation schemes for MB-OFDM in the
ECMA-368 defined UWB radio platform [3,13,31]. QPSK modulation is used for data
rates <200 Mbps while, DCM is used for data rate 320 Mbps and higher [17,21].

Data rate of 480 Mbps in a normal environment is hard to be achieved due to poor radio
channel condition which causes packet drop and ultimately results in a lower
throughput. As a result, it demands several retransmissions of the dropped packets.
However, this effect of poor radio channel can be overcome by frequency diversity
technique [13] such as DCM. Therefore, DCM is often chosen as one of the most
suitable method to be implemented in W-USB and Bluetooth 3.0 to support data rate
>320 Mbps.

1.4 Literature Review

Determining BER is an important performance evaluation metrics for wireless
communication systems under different channel fading scenarios. However, among the
existing literatures on DCM technique it is found that Park, K. H., Sung, H. K. and
Chai, K. Y. (2006) [30] carried out a thorough “BER analysis of DCM based on ML
Decoding” in Rayleigh flat fading channel. The author claimed that for Additive White
Gaussian Noise (AWGN) channels, the performance of DCM is the same as that of

QPSK, but resulted in a considerable diversity gain for multipath fading channels.
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However, author showed that the DCM with optimized constellation significantly

outperforms QPSK by about 8dB and 16 QAM by 11dB at 10-* BER.

Yang, R. and Sherratt, R. S. (2008) [14] in their work on “Dual Carrier Modulation
Demapping Methods and Performances for Wireless USB” found that the Log-
likelihood Ratio (LLR) with channel state information (CSI) is the best DCM
demapping method which can achieves a distance of 3.9 m at the rate of 480 Mbps.
Maximum Likelihood (ML) soft bit demapping method showed almost similar
performance. On the other hand, soft bit demapping with CSI could only achieve a
range of 3.4 m. The same group (2009) [15] in their work on “Fixed Point Dual Carrier
Modulation Performance for Wireless USB” have presented the DCM mapping and
demapping process for ECMA-368. While demapping using LLR technique augmented
by CSI scheme they found that the system could achieve the same distance of 3.9 m at

the rate of 480 Mbps in realistic multipath channel environment.

Tran, L. C. and Mertins, A. (2009) [32], in their research on “Differential Space-Time-
Frequency Codes for MB-OFDM UWB with Dual Carrier Modulation,” depicted that
DSTFC MB-OFDM systems using DCM shows much better BER performance in
comparison to the conventional differential MB-OFDM UWB with PSK or 4 QAM

schemes with the same total transmission power.

Subsequently, Ryu, H. S., Lee, J. S. and Kang, C. G. (2010) [33], carried out “BER
Analysis of Dual-Carrier Modulation (DCM) over Rayleigh Fading Channel.” The
author analyzed the tight upper bound BER of DCM over multipath Rayleigh fading
channels and established that DCM can provide not only diversity gain by symbol
repetition but also coding gain by constellation rearrangement. It further unveiled that
the optimized constellation of DCM outperforms conventional QPSK, 4 QAM and 16
QAM. However, the same research team in 2011 [34] further carried out “BER Analysis
of Dual-Carrier Modulation (DCM) over Nakagami-m Fading Channel” by using partial
fraction and binomial series expansion which supported the outcome of previous
research with clear indication that the performance improves as m (Nakagami fading

parameter) increases.
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However, Kondoju, S. K., Mani, V. V. and Bose, R., (2014), [18] worked on “Exact
BER analysis of DCM for MB-OFDM-UWB system over uncorrelated Nakagami-m
fading channels” and found that the MB-OFDM UWB system with DCM provides 3 dB
less noise compared to the MB-OFDM system with QPSK. Again, Kondoju, S., Mani,
V. V. (2017), [6] carried out “Outage and BER analysis of dual-carrier modulation over
frequency-selective Nakagami-m fading channels” and established that the DCM is
suitable for high data rate transmission and is immune to frequency-selective fading.
Moreover, the outage and BER performance of DCM outstands conventional MB-

OFDM transceiver.

1.5 Motivation behind the Research

Several research works are reported on the BER performance of a UWB wireless link
using DCM along with MB-OFDM but without space diversity. Therefore, the scope to
improve the BER performance of a DCM UWB communication system by applying
space diversity still exists. At this backdrop, it appears as such that it is very much
important to formulate an analytical approach to evaluate the BER performance of a

DCM MB-OFDM UWRB system with space diversity over fading channel.

1.6 Objectives of the Thesis

The objectives selected for this research work are;

i. To develop an analytical approach to evaluate the BER performance of an UWB

communication system with DCM technique along with space diversity.

ii. To extend the analytical approach to deduce the expression of SNR for SISO, SIMO
and MIMO UWB systems with the use of Maximal Ratio Combining (MRC) and
Maximum-Likelihood (ML) soft bit decoding technique.

iii. To evaluate the SNR and BER performance results for different systems and

channel parameters and to determine optimum system design parameters.
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iv.  To estimate the power penalty due to Rayleigh fading environment and the

improvement in receiver sensitivity due to space diversity.

1.7 Organization of the Thesis

This thesis is structured chronologically and concisely to depict the clear picture of the
research work along with the outcomes where, Chapter-1 contains the introductory parts
including different related modulation-demodulation schemes, multiple channel
techniques and diversity in a MB-OFDM UWB system. Chapter-2 restricts its arena on
the description of the DCM transmitter, receiver, decoding technique and analytical
derivation of the BER expression for MB-OFDM UWB DCM with space diversity
considering Rayleigh fading environment. Subsequently, results obtained by numerical
computation are presented in Chapter-3. At last, Chapter-4 portrays the conclusion and

future works which is immediately followed by bibliography.
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CHAPTER-2
UWB COMMUNICATION SYSTEM WITH DCM AND SPACE
DIVERSITY

2.1 Block Diagram of DCM

In case of deep fade in a channel, the information on a single tone is unreliable and if
the subcarrier (tone) is badly attenuated by the channel, the information is most likely to
be lost. But when more than one tone of a system carrying the same information,
separated by a large bandwidth, the probability of experiencing channel deep fade
simultaneously by both the tones is unlikely. DCM implements exactly the same
technique. In DCM two QPSK modulated symbols are mapped together using a unique
DCM matrix to generate two independent 16 QAM like symbols who carry the same
information. A block diagram of DCM technique is shown in Fig. 2.1 [13,24]. The
resultant outputs of the system are then mounted over two individual OFDM data
subcarriers who maintain a separation of 50 subcarriers in between [15]. Thus frequency
separation between two DCM symbols is minimum of 200 MHz {(528/128) x 50}
which is far greater than maximum coherent bandwidth of UWB channel (528/128)
MHz [37].

137 100 QPSK 1T DCM

BITS Modulator | MAPPER

INTERLEAVER

(200 BITS) IFFT

2"100 QPSK | 2" DCM
BITS Modulator | MAPPER

Fig. 2.1: Block Diagram of DCM Mapper

Frequency diversity is the integral part of a DCM system. By broadening the frequency
domain it reduces the error probability for a high speed data rate which is generally
greater than 320 Mbps, [35]. In the process of DCM, at the outset 1200 interleaved bits
are divided into groups of 200 bits. These are then used to form 100 QPSK symbols.

For broadening the frequency domain in the transceiver, the DCM executes mapping of
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the QPSK modulated symbols into 16 QAM like constellation by using DCM matrix,
W=1[2 1; 1 -2]. Asaresult, 100 QPSK symbols get transformed into 100 DCM
symbols, which are then mounted onto the two independent subcarriers. The DCM
repeatedly executes the mapping of the signal so that at any period of time the
subcarriers y; and y,,so achieves a frequency separation of desired fraction of the total
number of sub-carriers. Finally, these frequency spreaded symbols pass through 128-
point Inverse Fast Fourier Transformer (IFFT) [32] where, each OFDM symbol

occupies a duration of 312.5 ns while being transmitted over wireless channel.

In the case of a frequency-selective channel, a cyclic prefix of length Tcp, greater than
the channel delay spread duration, is appended at the beginning of each OFDM symbol
to reduce the ISI. It transforms multipath linear convolution to circular convolution and
brings orthogonality among the subcarriers. Finally, a GI of length Tar is added at the
end of the OFDM signal to provide sufficient time to the analogue transceiver for
switching between the sub-bands and to reduce the peak-to-average power ratio [8,36].
Resultant OFDM symbol is passed through a digital-to-analogue converter to get a
baseband OFDM signal of duration Tsym = Trrr +Tcp +Ta.

2.1.1 DCM mapping and transmission

r=m=-m--- oo BZI0) !

Q) +Xgto+s0 '-----1-1:: 2(xga0 + JXg00+50) .
1 .

e i ! [1 _2] N+ (Qguor + JXguesa) |

E _______ b e e e mm—
= _
2 > v B » = Ve
5] 1S | 5229 | 2 [ Be |2 5 2
= = S [ byk 2 b o = o 5 2
Data g 2 g|, 9w g Petorso L Q£ [ Yzt (k)
= - R A Zi
g E g bowyrsop | £ |byaoes o[Z /g =
[} Ll o =) < =
A g & bg(k)+51; Z bowo+s: Z » = > 2
o — s | T =
~
&

1 YT (k+50)
————————————— 1 = (%g00 + JXgay+50)
:— 2(xg(k)+1 + jxg(k)+51)

Fig. 2.2: DCM Transmission Process [14,18]

In a DCM MB-OFDM UWRB system, as described in Fig. 2.2, scrambler operates on the
data bits to approximate a randomization thereof and then transfer those to a
convolutional coder in order to get the data output into a desired code format. The coded

data is then transferred to a punctuator to reduce the coded bits [1]. These coded bits are
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then sent to an interleaver function. The interleaver rearranges the coded data in such a
way that adjacent coded bits are not on adjacent carrier tones. Then the mapping
function takes over. As described in Fig. 2.1, it converts the coded data bits to a QPSK
format followed by DCM format. There after the obtained data goes through IFFT for a
change over from frequency domain to time domain prior to transmission over wireless

channel [1].

