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Abstract

Impulse Radio—Ultra—WideBand (IR—UWB) communication systems of late has attracted
strong attention from the researchers, for its high speed and short range applications in the field
of wireless communication. According to Federal Communications Commission (FCC), sig-
nals that possess a bandwidth larger than 500 M H = or a fractional bandwidth of more than 20%
are said to be UWB. IR—UWRB is a single band carrierless communication technology, trans-
mitting information onto a sequence of impulse like waveforms (nanosecond duration pulses),
thereby occupying the entire bandwidth of 7.5 GH z. The enormous bandwidth occupancy of
UWRB signal, makes it robust to multipath fading and intersymbol-interference (ISI) effects. It
also makes the channel frequency selective, resulting in a large number of resolvable multipath
components, which offer the potential of multipath energy combining at the receiver end by co-
herent or non—coherent means. While a coherent Rake receiver gives better bit error rate (BER)
performance, it requires accurate channel estimation and synchronization for extracting multi-
path energy from multipath components that results in high complexity. Hence, simple and less
complex non—coherent IR—UWB autocorrelation (AC) systems such as transmitted reference
(TR), transmitted reference pulse cluster (TRPC), and differential transmitted reference (DTR)
are preferred. But, AC systems require long analog delay lines for performing correlation dur-
ing detection, thereby leading to hardware complexity issues. Hence, low complexity energy
detector (ED) system is preferred, which works by squaring the received signal, followed by

integration and detection through decision device.

Owing to the strict guidelines issued by the FCC, UWB systems can operate at a maximum
transmit power spectral density (PSD) of -41.3 dBm /M H z, in order to avoid interference with
other existing technologies. The low PSD of UWB signals not only limits it from achieving a
wide coverage area, but also makes its performance sensitive to distance. So, to overcome such
weaknesses, cooperative technology was introduced, which emerged as the perfect scheme to

improve quality of service (QoS), coverage area, transmission reliability, and power efficiency.
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Abstract

The two relaying strategies that can be applied to a cooperative domain are regenerative and
non—regenerative relaying. In case of Detect and Forward (DTF), a classification of regener-
ative relaying, the relay node detects the received signal at the relay node in 1 time slot, and
then forwards the extracted information to the destination node in the next time slot. However in
case of Amplify and Forward (AF), a classification of regenerative relaying, the received signal

is forwarded to the destination node after being amplified at the relay node.

The research for cooperative transmission in multipath scenario using non—coherent IR—UWB
system is largely unexplored. AC systems such as TR and DTR use long analog delay taps for
storing past samples of the received signal that is required for correlation during detection pro-
cess. This leads to an increase in storage requirement, which increases the hardware complexity
and cost of receiver. Due to its less complexity and sensitivity to synchronizing errors, ED sys-
tem that works by squaring the received signal followed by integration and detection through
decision device, is preferred. If complexity is preferred over performance in the trade—off
between complexity and performance, then ED receiver acts as the best choice because of its

simplicity and less hardware complexity.

Taking inference from the existing study and knowing the research gaps, we firstly present
an analytical approach to determine the BER performance of non—coherent IR—UWB sys-
tem namely AC and ED, in single—link scenario, over IEEE 802.15.4a UWB environment. The
analytical approach for evaluating the BER of AC systems such as TR and DTR, is based on au-
tocorrelation principle while, ED systems such as ED—OOK, ED—PPM, use energy detection
principle for performance analysis. The analytical results are also validated with simulations
for (N = 1, 2), where N; signifies the number of frames. Furthermore, computer simulations
are used to compare the BER performance of various non—coherent IR—UWB systems namely,

TR, DTR, ATR, RTR, RATR, ED—OOK and ED—PPM, in single—link environment.

We then analyse the BER performance of non—coherent IR-UWB AC (TR,DTR) sys-
tems using cooperative dual—hop AF and DTF relay strategy for various diversity combining
schemes namely, linear combining, selective combining and optimum linear combining, over
802.15.4a UWB environment. The analytical approach used for BER evaluation is based on

autocorrelation principle and is validated with the simulation results.

In the 1*' time slot, UWB signal modulated by the information bit is transmitted from the
source node to relay as well as destination node. The received signal at relay node is either am-

plified or detected, depending on the relay strategy used, and then forwarded to the destination
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Abstract

node in the next time slot. The decision statistics obtained at the destination node in the two
time slots are combined using various combining techniques to form the final decision statistic,
which is compared to the decision threshold to recover the original bit.