DCM system transforms the QPSK data into 16 QAM like format which eventually
optimizes data spreading over the tones and thereby enhances the likelihood of data
recovery at the receiver. It reforms the data within a single symbol s, by associating a
given data element b, with another data element b,. The combination s, gets separated
from another data combination s, comprising b; and bg by some desired factor . This
separation factor is selected considering a number of variables of the system like, tone
fading characteristics of a particular wireless system. To provide the maximum possible
separation ‘A’ between symbol s, and s, for a system with 100 carrier tone, a

separation factor of 2 is desired where, the value of ‘A’ is determined by [1];

No.of tones 100
A= = =50
a 2

In a DCM system with 100 OFDM sub-carriers b, is associated with by = bg, (i.e.
bo4s0) and b, is associated with by = by (i.e. by,5¢). These associated pairs of data
elements are rendered as data symbols of column vectors [by bso]”,
[by bs1]T....[bx b.]T; where each data symbol is transmitted on both the K and
L=K+50 tones. This gives a clear indication that the paired sub-carriers are separated by
50 tones [1]. Further, a DCM transformation matrix W is applied to [by b.]7,
rendering a transformed symbol [Vk Yi]T where, [Vk Yi]T =W X [b, b, ]T. Later,
[Vk YL] is loaded to an IFFT system, and transmitted over wireless channel [1]. Here,

the variable W is a N X N DCM transformation matrix and,

W = [i _12] ...... (2.1)
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In the interleaver of DCM system, the interleaved binary data sequence is mapped onto
a complex constellation. As mentioned already that the 1200 interleaved and coded bits
are divided into groups of 200 bits and then further regrouped into 50 groups of 4
reordered bits in a form of DCM symbol. Each group of 4 bits is represented as a

combination of bg), bgk+1, bgky+s0, bg+s1 where, k€{0, 1, ..., 49} and,

2k, k€{0,1,2,..24)

gk) =
2k +50, k € {25,26,..49}

However, for g(k) = 2k;  where, k = (0~24)

b + b
So, lf k = 0' g(k) — 0’ then g(k) 'g(k)+50 ] [bo + b50

bgy+1 + bgy+s1 b, + b51

if k=1, g(k)=2; then b =

[ Do + bgtoy+so | _ [by + bsz]
g()+1 T Pgao+s1| b3+ bs3

[ by + bgy+so | [bag+ b
if k =24; g(k)=48; then |, I% 9 _ |Pas 98]
f g( ) _bg(k)"'l + bg(k)+51_ _b49 + b99

again, for g(k) = 2k + 50;  where, k = (25~49) then,

if k=25 g(k) = 100; then | 000 * Patorso ]— Broo + b15°]

bgiy+1 + bgo+si|  Lbro1 + bisy

[ bgy + bgky+so | [bigz + Pisy]
if k =26; g(k)=102; then |, % g _ [Pr02 T D152
! 9o |Dgy+1 + bgy+s1|  Lbios + bissl

[ bgky + bgy+so | [brag + Drog)
if k =49; g(k) = 148; then |, * "~ = a8 T D108
/ 900 _bg(k)+1 + bg(k)+51_ D149 + b1go)

The above development expresses that all the 200 bits of the group are well
accommodated in the process. The system converts the 4 binary bits [bgx), bgk)+s0 and

bg)+1, bg+s1] to suitable coordinates of two QPSK symbols and put them in a column
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matrix. In this process, each bit is multiplied by 2 and subtracted by 1 while, the second
part of each row of the matrix is multiplied by j which is illustrated in equation (2.2)

below [14];

bk] _ [ Xg(k)  JXg(o+s0 ] _ [ (2bgiy = 1) +j@bgyeso =D | 2.2)
b, Xgk)+1 T JXg()+51 (2bgy1 — 1) +j(2bgryes1 — 1) '
Yoo YQk+50)
0011 o111 | 1011 1111 0110 1110 | 0010 1010
0010 0110 | 1010 1110 0100 1100 | 0000 1000
Vi) - - - — YVI(k+50)

0001 0101 | 1001 1101 0111 1111 | 0011 1011

0000 0100 | 1000 1100 0101 1101 | 0001 1001

(a) Constellation for yr (b) Constellation for Y7 (xy+s0

Fig. 2.3: Bit-to-Symbol Mappings for DCM [8,13]

The DCM mapper uses a DCM matrix W (2.4), to transform the two QPSK into two
DCM symbols {yru), Yr@)+s50; kK = 0~49} as illustrated in (2.3). The resultant bit to

symbol mapping of DCM look like two 16 QAM constellations, which are shown in
Fig. 2.3.

[ Y1(k) ] _ W[ Xgk) T JXg ) +50 ]
YT(k)+50 Xgk)+1 T JXg(k)+51

2 1 ” Xg(k) T JXg(k)+50 ]
1 =21 [Xgr)+1 + JXg(r)+51

_[2(xga0 + JxXgao+so) + (Kgao+1 + jxg(k)+51)]
| (g0 + JXg0+50) — 2(Xg00+1 + JXg0)+51)
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Diagram of a DCM transmission process as in Fig. 2.2, depicts that the two resulting

DCM symbols {yT(k), Yr (i) +50) are allocated to two different OFDM data sub-carriers. In

total 100 DCM symbols are given to the 128 point IFFT block for building OFDM
symbols. Each OFDM sub-carrier occupies a bandwidth of around 4.125 MHz (528
MHz/128). Therefore, the bandwidth separation between the two individual OFDM data
sub-carriers is at least 200 MHz (4.125 MHz x 50 sub carriers) which offers a good
frequency diversity gain against channel deep fading [14].

2.1.2 DCM Receiver processing

Signal arrives from the transmitter at receiver antenna of a SIMO/MISO/MIMO DCM
system via multiple paths. While travelling through the wireless media and passing
through the receiver circuit the transmitted signal under goes a linear combination of
numerous fading and attenuating parameters which is augmented by AWGN. For the
ease of the research work it is assumed that the receiver is perfectly synchronized to
carrier frequency used by the transmitter. At the receiver, the received DCM signal
undergoes a number of operations, such as, cyclic prefix (CP) and guard band removal,
FFT and input signal combining. This is immediately followed by DCM demapping
technique. However, the chronological process carried out in the DCM receiver is

depicted in Fig. 2.4.
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Fig. 2.4: DCM Reception and Demapping Process [35]
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The DCM symbol pair upon reception can be expressed in the format of;

yy=hQy;+n L. (2.5)

where, © represents element wise product of the matrix. In (2.15), the received symbol

iy, =|.0® | ding channel coefficients (ie. CSI) h =, ®
pair y, = Y, ersoy ) e corresponding channel coefficients (i.e. = | hgessoy)”
transmitted symbol pair = [ Vel n= [ R ] is the AWGN with zero
M PATYE =1y, 1s0) M(k+50)

mean and power spectral density %

Estimating the CSI and using the process of maximum likelihood ML soft bit decoding
the receiver determines the transmitted symbols. This process minimizes the Euclidean
distance between the received and actual transmitted DCM symbols to optimize the
symbol detection [18,30,33,38]. However, the ML soft bit decoding criterion for DCM

is expressed as;

2 2
min —h + —h - (2.6
Vet etrso) [lyr(k) k}’t(k)| |yr(k+50) k+50yt(k+50)| ] (2.6)

Nonetheless, the transmitted signal that we get from equation (2.3) is;

[ Y1(k) ] _ W[ Xg(k) T JXg(k)+50
YT (k)+50 Xg()+1 T JXg(k)+51

e (2.7)
Considering the effect of CSI and noise in (2.5), the received signal

Y =[Yrk) Yr@o)+s0]! can be written as:

[ YR(k) ]:[ R [ YTk [ (k)

YR(k)+50 Ry +s0d LYTK)+50 N(k)+50 -+ (2.18)

Here, [hao haesoy] is the CSI and [nw) ni+50)]" is a complex AWGN. Putting the value
of (2.7) in (2.8), it becomes;
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[ yR(k) [ hwo ] [xg(k)+ JXg(k)+50 ] +[ (k) ]
yR(k)+50 ~ Lhgo+s0 Xg()+1 T JXguo+s1]  Mk)+50
_ R ] [2 1 ” Xg(k) T JXg()+50 ] [ ) - (2.9)
ho+sol 11 =21 Ixg)+1 + JXgk)+51 N(k)+50 '

But, from Fig. 2.3 it is clear that both the received symbols are having [ and Q

component within it. Therefore, the received symbols Yr(k) and YR(+s0 AN be

expressed respectively as:

Yrk) = Irge) T JOry  and  Yry+s0 = Irk+s0) + JQrk+s0) -+ (2.10)

Hence, the received symbol equation (2.9) can be expressed as;

[ YR(k) ] _ [ Irwo * JQrao ]
YR(l)+50 I(k+50) T JQR(+50)
hae “2 1 ” Xg) + JXgo+s0 ] [ o) - (211)
hgoy+sol 11 =211Xg00)+1 + JXgy+51] ~ M0o+50 '

2.1.3 MRC of DCM signal in MIMO system

The equation of received signal for a MIMO system with t- number of transmit and r-

number of receive antennas is;

Ry (t) X1 (O [hr hiz o hae n
RZ.(”\:I"Z.“) har Bz o h?%l’? ...... (212)

R,.(t) x:(t) hy1 Ry

But according to (2.3), DCM transmitted signal comprises of 2 different kinds of
symbols i.e. Y7y and yrso)- They are transmitted independently over two time
periods t; and t,. Therefore, for time period t;, the DCM transmitted signal equation

(2.12) can be written as;



27

YR(k)1 Y1) [hyy  hyy hit ny
YR(k)2 _ YT hy, hy, hyt n n.z
YR(Kk)r YralLhrr  hi hy¢ Ny
hi1  hi hyt ny
n
] e Y s I (2.13)
hrl hrz hrt ny
and for time period t,;
YR(k+50)1 YT(k)+50 1 [hy; hqo hit ny
yR(k+50)2‘ lyT(k)+50 hyy  hy, hy¢ + n,
YR(k+50)r Yrao+s0l Lhrr Ry hyt ny
hi1  hiy hyt ny
h h h n
=yroowso| 70 TR (214)
hrl hrz hrt ny

To bring simplicity in derivation and for the ease of work let’s consider yr) =

Y1(k)+50 = Y- SO We can write;

[VR1] (hyy  hyp

y h h

2| g [P e

_er_ _hrl hr2

[VR1] [H,
or, y}fz =yr H:Z +N

_yRT_ _Hr

[H, hi1 hiy hy
where, 1-{2 = h:ZI h:ZZ h:Zt

_Hr hrl hr2 hrt

hqt nq
n
h:Zt + :2
hye nr
...... (2.15)
n,
n,
and N = :

nT
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In order to combine the received signals by adopting MRC, the CSI associated with the
received signal is to be nullified. The zero forcing (ZF) technique is generally used in
this aspect. Here, channel estimator extracts and provides the expected CSI, H.
Received signal matrix is multiplied by the pseudo inverse of H i.e. (HYH)™*H® As a
result, in the output, (H¥H)"*H"H = I, an identity matrix remains in the form of

multiplying factor with the desired signal.
In the above equation of received signal matrix (2.15), it is assumed that, H; =
A1 hiz -+ hat]. So,

hyy
h

H{'H, = l 12‘ [hi1 hiz o hae] = [hyq|? + [hyp|* + - 4 |y )?
hye

=plzc L (2.16)

as, ||kl = /1hgl? + [hpl? + -+ |h, |2 = Jhahg + hyhll + -+ h,hH

1
Therefore, (HIH,)™! = e e (2.17)

From (2.15), the received signal of the receiver’s 1% antenna can be expressed as;
le = }’THl + N ......... (2.18)
As per zero forcing technique, multiplying yg, (2.18) with pseudo inverse of H we get;

$r1 = yrH,(H{'H)"*H{ + N = yH{'H;(H{'H;)"* + N
1
= yrllhy||? i +N putting the value of (2.16) and (2.17)
1

=Yr +N (219)
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Similarly, the received signal in the receiver’s r'" antenna can be expressed as;
Vrr = yrH.(HEH)'HE + N where, r € 1~r

= YTHﬁHr(HﬁHr)_l + N
21 -
= yrl|lhq|l Tz + N  putting the value of (2.16) and (2.17)
1

=y,+N (2.20)

Combining the outputs of all the receive antennas, the accumulated received signal can
be expressed as;

T
}’R=Z}A’Rr=r()’T+N)=TyT+N ...... (2.21)

r=1

The MRC received signals in two subsequent time periods t; and t, passes through

serial to parallel convertor, and can be written in the matrix form as;

YRy 1 _ V1 (k)
[YR(k)+50] -7 [yT(k)+50 ------ (2.22)
Neglecting the multiplying factor-r the expression becomes;
YrR(k) 1_[ YT
[YR(k)+50] - [yT(k)+50] N e (2.23)

2.1.4 ML Soft Bit Demapping of DCM signal

MRC technique is used to get the best possible output from the information received
through multiple channels. At the receiver, outputs of MRC are time-domain OFDM
symbols. These are converted into frequency-domain symbols via FFT which is
followed by DCM demapping process. There are several methods to demap the DCM
symbols. For example, soft bit demapping, ML soft bit demapping and Log Likelihood
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Ratio (LLR) demapping. However, here in this work the focus is narrowed down to the

ML soft bit demapping method.

The DCM de-mapper uses two separate subcarriers concurrently to decode the symbol
pair. If one symbol of one subcarrier is lost or degraded that can be detected or
recovered by the DCM de-mapper. However, similar to the mapping unit, at the receiver
the demapper repeatedly executes demapping of the two received DCM symbols to
generate output groups of 200 bits. These bits from the DCM de-mapper are then sent to
the Viterbi decoder which provides desired bits in output [16]. The whole process
altogether performs the job of ML soft bit de-mapping.

The MRC received signal, as shown in (2.23) includes noise content in it. Through
necessary filtering, the noise part can be suppressed and the output signal will be left
with;

[y 131(};?:)50] = y :(iglj-)so]

_ W[ Xg(o) T JXg(e+50 ]
Xgk)+1 T JXg()+51

_ [2 1 ” Xgk) + JXg(k)+50 ]
1 =21 xg0)+1 + JXg00)+51

But, as per (2.11) the received signal is having both its real and imaginary part.

Therefore, from (2.11) and (2.24) it can be written as:

[ YR(k) ] _ Iriey + JQrk) ] _ [2 1 ” Xge) t JXgk)+50 ]
YR(k)+50 Ir(k+s0) + JQR(K+50) 1 =21 Xg00)+1 T JXg(0)+51

In linear format, (2.25) can be written as;
Yrao) = Iraoy + JQray = 2(Xg() + JXga0+50) + (Xgaroy+1 + JXgaaoy+51)

= (ng(k) + xg(k)+1) +]( 2xg(k)+50 + xg(k)+51) and ... (226)
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Yray+50 = Irtersoy + 1Qrars0) = (Xgaoy + i%ga0+50) — 2(Xga0+1 + JXgak)+51)
= (Xga) = 2%g00+1) +i( Xgaoyso = 2Xga0+s1) e (2.27)
Segregating real and imaginary part of (2.26) and (2.27) i.e. in phase and quadrature

phase component and adding the same phase components together, the reformed

equations obtained are;

IR(k) + IR(k+50) = (ng(k) + xg(k)+1) + (xg(k) - ng(k)+1) ......... (228)

Qr) + Qrerso) = (2%ga0+50 + Xgar+51) + (Xg(0450 — 2X5(0451) o on oo (2.29)

The desired symbols can be retrieved from (2.28) and (2.29). But to do so, the equations
of (2.26) and (2.27) are to be multiplied by appropriate coefficients. As a result, the
following will be generated [29];

N(2Yra) + Yro+50) = 2Irio) + Ir(erso) = 5%gt) e (2.30)
N(Yro) = 2VR(0+50) = Ir(y = 2IRGes0) = SXgloyer oo (2.31)
S(2Vra) + Yr(o+50) = 2Qra0) + Qrierso) = 5Xgio+s0 e eee o (2.32)
Skt — 2Vra0+50) = Qr) — 2QR(k450) = SXg()rs1 e e (2.33)

While retrieving the bits [bgk), be+1, bg+50, bgo+s1] from the ML soft bit decoded
symbols of (2.30-2.33) process reverse to (2.12) is followed. In doing so, each symbol is
normalized by a factor 1/ 5 and added with 1, which is further divided by 2. Therefore,

the equation of generic decoded bits can be expressed as follows [17];

ng(k)) n 1
Xg (k)
soft (byqy) = > =9 — e (2.34)
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<5xg(k)+1) N .
5 Xg(k)+1 T
soft (byuys) = z = ; ......... (2.35)

<5xg(k)+50> 1 )
X +
soft (Bgoysso) = > - - = g(k)+250 ......... (2.36)

\

5x
g(k)+51
( 5 ) +1 _ Xgoes1 1

soft (byuo+s1) =3 5 . S e (2.37)

2.2 BER Performance Analysis of DCM

2.2.1 Constellation rearrangement

Constellation rearrangement (CoRe) is considered as an useful means to improve the
received signal quality for higher order modulations such as 16 QAM or higher and
DCM [29,36,39]. Since each component bit in the DCM constellation has different
decision region, its reliability varies. Again, if different constellation is employed in
each retransmission, the overall error performance is improved by averaging the

variation of individual reliability between different component bits [40].

77N\ 0

0011 0111 | 1011 1111 0110 1110 | 0010 1010
0010 0110 | 1010 1110 0100 1100 | 0000 1000
| = I
0001 0101 | 1001 1101 0111 1111 | 0011 1011
0000 0100 | 1000 1100 0101 1101 | 0001 1001
(€Y (b)

Fig. 2.5: Constellation Rearrangement to Optimize DCM Coding

Generally to rearrange the constellation, the position between the outer and inner

symbols is swapped with each other. The same rule is applied in DCM to optimize the
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technique in terms of BER reduction [42-44]. In the CoRe of DCM (Fig. 2.5), it is clear
that the symbols positioned inside in the first constellation, move to the outside in the

final constellation and vice versa [33].

2.2.2 Process to determine BER through PEP

Yrak) and Yr(i)+so denote the two consecutive received DCM symbols through the

k and k + 50 subcarriers respectively. Therefore, inline of (2.10), this can be
represented by [33]:

YrR(k) = Yrk) I+ JYR) @ and  Yruoy+so = Yro)+s0 I T JYr()+50, @ ==+ (2.38)

Separating the in phase and quadrature phase parts of y1 and y», and putting the same

phase component together they can be expressed as [33]:

Yi = Yraoy I + JYr) 450, 1 and Yo = Yr) Q + jYr()+50, @ - o (2.39)

(2) (b)
Fig. 2.6: DCM Accumulated Constellation [18,34]

Equation (2.39) yields the DCM accumulated constellation which, represents the

corresponding signal points x,, X5, Xc and xp in Fig. 2.6(b). For example, let 0011 of
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Fig. 2.6(a), is transmitted, then according to (2.38) the two received symbols y1 and y2

can be well expressed consulting Fig. 2.6 as [33];

Yr(k) = Yr() I + JYr@k), @ = —3d + j3d and e (2.40)
YR()+50 = YR()+50: | T JYR(I)+50, Q@ =d —jd e (2.41)
where, d depicts Euclidean distance between adjacent points in DCM constellation.
Similarly, according to (2.40) and (2.41), Y; and Y, of (2.39) can be expressed as [33];
Y1 = Yraey I +JYr@k) 450, 1 = —3d + jd and e (2.42)
Yo = YRy Q +JYR)+50, Q@ =3d —jd e (2.43)
Thus we find that Y; and Y, represent xz and xp, respectively in Fig. 2.6(b). Similarly,
for all possible bit-to-symbol mappings the respective position obtained in the

constellation are depicted in the table 2.1.