A novel analytical representation of BER performance of non—coherent IR—-UWB ED—OOK
and ED—PPM systems using cooperative dual—hop AF and DTF relay strategy for various
combining techniques, over IEEE 802.15.4a environment, is illustrated. In particular, the ap-
proximate expression based on energy detection principle are derived for various diversity com-
bining schemes namely, linear combining, selective combining and optimal linear combining.
The analytical BER expressions are also validated with the simulations for Ny = 1, 2.

Computer simulations are also used to compare the BER performance of non—coherent
IR—UWRB systems based on increase in number of relay paths L, decrease in number of frames
Ny, channel used (CM1,CM2), relaying strategies, diversity combining schemes and type of

system used.
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Chapter 1

Introduction

1.1 A Brief Introduction to UWB Technology

Ultra—Wideband (UWB) communication, one of the emerging technologies in the field of wire-
less communication and spectrum management, finds its base in the form of transmission and
reception of extremely short duration pulses (typically subnanosecond) [1, 2, 3, 4]. UWB tech-
nology has been approved by Federal Communication Commission (FCC), USA in 2002 and
Electronic Communication Committee (ECC), Europe in 2007. According to FCC, signals
which possess a bandwidth exceeding 500 M H z or a fractional bandwidth f, more than 0.2,
are said to be UWB [5, 6, 7, 8]. Defined as the ratio of absolute bandwidth to the centre fre-

quency, fractional bandwidth can be expressed as:

= 1)
fo = Q(fh+fz) (1.1

where, fj, and f; represent the upper and lower frequencies at - 10 dB respectively [7, 8]. The
UWRB systems are allowed unlicensed usage of 7.5 G H z of spectrum in the frequency bands
3.1 —-10.6 GHz [9, 10, 11]. UWB plays a pivotal role in management of spectrum by sharing
the already occupied radio spectrum rather than using any new bands, thus obeying the underlay

principle.

1.1.1 History of UWB

The earliest prototype of UWB technology can be traced back to 1900, when Marconi trans-
mitted Morse Code using spark gap radio transmitters [12, 13, 14]. However, much attention

was not paid to this technology at that time and since then the potential ability to provide large
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bandwidth out of that technology was buried for many years. Approximately in 1960s, UWB
technology came into light with the pioneering work of Gerald Ross at Sperry Research Center
in 1963 [15], Henning Harmuth at Catholic University of America [16] in 1969 and Paul Van
Etten at USAF’s Rome Air Development Center in Russia [17]. Back then, this technology
was referred to as baseband, carrier-free or impulse. Harmauths books and published papers,
1969 — 1984, focused on the basic design of UWB transmitters and receivers. At the same time,
1972 — 1984, Ross’s patents pioneered the use of UWB signals in a number of application areas,
including radar, coding schemes and communications while, Etten’s empirical testing stressed
more on system design and antenna concepts of UWB radar system [17]. The development of
sampling oscilloscope in the early 1960s and the corresponding techniques used for generating

sub-nanosecond pulses sped up the development of UWB [18].

The basic designs for UWB signal systems were available by 1970s and there remained no
major impediment to progress in perfecting such systems. In fact, by 1975, UWB system de-
veloped for radar communication was constructed from components purchased from Tektronix.
The term 'ultrawideband’ originated with the Department of Defence of USA around 1989 to
describe communication via transmission and reception of impulses; and by that time UWB
theory, techniques and hardware approaches had experienced well over 25 — 30 years of exten-
sive development. By 1990, around 50 patents had been awarded to Sperry Research Center
for their contribution in the field of UWB technology including applications in radar, commu-
nications, altimetry, positioning system, automobile collision avoidance, liquid level sensing
and positioning systems [18]. By 2000, the attractive features of time-hopping (TH) spread-
spectrum multiple-access system employing UWB technology, was outlined by Scholtz [19, 3].
Most of the UWB applications and development occurred in military domain or work funded
by the US government. In case of military, accurate radar and low probability of interception

was the driving force behind research and development.

The next milestone was however seen in the year 2002, when Report and Order issued by
FCC, allowed commercial use of UWB technology due to increasing demand of high data rate
service from various organizations. Companies such as Time Domain, Xtreme Spectrum, Intel
Corporation and Motorola have built signal generator, amplifier, Precise Location Asset (PAL)
system and broadband multimedia [18]. These industries have also taken a positive initiative to
not only publish research papers, but also provide pioneer platforms for UWB hardware based

research. IEEE has also published its standard for UWB applications namely IEEE 802.15.3a,
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IEEE 802.15.4a and IEEE 802.15.6.