Table 2.1 Symbol Position in the DCM Accumulated Constellation [21]

: . =282
3 é E;g. ;.gﬁ;)), Yr() = YR T +JYR(), Q |y, = Yrao T 1Y ray+5001 5 é = ‘:’
) . L ’ . Yo = ,Q+j ,Q 2 é Y
21 & | yraotso = Yrao+so I +iVrio+50 @ | ° Yraoy YRao+50 SEEZ
= IS
1 0000 |xi1=-3d-j3d Xi=-3d+jd Xp
xo= d+id Xo=-3d+id Xp
2 10001 |xi1=-3d-jd Xi=-3d+jd Xp
x2=d-j3d Xo=-d-j3d Xc
3 (0010 |xi=-3d+jd Xi= -3d+jd xXp
xo= d+j3d Xo= d+j3d X,
4 10011 |x1=-3d+j3d Xi=-3d+jd Xp
x2=d-jd Xo=3d-jd Xp




o =

T (PR Vi 0 1=y s : % is

3| & YR(k)+50 = YR(k)+50- 1 T JYR(K)+50 @ Yo = Vrar @ WV raowsor @ E g % éﬂ

5 10100 |xi= -d-j3d Xi= -d-3d X
xo=-3d+jd Xo=-3d+jd Xp

6 10101 |xi=-djd Xi= -d-j3d X
xo= -3d-j3d Xo= -d-j3d X,

7 0110 |xi1=-d+jd Xi=-d-j3d Xc
xo= -3d+3d Xo= d+i3d X,

8 0111 |xi;=-d+j3d Xi=-d-j3d Xc
xo= -3d-jd Xo= 3d-jd X

9 1000 |x1=d-j3d Xi=d+j3d X4
x2=3d+jd Xo=-3d+jd Xp

10 {1001 |xi=-d-jd Xi=-d-j3d Xc
xo= -3d-j3d Xo= -d-j3d X,

11 |1010 |x1=d+jd Xi1=d+j3d X4
x2=3d+j3d Xo=d+j3d X4

12 1011 |x1=d+j3d Xi=d+j3d X4
xo= 3d-jd Xo=3d-jd Xp

131100 |xi1=3d-j3d Xi=3d-jd Xp
xo= -d+jd Xo= -3d+jd X5

14 /1101 |x1=3d-jd Xi=3d-jd Xp
xo= -d-jd Xo= -d-3d X,

1511110 |xi=3d+jd Xi=3d-jd Xp
xo= -d+j3d Xo= d+j3d X

16 1111 |x1=3d+;3d Xi1=3d-jd Xp
xo= -d-jd Xo= 3d-jd Xp

Let P.(E) and P,(E) denote the Probability of average symbol error rate (SER) and BER
respectively. Therefore, the relationship between BER and SER of DCM system can be
approximated as [33,44];
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R(E) _PR(E)

Py(E) ~ log, M~ log, 4

1
) ~ 5 R (E) forDCM, M =4

However, pair-wise error probability (PEP) is defined as the probability of decoding the
matrix x; incorrectly when x, is transmitted. The probability of symbol error coupled
with ML soft bit decoding technique for equally likely messages is approximated as the
probability of error associated with an adjacent decision region having minimum
Euclidian distance in the constellation. That is, likelihood of wrongly recognizing a
symbol other than its nearest neighbors is negligible at high SNR. Hence, the equation
of cumulative average BER for a DCM based MB-OFDM UWB system can be

expressed as [33];
Py(E) ~ 1/, P(E) <1/, {p(xa »> %))}, j€{B,C,D}
< 1/2 {p(xg = x5) +p(xy = xc) + (x4 = xp)} e (2.44)
where, p(xA - xj), j € {B,C,D} represents the average PEP of confusing x, with x;,

when x, is transmitted [34]. In a DCM constellation, lets denote the symbol and bit

energy by, E; and E,, respectively where, E; = 2E, [45,46].

.
w
Es,
o
|
i@

B +\@ 43 (5)
10

e | o [.p | @

+3 .
10
10
|
10

Fig. 2.7: Distance between Constellation Points of DCM/16 QAM [47]
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In Fig. 2.7, d = \/%; expresses the distance in terms of symbol energy between the

adjacent points in a DCM/16 QAM like constellations [8,47]. If N, represents noise
energy then, for a MIMO system with N; transmit antenna and N, receive antenna, the

conditional PEP between two distinct code words can be expressed as [45,46];

Ny
(s
p(xa - xjlhy, by ) = Q \ Z—MZn(xA YA — (2.45)
j=1

where, Q denotes the Q-function
H represents the channel matrix

and the average SNR § is expressed as,

Esig (d)z Es
5= = but d = |—
Ny N, v 10
2
(V%)
WY G Es = 2E,,
N, 10N, s
_2E, E,
~ 10N, 5N,

Therefore, from the above equation of SNR, the relationship between signal energy and

bit energy can be expressed as;

Ep

Eoig =2 e . (2.46)

Basing on the DCM accumulated constellation as shown in Fig. 2.6(b), the equation of
conditional PEP for a MIMO system with two symbol pair having both I- and Q- phases

in each symbol, can be written in accordance with (2.45) and expressed as [8];
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Ny

o)
p(xA - xj|h1,hz) =Q Z_MZ {(xAI - xj1)2|h1|2 + (xAQ - ij)2|h2|2}
=1

Ny
Es

p(xA - lehlﬁ hZ) = Q ( Tolglvt {(xAI - Xj1)2|h1|2 + (xAQ - XjQ)Zlhzlz}\ """ (247)
=1

Now, if the receiving antenna N, = 1, then, for such a MISO system, the conditional

PEP becomes:

E..
P(xA - xj|h1, hz) =0 \]21\;017% {(xAI - Xj1)2|h1|2 + (xAQ - ij)2|h2|2} .. (2.48)

2.2.2.1 Determining PEP in Rayleigh fading channel

In Rayleigh fading channel the pdf of yf,; is given by [6,33];

=1/ _Yn
foz(Yfl) /yfl eXp( \_’fl> ...... (2.49)
where, the instantaneous SNR per bit for subcarrier ! is,

Ep _ Ep
Y = IhlIZN—, l€1,2 and Vp=Elyy|= EIh,IZN— ...... (2.50)
0 0

In DCM accumulated constellation at Fig 2.6(b), let, a;and a, be the Euclidean symbol
distance between x, and x;; j € {B,C,D} in both |- and Q- phase respectively.
Therefore, the numerical value of the symbol distances corresponding to a;and a, can

be measured and expressed as in Table 2.2 [6,18,33].
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Table 2.2 Symbol Distance in Accumulated Constellation of DCM

Serial | Symbol DCM Symbol (ay)? (ay)?
Pair Distance a,, a, C1="40 %2~ 10 ’
(jeB,C,D)
1| (- ) @, 2) (815, 2/5)
> | (g x0) 2, 6) (215, 18/5)
3 (x4 = xp) (2, 4) (2/5, 8/5)

Now, putting the value of (2.46), the conditional PEP becomes [6];

E..
P(xA - xj|h1:h2) =0 \]ZNSOLth {(xAI - xj1)2|h1|2 + (xAQ - ij)2|hz|2}

i 1 (a}|h|? + afy|hy|?\ By
RN 2 N,

let, (xA, — xj,)z = ajzl & (xAQ — ij)z = ajzz

E
3 l a1-21|h1|2+aj22|h2|2 Eb - E —&
- Q Nt 2 NO o 5
2 2 2 2
1 ajllhll +aj2|h2| Ey
—0 |- = (2.51)
N, 10 Ny
a'zl
_ Y
In (2.51) let, Ci1 = 10

But, from (2.50), the instantaneous SNR per bit for subcarrier [ is;

E
Ve = Ihy? b/NO’ lel,2
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Putting the above values in (2.51) i.e. the equation of conditional PEP leads to [6,33];

1
p(xa = X5ly1,v2) = Q\/E (caver +Ca¥pz) e (2.52)

However, the average PEP can be obtained by integrating the conditional PEP with

respect to the pdf of instantaneous SNR (y ﬂ) having limit from 0 to oo; i.e.

p(xa—> %) = f f Q (J 1/1vt (cnvma +Cf2yf2))f}’f1yfz(yf1yfz) dypidyp, - (2.53)
0 0 dar

conditional PEP paf

However, the alternative expression of Q-function i.e. Craig’s function is expressed as;

n
2

1 2
Q) = — f exp(— Zsizm)da) ......... (2.54)
0

Using the Craig’s function and considering, z = \j 1/ N, (cjlyfl + cjzyfz) in (2.54), the

equation (2.63) of average PEP p(xA - X; ) can be written as;

2

25in20 Fyprve: (Fpi¥ra) dvpadyyd6

T

; (J Y N, (Gvp + Cjzyfz))
f exp| —

0

Vs
o w Z Cj1Yr1 + Ci2Yr2
1 N
= f f ;fexp B Py a— frivsa (Yr1Yr2) dypidyy,do
0 0 0

o — i

SR

Ci1Vr1 + C2Yr2
f exp (— T 2Nsin20 )fyﬂm (Yr1vr2) dvpadyyade
0
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v
2 oo .
1 Ci1Yr1 Cj2Vf2
:Ef f P <_—2Ntsin29)f”f1 (rra)drpn f exp (——ZNtsinZH)fm (Yr2)dvs2d6 .. (2.55)
00 0
MGF1 MGF?2

C.
In the above equation (2.55), the integral part f exp (— %) fyﬂ (yﬂ)dyf,
t

0

shows resemblance to Laplace transform of function f,(x). Hence, from the Laplace
transformation the Moment Generating Function (MGF) of a random variable x can be

illustrated as;
(o]

M, (=s) = L{f(0)} = f e EGOdx (2.56)

0

Here, L{.} represents the Laplace transform function. The detail of Laplace
transformation is given in Appendix-A. However, determination of the MGF directly by

integration process is shown in Appendix-B. Now, according to Appendix-A;
M,(s)=MGF=1-sp)~* .. (2.57)
In equation (2.55) of average PEP let’s consider,

le

S=—or
2N;sin?6

Putting the value of ‘s’ in (2.57) we get;

o —Cj -1
(= giins) = 67 = {1~ (gzams) )
Y\ 2N,sin%6 2N,sin%0

_ -1
CiiVr )
=(1+ 2T
( +2Ntsin29
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_ [2Nsin®0 + ¢;i ¥y, -
a 2N,sin?6

20 G
Sln9+2]v~t

sin20

To bring out the cumulative MGF for a system with JV. receive and JV; transmit
antenna, the V. times product of the MGF of a SIMO system is to be derived.
Therefore, the MGF for a MIMO setting with JV; antenna transmit and JV;. receive

antenna is [8];

o7
N [sin20 + él]]\/;l
M, (s) = l_[ T@t ......... (2.59)

Ly=1

In a DCM MIMO system same signal is received through all the wireless channels.
Hence, the channel wise MGF is likely to be same and the equation of cumulative MGF

can be represented as;

. 1Y,
2 JL Sl
sin“0 + 2,

Mc(s) = sin26

20, GV
Sln0+2J\Q

sin%@

N
sin%0

+ CiiVr

in2
sin‘0 2,
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Now, with the help of (2.60), for a MIMO setting the equation of average PEP as

mentioned in (2.55) can be expressed as;

Ny
L
2

1 sin?6 sin%6
f 0 2.61)

p(xa - %) =—
T 2 ]1)’f1 n2 Cj2Vr2
o |sin<0 + 2]\/} 0 + 55— N

MGF1 MGF2

C.
In (2.61),let’s consider, = él—]]\/;l le(1,2)
t

So, the above equation (2.61) becomes;

1
P(xA"xj)Z;

sin?0 sin2g )"
- - do
sin?6 + p, sin?6 + p,

S —Ia

=|Iv—\

T

2

f sin? sin?@ Nrd@ .+ (sin?6 = 1 20)
1- cosZH +p; 1—cos?0 +p, s lsmee = cos

0

E Ny
2
1 sin%0 sin%0
Y i
i
0

N 1+ — cos20 1+ p, — cos?6
(L p) (R0 (1 g (FHR )

1+p,

2 e
sin?0 sin?0

_f cos20 cos?%0 a6

0 (1+P1)(1—Tpl) (1+P2)<1—Tp2)

=||»—x

T Nr

2
- -1\, .
_{a+p) (A +p)™ " f sin*6 ”

T <1_c0520>(1_ 00520)
0 1 +p1 1 +p2

L N
2
1+ —Mr(1 4+ M in*6
_ ( p1) ( P2) f sin dg - (2.62)

s (1_ 60529)(1_ c0520>
0 1 +p1 1 +p2
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In (2.72), let’s consider, cos?8 = t. So, the limits change to;

6| 0 [T/
t 1 0
Now, t = cos?8
1 —
o dt = —2sinf cosf db 1=t
Vt
10 dt —dt
or, = - =
(=2sinf cosd)  2(V1—t)Vt
[from geometry, sinf =+vV1 — t] ...... (2.63)

Again, sin?0 =1 —cos?0 = (1—t)

Putting the values from the geometry, the equation of average PEP (2.62) turns into;

N
(s 1) = PO p) f { (-2 } ~dt
a7 X )= t t T—7

g (1 -m55) (- 155) 20OV

__Q4p)™va+ pz)‘Nrf1 (1-0? Y
" 0 (1_14f'p1)(1_1-:p2) 2(V1=0)Ve

[reversing the limits]

1
_@4p)™r A+ p)™ f {(1 -
21 1+ P1

) (1 1 -I-tpz)}_Nr (1— 21 - e} 2 de

1
- Ny - Ny 1 1

) (1- =) e eoa)

1+p1 1+p2

0
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In (2.64), applying Appell hyper geometric function, i.e.

1

A B vixy) = [ W) (1= 0001 — w0 (1 - w) ¥ du
0

F)ry — a)
r'(y)

the equation of average PEP reduces to;

1
(o 7)) = A+p) A +p) r(Y/,)r (2, +5)
plXa =% )= 21 TN, + 1)
xF(l-N Ny 2N 1y )
1 2' e T ’1+p1’1+p1
1
_AHp) ) VAT (24 5)
B 2 rQ2N, + 1)
xF(l-N Ny 2 + 15— ! ) r(l,)=vr
1 2’ rrJVr) r ;1+p1;1+p1 as 2) = T
1
_AHp) ) T(2M45)
B 2T rQNn, + 1)
xF(l-N Ny 2N 4 1y ) 2.65
1 2: r»JVry r ;1+p1,1+p1 ...... ( )
However, it was assumed that;
2
a.
1—1(; = Cj in equation (2.61) and l
€12
-
P = él])(r};l in equation (2.71)
a>

_ o G 2
_CiYrr 1070 QGin

So, p; turns into, P N N = 20N
t t t

le(1,2)
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Putting the value of p;in (2.65), the equation of average PEP becomes;

_ =N = =N
Ci1Vr1) T CioVr2\ T 1
(” 2N;> (“ ZJV;) r (2, +4)

) = X
p(xA —>X]) 2\/% F(2M+1)
X F. 1'N NG2N, + 1; 1 1 (2.66)
L\ g7 & '1+ Ci1Vr1 1_|_Cj2]7f2 '
2V; 2N

2.2.2.2 Determination of Cumulative Average BER

Substituting the value of (2.66) in (2.44), the simplified equation of cumulative average
BER for a DCM based MB-OFDM UWB MIMO system can be illustrated as;

1
P,(E) < E{p(yA = yp) + W4 = yc) +p(a — ¥p)}

b ((q 4 G101 I 1 4 G2Yr2 N 1
<lz ( * 2Nt> ( * ZNt) r(2m +4)
-2

X
4 0T TN, + 1)
X F. 1'N]V"2N+1' 1 L ieB,C,D
H\ g e ’1+ Ci1¥r1’ 1+C]2Yf2 J T
2N, 2N,
1 2N+ D

< ( jlyfl) (1 + Cjzyfz)
= 4\/5 I‘(ZN + 1) 4 2N, 2N,

1 1
= N, Ny 20N, + 1 — ] ... (2.67)

2 Cj1Yr1’

X Fy




Putting the values of ¢;; from Table 2.2, the equation (2.67) changes to;
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However, when both the channels are symmetric i.e. Y5, = ¥r, = ¥y, the equation

(2.68) reduces to;

1
F(2N +5 8y, \ MV 27, \ M
ey = L B 2)| | By 2y
Wiz TN, +1) 10V, 10V,
i | Lo asow +1; ! ! +(1+ 2¥y )_Nr(1+ 187f)_Nr
1 2; 9V r 1+ 8— ;1+ ny 10]\/;: 10M
Tow; + T 1o
i | Lo o +1; ! ! +(1+ 2¥y )_Nr(1+ 8y )_Nr
W 1420 2y5 ° 1+ 18y 10V, 10V,
o, T 1o
Sy | =300, s 20, + 1; ! (2.69)
1 2! 9V r 1+ ny 1+ 8yf ...... .
o, - T 1o

n 20— 1) Vi
But, [z=(z-1)! and [—= ( )

P

Therefore, the equation for the cumulative average BER of an UWB communication

system with DCM and space diversity can be expressed as;

1

2N, — )1 87, \ N 27 \~Nr
NP Gt L (L TP
w‘ n)! 100, 10N,
L a2 41, ! +(1+ 21y )_Nr(1+ 18}7’“)%
<l L : .
2o /A7 100V, 100V,
o, T 1o
1 1 27\ 7" 87, \ "
X Fy | 23N, N3 20 + 1 _ +(1+ ) (1 )
27 e /A7 10V, 10V,
o, - T 1o
1 1
XF | o5 Ny N 2V, + 15 (2.70)
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2.3 Summary

DCM has achieved ECMA-368 global standard for MB-OFDM UWB communication
system in 2004 for establishing WPAN such as Bluetooth 3.0, W-USB and WHDMI. In
operation, DCM system starts with 1200 interleaved bits and get them divided into
groups of 200 bits. Each bit group generates 100 QPSK symbols where, 4 re-ordered
bits passes through the system at a time. DCM module transforms these QPSK
modulated symbols into DCM symbols with the help of DCM matrix, W =
[2 1; 1 -=2]. Asaresult, 100 QPSK symbols generates 100 DCM symbols which,
are then mounted onto two non-adjacent subcarriers having 50 subcarrier separation in
between. At the receiver, MRC, ML soft bit decoding and veterbi decoder is used to

regenerate the transmitted bit stream from the received signal.

In this analytical research, PEP determination method is followed to evaluate the BER
performance of an UWB communication system with DCM and space diversity
considering Rayleigh fading environment. PEP is determined on the basis of pdf and
output SNR where, the average PEP is obtained by integrating the conditional PEP with
respect to the pdf of instantaneous SNR (yﬂ) having limit from 0 to oo. Finally,
expressions of cumulative average BER of a DCM system with N; transmit and N,
receive antennas in Rayleigh fading environment is deduced by summing up the average

PEPs for all the equally likely message symbols of DCM constellation.
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CHAPTER-3
RESULTS AND DISCUSSION

3.1 Parameters for Computation

The BER performance of DCM with space diversity in Rayleigh fading environment is
numerically analyzed using equation (2.70). Workability of the equation is validated by
matching the output graph for SISO arrangement with that of the equation derived by
Ryu, H. S., Lee, J. S. and Kang, C. G for SISO DCM system which is [33];

1 19 f v 81| 4 9| 97
P.(E) < - R S S— S S e 1
p(E) <713+ 52 7+5 3J4)7+5 8\/9)7+5 (3.1)

Results obtained are compared with similar type of system using QPSK modulation

(detail in Appendix-C) to define its data handling proficiency. Analysis of the results
are carried out to determine the optimum values for the system parameters against a
particular BER. However, the parameter considered in the process of BER performance

evaluation of DCM are given in Table 3.1.

Table 3.1: Parameters Used for Computation

Parameters Value
Operating Frequency Spectrum 3.168 t0 4.752 GHz
Modulation DCM and QPSK
Channel Bandwidth 528 MHz
FFT and IFFT Points 128
Number of Transmitting and Receiving Antennas, (Nt and Nr) lto4

3.2  Result Analysis

Space diversity puts a dominant effect on the overall BER performance of a wireless
communication system. To evaluate its effect on DCM, a good number of graphical
illustration with varying number of transmit and receive antenna combinations are
studied. As sequel, SNR vs BER curve of DCM and QPSK are projected for single
transmit and multiple receive antennas in Fig. 3.1. To ease the relative study, the
number of receiving antenna is varied from 1 to 4, keeping the number of transmitting
antenna fixed at 1. In this regard, data measured from the graph against different

antenna configurations are noted in Table 3.2.
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SNR vs BER Curve
1 Tx and Multiple Rx Antenna Configuration

—6— DCM 1Tx 1Rx
—%— DCM 1Tx 2Rx
—#k— DCM 1Tx 3Rx E
DCM 1Tx 4Rx ]
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Fig. 3.1: SNR vs BER Curve for 1 Tx and Multiple Rx Antenna Setup

Table 3.2: Sensitivity (SNR in dB) of DCM and QPSK for 1Tx and Multiple Rx at
BER 107 and 10° Respectively

Rx — 1 2 3 4
SNR (dB) for 1 Tx
QPSK 2401 | 11.2 |6.66 |4.24
at BER10° | DCM 15.53 | 7.88 | 4.85 3.0
Sensitivity Improvement in DCM 8.48 3.32 1.81 1.24
at BER 105 QPSK 53.94 |26.2 17.0 12.5
DCM 30.65 | 16.55 | 11.68 | 8.9
Sensitivity Improvement in DCM 23.29 |9.65 5.32 3.6

SNR vs BER curve for DCM SISO setup using (2.70) and (3.1) superimpose on each
other and thereby the workability of (2.70) for DCM with space diversity is justified.
Relevant data are noted in Table 3.2 which clearly discloses that DCM out performs
QPSK in every aspect. Performance of both the modulation scheme gradually improves
with the increment of the number of receiving antenna against fixed number of

transmitting antenna and same BER can be achieved at relatively lower SNR.
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Fig. 3.2: SNR vs BER Curve for 2 Tx and Multiple Rx Antenna Setup
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In Fig. 3.2, number of transmitting antenna is kept fixed at 2 while, the number of

receiving antenna is increased sequentially from 1 to 4. SNR vs BER measurements are

taken for different antenna configuration and noted in Table 3.3.

Table 3.3: Sensitivity (SNR in dB) of DCM and QPSK for 2Tx and Multiple Rx at
BER 10 and 10 Respectively

Rx — 1 2 3 4
SNR (dB) for 2 Tx
at BER 107 | QPSK 27.15 | 14.08 | 9.6 7.04
DCM 1844 | 11.0 |7.7 5.8
Sensitivity Improvement in DCM 8.71 3.08 1.9 1.24
at BER 10 | QPSK 5698 [29.5 203 15.6
DCM 33.8 19.8 14.6 12.0
Sensitivity Improvement in DCM 23.18 | 9.7 5.7 3.6

Data recorded in Table 3.3 indicates that increasing the number of transmitting antenna

from 1 to 2 demands relatively higher SNR to achieve the same BER as that of Fig 3.1.
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The number of receiving antenna is increased sequentially from 1 to 4 keeping the

number of transmitting antenna fixed at 3. Outputs are graphically represented in Fig.

3.3. In this regard, relevant SNR vs BER measurements for different antenna

configuration are noted in Table 3.4.

Table 3.4: Sensitivity (SNR in dB) of DCM and QPSK for 3Tx and Multiple Rx at
BER 10 and 10 Respectively

Rx — 1 2 3 4

SNR (dB) for 3 Tx

QPSK 28.83 | 15.77 |11.4 | 8.85
at BER 10° | DCM 20.35 | 12.74 | 9.55 7.5

Sensitivity Improvement in DCM 8.48 3.03 1.85 1.35
at BER 105 QPSK 58.66 |31.0 |[21.9 17.3

DCM 35.53 | 21.7 16.42 | 13.65

Sensitivity Improvement in DCM 23.13 |93 5.48 3.65

Analyzing the recorded information of Table 3.4 it becomes more clear that by

increasing the number of transmit antenna to 3, it demands relatively higher SNR to

achieve the same BER as depicted in Fig. 3.1 and 3.2.
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In Fig. 3.4, number of transmitting antenna is kept fixed at 4 while, the number of

receiving antenna is increased sequentially from 1 to 4. SNR vs BER measurements are

taken for different antenna configuration and noted in Table 3.5.

Table 3.5: Sensitivity (SNR in dB) of DCM and QPSK for 4Tx and Multiple Rx at
BER 107 and 10 Respectively

Rx — 1 2 3 4
SNR (dB) for 4 Tx
QPSK 30.17 | 17.09 | 12.6 10.06
at BER 103 | DCM 21.45 139 10.73 | 8.85
Sensitivity Improvement in DCM 8.72 3.19 1.87 1.21
at BER 106 QPSK 60.0 |323 23.25 | 18.55
DCM 36.65 | 23.0 17.6 14.9
Sensitivity Improvement in DCM 2335 193 5.65 3.65

The Table 3.5 above gives a vivid exposer that by further increasing the number of

transmit antenna to 4, it demands relatively more higher SNR to achieve the same BER

as depicted in Fig. 3.1, 3.2 and 3.3.
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SNR vs BER Curve
Multiple Tx and 1 Rx Antenna Configuration
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Fig. 3.5: SNR vs BER Curve for Multiple Tx and 1 Rx Antenna Setup

In line of Fig. 3.1 to 3.4, same type of information are extracted from Fig. 3.5 to 3.8.
But, here the only exception is that the number of transmitting antenna is varied keeping
the number of receiving antenna fixed. However, in Fig. 3.5, SNR vs BER curve for
both DCM and QPSK are projected where, the number of transmitting antenna varies
from 1 to 4 and the number of receiving antenna is kept fixed at 1. The data measured

for different antenna configuration are noted in Table 3.6.

Table 3.6: Sensitivity (SNR in dB) of DCM and QPSK for Multiple Tx and 1 Rx at
BER 107 and 10-® Respectively

Tx — 1 2 3 4
SNR (dB) for 1 Rx
QPSK 24.01 | 27.15 |28.83 |30.17
at BER 103 | DCM 15.53 | 18.44 | 2035 |21.45
Sensitivity Improvement in DCM 8.48 8.71 8.48 8.72
at BER 105 QPSK 53.94 | 5698 |58.66 | 60.0
DCM 30.65 |33.8 35.53 | 36.65
Sensitivity Improvement in DCM 23.29 | 23.18 |23.13 |23.35
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Information noted in Table 3.6 show that DCM attains the same BER at relatively lower
SNR over QPSK. At particular BER for a fixed number of receiving antenna, the SNR
value increases with the increment of number of transmitting antenna. That is, the
performance deteriorates with the increment of transmitting antenna if no transmission

diversity coding technique is applied.

SNR vs BER Curve
Multiple Tx and 2 Rx Antenna Configuration
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Fig. 3.6: SNR vs BER Curve for Multiple Tx and 2 Rx Antenna Setup
In Fig. 3.6, number of receiving antenna is kept fixed at 2 while, the number of
transmitting antenna is increased sequentially from 1 to 4. SNR vs BER measurements

are taken for different antenna configuration and noted in Table 3.7.

Table 3.7: Sensitivity (SNR in dB) of DCM and QPSK for Multiple Tx and 2 Rx at
BER 1073 and 10 Respectively

Tx — 1 2 3 4

SNR (dB) for 2 Rx

QPSK 11.2 14.08 | 15.77 | 17.09
at BER 10° | DCM 7.88 11.0 12.74 | 13.9

Sensitivity Improvement in DCM 3.32 3.08 3.03 3.19
at BER 105 QPSK 26.2 | 295 31.0 |323

DCM 16.55 | 19.8 |[21.7 |23.0

Sensitivity Improvement in DCM 9.65 9.7 9.3 9.3
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In addition to the characteristics of the system noted in Table 3.6, it is depicted in Table

3.7 that with the increment of number of transmitting antenna the sensitivity

improvement of DCM gradually reduces.

SNR vs BER Curve

Multiple Tx and 3 Rx Antenna Configuration
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Fig. 3.7: SNR vs BER Curve for Multiple Tx and 3 Rx Antenna Setup
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Keeping the number of receiving antenna fixed at 3, the number of transmitting antenna

is increased from 1 to 4 sequentially and outputs are graphically represented in Fig. 3.7.

SNR vs BER measurements for different antenna configuration are noted in Table 3.8.

Table 3.8: Sensitivity (SNR in dB) of DCM and QPSK for Multiple Tx and 3 Rx at
BER 1073 and 10 Respectively

Tx — 1 2 3 4
SNR (dB) for 3 Rx
QPSK 6.66 |9.6 11.4 12.6
at BER 10° | DCM 4.85 7.7 9.55 10.73
Sensitivity Improvement in DCM 1.81 1.9 1.85 1.87
at BER 105 QPSK 17.0 1203 [219 |23.25
DCM 11.68 | 14.6 1642 | 17.6
Sensitivity Improvement in DCM 5.32 5.7 5.48 5.65
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Studying Fig. 3.7 and associated data of Table 3.8, it becomes clear that increasing the
number of receiving antenna to 3, the performance of both the modulation scheme
improves. However, as the number of transmitting antenna chronologically increases,

the sensitivity improvement of DCM in comparison continues to decrease.

SNR vs BER Curve
Multiple Tx and 4 Rx Antenna Configuration
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Fig. 3.8: SNR vs BER Curve for Multiple Tx and 4 Rx Antenna Setup

However, in Fig. 3.8, the number of receiving antenna is kept fixed at 4 while, the

number of transmitting antenna is increased sequentially from 1 to 4. Necessary SNR vs

BER measurements are noted in Table 3.9.

Table 3.9: Sensitivity (SNR in dB) of DCM and QPSK for Multiple Tx and 4 Rx at
BER 107 and 10-® Respectively

Tx — 1 2 3 4
SNR (dB) for 4 Rx
QPSK 424 |7.04 |8.85 10.06
at BER 103 | DCM 3.0 5.8 7.5 8.85
Sensitivity Improvement in DCM 1.24 1.24 1.35 1.21
at BER 105 QPSK 12.5 15.6 17.3 18.55
DCM 8.9 12.0 13.65 | 14.9
Sensitivity Improvement in DCM 3.6 3.6 3.65 3.65
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Table 3.9 gives a vivid exposer that the overall system performance improves if the
number of receiving antenna is increased to 4 than that of using lower number of
receiving antennas in comparison to the number of transmitting antennas. But the

sensitivity improvement of DCM in comparison to QPSK reduces further.

The SNR vs BER Curve for different cases are shown through Fig. 3.1 to 3.8. Among
these Fig. 3.1 to 3.4 illustrate how the BER changes with varying number of receiving
antenna N: against fixed number of transmit antenna N: While Fig. 3.5 to 3.8
demonstrate the behavior of changing the BER with varying number of Nt against fixed

number of receiving antenna N:.

Crux of the results obtained through Fig. 3.1 to 3.8 are plotted in Fig. 3.9. The graphical
representation illustrates how the average BER changes with the increment of transmit
and receive antennas sequentially from 1 to 4. It further exhibits that incorporation of
space diversity in the system decreases the BER dramatically and improves the overall

performance.

SNR vs BER Curve
Multiple Tx and Multiple Rx Antenna Configuration
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Fig. 3.9: SNR vs BER Curve of DCM and QPSK for Incremental Nt and N; from 1 to 4
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To evaluate the performance of DCM in comparison to QPSK, the SNR (dB) values
obtained from Fig. 3.9 for both the modulation scheme at BER 10-* and 10 against
different antenna configuration such as, 1Tx 1Rx, 2Tx 2Rx, 3Tx 3Rx and 4Tx 4Rx are

taken into consideration and noted in Table 3.10.

Table 3.10: Sensitivity (SNR in dB) of DCM and QPSK at BER 10 and 10 having

Different Antenna Configuration

Antenna SNR (dB) Values for
Modulation 1Tx, IRx | 2Tx, 2Rx | 3Tx, 3Rx | 4Tx, 4Rx
QPSK at BER 1073 24.01 14.08 11.4 10.06
DCM at BER 1073 15.53 11.0 9.55 8.85
DCM Sensitivity Improvement | 8.48 3.08 1.85 1.21

Over QPSK at BER 1073

QPSK at BER 10-¢ 53.94 29.5 21.9 18.55
DCM at BER 10°° 30.65 19.8 16.42 14.9
DCM Sensitivity Improvement | 23.29 9.7 5.48 3.65

Over QPSK at BER 10

The obtained results of SISO configuration as noted in Table 3.10 show that DCM
significantly outperforms QPSK by about 8 dB at BER 10-. This outcome of Fig. 3.9
goes in line with the previous studies on similar type of topics carried out by Park, K.
H., Sung, H. K. and Chai, K. Y. [30] as well as Ryu, H. S., Lee, J. S. and Kang, C. G.
[33]. However, Table 3.10 clearly shows that to achieve BER 103 or 10 against
different number of antenna combination, the SNR value decreases with the
employment of higher number of antennas and more specifically due to higher number

of receiving antennas.
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Sensitivity Curve
SNR(dB) of DCM and QPSK at BER 107 and 10®
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Fig. 3.10: Sensitivity of DCM and QPSK at BER 10-* and 10 for Different Antenna

Configuration

Fig. 3.10 is generated out of the data of Table 3.10. It shows that the benefit of
employing MIMO is distinct in comparison to SISO. The sensitivity upper hand that
DCM exhibits over QPSK at BER 10 with 1Tx 1Rx, 2Tx 2Rx, 3Tx 3Rx and 4Tx 4Rx
antenna arrangements are 8.48, 3.08, 1.85 & 1.21 dB respectively whereas, at BER 10
they are 23.29, 9.7, 5.48 & 3.65. Though the increment of MIMO configuration (space
diversity) projects improvement in sensitivity but the rate of improvement does not
follow the same curve. With the increment of space diversity, the rate of relative
sensitivity improvement reduces and become insignificant in comparison to the system

complexity which is in fact the basic characteristic of MIMO technique.

From the obtained figures, data on the change of sensitivity (dB) in DCM and QPSK
system for different antenna configuration in comparison to the system with SISO
QPSK at BER 1073 and BER 10¢ are extracted and noted in Table 3.11 and Table 3.12
respectively. The SNR measured for both DCM and QPSK system against the fixed
BER 1073 or 10 show that gradual increment of the number of receiving antenna

provides improvement in sensitivity than the previous. It is just the echo of the fact that
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for any fixed number of transmit antenna (Nt), the same BER can be achieved at
relatively lower SNR by increasing the number of receiving antenna (Nr). However, for
any fixed number of receiving antenna, if the number of transmit antenna is increased,
the sensitivity improvement (in terms of SNR in dB) of DCM in comparison to SISO
QPSK decreases. This comparative performance analysis becomes more vivid when it is

projected graphical through Fig. 3.11 and 3.12.

Table 3.11 Improvement of Sensitivity (dB) in DCM and QPSK System for Different
Antenna Configuration in Comparison to the SISO QPSK System at BER 107

Tx

Rx 1 2 3 4

1 0 -3.14 -4.82 -6.16
QPSKat |2 12.81 9.93 8.24 6.92
BER 10 |3 17.35 14.41 12.61 11.41

4 19.77 16.97 15.16 13.95

1 8.48 5.57 3.66 2.56
DCM at 2 16.13 13.01 11.27 10.11
BER 107 |3 19.16 16.31 14.46 13.28

4 21.01 18.21 16.51 15.16

Sensitivity Improvement (dB)
- In Comparisclm to QPSK 1 Tx 1 R).( at BER 1073

—+8— Tx1 DCM Gain
—&— Tx2 DCM Gain
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— B —Tx4 QPSK Gain
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Receiving Antenna (Nr)

Gain (dB) over QPSK 1 Tx 1 Rx

Fig. 3.11: Sensitivity Improvement (dB) of QPSK and DCM in Comparison to
SISO QPSK at BER 1073
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Table 3.12 Improvement of Sensitivity (dB) in QPSK and DCM System for Different
Antenna Configuration in Comparison to the SISO QPSK System at BER 106

Tx

Rx 1 4

1 0 -3.04 -4.72 -6.06
QPSKat |2 27.74 24.44 22.94 21.64
BER 10¢ |3 36.94 33.64 32.04 30.69

4 41.44 38.34 36.64 35.39

1 23.29 20.14 18.41 17.29
DCM at 2 37.39 34.14 32.24 30.94
BER 106 |3 42.26 39.34 37.52 36.34

4 45.04 41.94 40.29 39.04

Sensitivity Improvement (dB)
50 In Comparison to QPSK 1 Tx 1 Rx at RER 10°®

Gain (dB) over QPSK 1 Tx 1 Rx
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Fig. 3.12: Sensitivity Improvement (dB) of DCM and QPSK in Comparison to
SISO QPSK at BER 106

However, study on Fig. 3.11 and 3.12 aided to reach at the following deduction:

1. The BER performance of DCM is better than that of QPSK for any similar type
of SISO, SIMO, MISO or MIMO arrangement.
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il. Comparing the curves, corresponding to the BER performance improvement in
case of DCM MB-OFDM UWB communication system with space diversity, it is found
that deploying multiple antennas at receiving end remarkably improve the BER
performance. However, use of multiple antennas at transmitting end causes relative

performance deterioration.

iil. Keeping the number of transmitting antenna (Nt) fixed at either 1, 2, 3 or 4, and
increasing the number of receiving antenna (Nr) from 1 to 4, gradually decreases the
system BER. In Fig. 3.2, for DCM with transmitting antenna Nt=2, against varying
number of receiving antenna, Nr=1, 2, 3, 4, at SNR 10 dB, the BER changes from
2.636x1072, 1.753x1073, 1.362x10* and 1.141x10 respectively. Similar type of
behaviour is observed in case of QPSK modulated system too (i.e. BER 4.578x1072,
5.461x1073, 7.498x10* and 1.085x10%). The reason for this phenomenon is that in case
of such a system, the channel diversity remains fixed at the transmitting end, but at the
receiving end the diversity and array gain increases with the increase of number of

receiving antenna, Nr.

33 Summary

Results obtained through numerical computation show that DCM SISO configuration
significantly outperforms QPSK by about 8 dB at BER 10~ which goes in line with the
research carried out by K. H. Park, H. K. Sung and Chai, K. Y. [30] as well as Ryu, H.
S., Lee, J. S. and Kang, C. G. [33]. Analyzing the results, it is found that MIMO
technique works fine with DCM technique. Use of multiple antennas with the receiver
significantly improves the BER performance. On the other hand, using multiple
antennas with the transmitter without incorporating any transmission diversity coding

technique causes relative performance deterioration.
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CHAPTER-+4
CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

BER analysis of an UWB communication system with DCM and space diversity is
carried out through analytical development of the expression of SNR and PEP. SISO,
SIMO, MISO and MIMO arrangement are taken into consideration to satisfy the
requirement of space diversity. In the process, formula of pdf for the output SNR of
such a system is derived considering Rayleigh fading environment. Average BER
expression through PEP is determined on the basis of pdf and output SNR for the DCM
system. This has ultimately helped estimating the cumulative average BER. Alternative
expression of Q-function (Craig’s function) has generated the desired MGF to ease up
the analytical process of BER determination. In fact, the BER expression is deduced
from the summation of the conditional PEPs between pair of distinct codes for a MB-
OFDM UWB system with N, transmit and N, receive antennas. In doing so, the
Euclidian distance between the related pair of coordinates of a DCM system is
measured from the accumulated constellation which has eventually aided ascertaining

the cumulative average BER.

In this research, performance of the DCM system is analyzed through multiple
combination of transmit and receive antennas which has generated different multipath
fading channels such as SISO, MISO, SIMO and MIMO. For better assimilation
regarding performance enhancement of such MB-OFDM UWB DCM system with
space diversity, number of SNR verses BER curves are projected through numerical
computation. The SNR measured for both DCM and QPSK system against the fixed
BER 107 or 10 shows that gradual increment of the number of receiving antenna
provides improvement in sensitivity. In fact, it echoes the teaching that for any fixed
number of transmit antenna N, the same BER can be attained at relatively lower SNR
by increasing the number of receiving antenna N:. The reason for this phenomenon is
that for such a system, the channel diversity remains fixed from transmission side, but at
the receiver end the diversity and array gain increases with the increment of number of

receiving antenna Nr. However, use of multiple antennas at transmitting end without
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incorporating any transmission diversity coding technique in the system causes relative

performance deterioration.

Numerical computation based on the analytically developed equation shows that the
BER performance of DCM communication system is distinctly better than that of QPSK
for any similar type of SISO, SIMO, MISO or MIMO arrangement. But, while
deploying multiple antennas, the most important point that is to be kept in mind that the
number of receiving antennas should be at least equal or more than that of the number
of transmitting antennas. However, in order to get further enhancement in BER
performance of a DCM UWB communication system with space diversity, transmitter

diversity is to be exploited simultaneously along with receiver diversity.

4.2 Scope of Future Work

MIMO is an emerging technology that can effectively improve the performance of a
wireless system in fading environment. Multiple antenna of a MIMO system increases
the throughput without involving any extra bandwidth or extra power. To exploit the
maximum out of a MIMO diversified wireless communication system it is essential to
incorporate some transmission diversity coding technique, such as STC. However, in a
DCM UWB communication system, OFDM converts the frequency selective fading
channels into a set of flat fading channels. Therefore, STC can very well be

implemented with a DCM system operating with space diversity.

In 1998, Alamouti proposed STBC technique which guarantees a full space diversity
and full rate transmission with 2x2 MIMO system. Later on, Tarok provided almost the
same for a 4x4 MIMO system. However, Alamuti STBC has the advantages of a lower
computational complexity and a high data rate which is two times than that of the MB-
OFDM system. Therefore, in quest of much better performance out of a DCM MB-
OFDM UWB communication system with space diversity further research may be

carried out incorporating Alamouti STBC technique.
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APPENDIX-A
DETERMINING MGF BY LAPLACE TRANSFORMATION

According to (2.55), the equation of average PEP is,

T
2 o %)
1 Ci1Yr1 Cj2Vr2
p(xA - xj) = EJ- f exp (_ 2NtSiTl29) fol (yfl)dyfl f exp (_ 2NtSiTl29) foz (yfz)d)/fz ae
00 0
MGF1 MGF2
Gt
let,s = — —2—
2N;sin?6
1 T o [e9)
So, p(xa—x;)= ;foz Jo exp(s)fy,, (Yp1)dve J, exp(8)fy (Yr2)dyp2 do ... (A1)
MGF1 MGF2

Now, to integrate the above equation (A1) by parts and to determine the MGF, let’s

assume:

(o]

M, (s) = MGF = f exp(s)fyf1 (yfl) dyy e (A2)
0

However, the formula of Laplace Transformation is;

n!
n,—at

t"e™ () G e (A3)
and PDF of Rayleigh fading channel is;

0 =Yrexp(-Y/p) L (44)
If =Y and y = x then,

=1/ X/ ) = _X/_
f(x) = /y exp( /y) kexp( /y) ......... (45)

k is a constant, where, k = 1 /]7
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Analogies between (A3) and (A5) are; n=0, a= 1/7 and t=x
So, the Laplace transformation of (AY) is,

n! 0! 1
Gs)=k—mo-——=1/ 1/
(S) (a + s)n+t /y(5+1/7) /y s+1/7

To determine FFT from Laplace transformation, a (-) sign is to be used in front of the

value of ‘s’. Hence, from (A6) the FFT result is;

1

_ =1
My (s) = MGF = 1/ 1
Y

Now, in (A7), let’s put the assumed value

le

SET 2N,;sin?6

So, the equation of MGF for Rayleigh fading channel (A7) becomes;

— = -1
Gt —Cji 3! CitYr1
v\" 2N, sin20 2N,sin26) Y 2N,sin?0

= -1
_ . o CitYrf1

_ 2Ntsin29 + le?fl ! _ sin®6 + ZM

a 2N,sin?6 - sin?6
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APPENDIX-B
DETERMINING MGF DIRECTLY BY INTEGRATION

According to (2.55), the equation of average PEP is,

T
2 o %)
1 Ci1Yr1 Cj2Vr2
p(xA - xj) = EJ- f exp (_ 2NtSiTl29) fol (yfl)dyfl f exp (_ 2NtSiTl29) foz (yfz)d)/fz ae
00 0
MGF1 MGF2
Cit
let,s = — —2—
2N;sin?6
1 z e} o
So, p(x, - xj) = ;foz fo exp(s)fy,, (yfl)dyfl fo exp(s)fy, (yfz)dyfz de ... (B1)
MGF1 MGF2

Now, to integrate the above equation by parts and to determine the MGF, let’s assume:

[ee]

M, (s) = MGF = f exp(s)fyf1 (yfl) dyy e (B2)
0

But, pdf of Rayleigh fading channel is;

fol(yfl) = 1/Vfl exp <_ yﬂ/vﬂ) ......... (B3)

Putting the value of (B3) in (B2), the MGF for Rayleigh fading channel is obtained as;

o)

= = 1 — —_ Yfl = )
M, (s) = MGF f /yﬂ exp ( /Yfl exp(s) dyy
0

-<I|'__\

1 © _m 0 B 1
= __f e Yrles del = f e Yﬂ(yﬂ S) d)/fl
Yr1 . fl J
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1 1 _
=7_xﬁ=(1_57ﬂ) oL (B4)
n T,—ﬂ(l ~ s¥1)

Now, in (B4), let’s put the assumed value

le

SET 2N,;sin?6

So, the equation of MGF for Rayleigh fading channel (B4) becomes;

96 (~awais) = {1~ (i)}
Y\ 2N,sin260) 2N,sin2%@ Y

= -1
CitYri
- (1 +J—)
( 2N,sin?6

_[2Nsin®0 + ¢;i ¥y, -
B 2N,sin?6

- on . CitYrL
sin“6 + _ZNt

sin20
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APPENDIX-C
DETERMINING BER OF QPSK THROUGH PEP METHOD

Let P(E) and P,(E) denote the average Symbol Error Rate (SER) and Bit Error Rate
(BER) respectively where, P,(E) ~ 1/ZPS(E). In case of QPSK transmission, assuming

that each accumulated symbol is transmitted equally likely, the BER is given by;
Py(E) = 1/2 R(E) < 1/2 {pCea = x5) +p(xy > xc) + (x4 > xp)} oo (C.1)

where, p(xA —>xj), j €{B,C,D} represents the average pair-wise error probability
(PEP) of confusing x, with x;, when x, is transmitted. Let’s consider that the symbol

and bit energy are denoted by Eg and E, respectively where, Eg = 2E,,.

Xp X4

O -+ O+\/§

=0 + O

2

Xc Xp

Fig. C.1: Distance between Constellation Points for QPSK Modulation'

In Fig. C.1, d = \/%; expresses the distance in terms of symbol energy between the

adjacent points in a QPSK constellations. If N, represents noise energy then, for a
MIMO system with N, transmit antenna and N, receive antenna, the conditional PEP

between two distinct code words can be defined as (2.55).

Ny
o)
p(xa - xjlhy, by ) = Q Z—MZn(xA YA E— €.2)
j=1

IKrishna  Sankar,  “Symbol Error Rate (SER) for QPSK (4-QAM) Modulation,”
http://www.dsplog.com/2007/11/06/symbol-error-rate-for-4-qam/ [Online, accessed on: 21 Dec 2018]
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where, Q denotes the Q-function
H represents the channel matrix

and the average SNR § is expressed as,

2
Es
Esig (d)z 2 Es 2Eb Eb Es
§=—== = = =— d= |- & E;=2E
Ny _ N, N, 2N, 2N, N, as 2 s = 45
So, the relationship between signal and bit energy can be expressed as;
Esig =Ep e (€. 3)

Like (2.45), basing on the QPSK constellation as shown in Fig. C.1, the equation of
conditional PEP for a MIMO system with two symbol pair having both |- and Q- phases

in each symbol, can be written in accordance with (C.2) and expressed as;

NT
0
P(XA - xj|h1,h2) =0q Z_Ntz {(xAI - xj1)2|h1|2 + (xAQ - ij)2|h2|2}
=1

NT
E.;
p(xa = xjlhy, hy) = Qk ZNSOllth {Gear = 230) 1hal? + (4 — ij)2|h2|2})
=

1

Now, for a MISO system with N,. = 1, the conditional PEP becomes:

E..
P(XA - xj|h1, hz) =0q \}21\/5(:?% {(xAI - xj1)2|h1|2 + (xAQ - ij)2|hz|2} . (C.4)

In the constellation of QPSK (Fig. C.1), let, a;and a, be the Euclidean symbol distance
between x4 and x; in both I- and Q- phase respectively. Therefore, the numerical value

of the symbol distances corresponding to a;and a, can be expressed as in Table C.1.
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Table C.1 QPSK Symbol Distance in Constellation Diagram (Fig. C.1)

Serial | Symbol pair QPSK symbol a2 a: .
distance a,, a, Gr=7% CGz2=> (j €B,C,D)
1 (xA - XB) (2/ 0) (2/ 0)
2 (xA i xC) (2/ 2) (2/ 2)
3 (xA - XD) (0/ 2) (0/ 2)
In (C.4), putting the value of (C.3), the conditional PEP becomes;
_ 1 aj21|h1|2 + aj22|h2|2 Egyq
p(x4 = xj|hy, hy) = Q N, 5 Ny
_0|= Gl + aplhal\E, E. —E
N, 2 N, sig b
1 E, ) aj
= Q\/E (cialha|? + Cj2|h2|2)N_0 assuming, 7’ =c; - (C.5)

However, similar to (2.49), in Rayleigh fading channel the pdf of instantaneous SNR

(yﬂ) is given by;
fovp) =V exp(-2) L (C.6)
Yr\ifl Yru T’fl

where, the instantaneous SNR per bit for subcarrier [ is,

Ep _ Ep
Y = lhllZN_' l€1,2 and Y =Elyn|= E|hz|2N—
0 0

Putting the above value; vy = |hy|? Eb/ Ny’ the equation (C.5) leads to;

1
p(xa = X5ly1,v2) = Q\/E (aver + Ca¥p2) e (€.7)
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Similar to (2.67), the equation of cumulative average BER for a QPSK based MB-
OFDM UWB MIMO system can be illustrated as;

_ =, _ -
p,(E) < — (2% + )Z< fﬂ’fl) (1 +m)
N2 F(ZN +1) £ 2N, 2V,

%

1 1 1
X F | = Ny, N 2V, + 1; — | C.8
oo " 1 Ci1Vr1' Ci2Vr2 (€.8)
+ 2N, 1+ 2N,

However, like (2.70), the equation for the cumulative average BER of an UWB

communication system with QPSK and space diversity can be expressed as;

(ZNr—E)!( 270) ™ (4 4 20y

1
Py(E) < X 1+ —=
vB) < w7 e, 20 2N,
1 1 fo —Nr 2]7f —Nr
Fi| =; ;2 1; 1+—= 14+ —L
X\ g W20+ 1 ) (14 550)
2N, - T 2N;
1 1 1 07¢ Ny 27; ~ Ny
Fi| =; ;2 1; 1+—= 14+ —L
XFa| g M 220 IR/ +< +2Nt> ( +2Nt>
2N, - T2N,
1 1 1
x Fy E;M'M;2M+11+07f'1+2]7f ......... (C.9)
2N, - T 2N,
1
P,(E) < ! x(ZNr_E)! (1+yf) WF | S o 41— 1
b _4\/E (2]\/;)! M 1 2! rrJV¥r r 1+]/_'
Ny
.. =
r T 1
+(1+y—f) <1+y—f) X F; ]\fr,]\fr,ZN +1;,——
N Ne 1+ 04
Ne Ny
/AN IR | R
+(1+ XF | =M, NV 2, + 151, —— (C.10)
2Ne 2 142

Ne
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