1.1.2 Basics of IR-UWB

The most traditional way of emitting a UWB signal is by transmitting ultra—short duration
(sub—nanosecond) pulses. Depending on the availability of bandwidth, UWB system is clas-
sified as single band and multi—band (MB) UWB. Impulse Radio (IR) UWB, a single band
carrierless communication technology transmits information directly onto a sequence of im-
pulse like waveforms, which occupy the entire available spectrum of the order of several GHz
(7.5 GHz) of bandwidth whereas, in case of MB—UWB, the total available frequency band is
divided into several subbands, where each subbband occupies a bandwidth of atleast 500 M H z,
in accordance with FCC regulations. Interleaving the information symbols across each subband
allows the MB—UWB to maintain the same transmit power, as if the entire bandwidth of GH 2z
order is utilized. In MB—UWB, each subband uses Orthogonal Frequency Division Multiplex-
ing (OFDM) modulation technique to transmit information [20, 21]. The requirement of high
performance electronics circuitry for the working of MB—OFDM UWB radio has given rise to
its replacement with IR—UWB, which requires, less complexity and low power consumption
[22].

In case of IR—UWRB, the information symbols (or bits), are represented by pulses which
may differ depending on the modulation scheme used. The most commonly used modula-
tion schemes are Pulse Amplitude Modulation (PAM), Pulse Position Modulation (PPM) and
On—Off Keying (OOK). In addition to modulation schemes, data symbols sent over the channel
are also encoded using pseudorandom or pseudo—noise (PN) sequences, which may be used to
spread the impulses in time, in order to avoid co—channel interference. As a result, the encoded
data symbols uses either direct sequence (DS) or TH [8] modulation scheme in IR—UWB sys-

tems.

1.1.3 Properties of UWB

The UWB technology can be distinctly characterized by its properties, which differentiates it
from narrowband technology. The large bandwidth of UWB systems implies extremely high
data rate (up to hundreds of Mbit/s) can be achieved. As the UWB pulses are extremely short

duration up to the order of sub—nanosecond, they can be distinguished easily from unwanted
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multipath reflections, which leads to multipath immunity. UWB signals have superior penetra-

tion properties due to the low frequency components in UWB frequency spectrum.

These UWB signals also have a low PSD of —41.3 dBm/M H z, which allows it to share its
spectrum with other technologies (narrowband), because of its low interference property (low
probability of interception and detection). UWB technology promises low cost, low power con-
sumption, small size, long battery operated devices due to its simple transceiver design. UWB
has various advantages over other wireless technologies such as flexibility, reuse of radio spec-
trum, high immunity to interference, penetration capabilities, large bandwidth, high precision

ranging and simple implementation [8].

1.1.4 Applications of UWB

UWRB technology has many potential applications supporting high as well as low data rate short
range wireless personal and body area networking. For high data rate applications, UWB is
considered a replacement for Universal Serial Bus (USB) cable to connect a Personal Com-
puter (PC) and other associated peripherals namely handheld computers, printers, web cams,
still cameras and mobile phones [23]. It also plays a vital role in high data rate wireless video
and audio streaming from camcorders to computers or TV sets. The low data rate applications
of UWB include wireless sensor networks (WSN) [24, 25]. The properties of UWB such as
low price, low cost, accurate positioning and ranging capabilities finds its application in med-
ical field such as monitoring of patients, locating equipments [26]. The military applications
include network capable low probability of interception and detection radios, data—links for
unmanned aerial vehicles (UAVs), wireless intercom systems for secure, untethered communi-
cation onboard aircraft, mine detection during warfare, wall imaging for fire—fighters, and pre-
cision geo—location systems. The penetrating capability of UWB signals give rise to a whole
range of new applications, including wall penetration radars to detect personnel through sev-
eral intervening walls, ground penetrating radars, intelligent transportation systems (ITS) with
vehicle to vehicle and vehicle to roadside communications, collision and obstacle avoidance

radars.
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1.2 IR—UWB System Model

The various aspects of IR—UWB system model namely Pulse Shape, Signal Model, Channel

Model and Receiver Architecture, is described in this section.

1.2.1 Pulse Shape

Pulse shaping is an important aspect of signal transmission as it affects its PSD. The pulse shape
used for UWB communication is basically a Gaussian pulse or its derivatives. Gaussian mono-
cycle, first derivative of Gaussian pulse and Gaussian doublet, second derivative of Gaussian
pulse are used for UWB communication [27]. As the order of the derivative increases, there
is a shift in spectrum, because the centre frequency too shifts in frequency domain [28]. The
side lobes of the gaussian spectrum is found to decay, with increase in frequency, but it never
reaches zero. So, the signal is said to be infinite in frequency domain. As a signal pulse cannot
carry a lot of information, the data is modulated onto a sequence of pulses called pulse train

[18].

1.2.2 Signal Model

Ina DS IR—UWRB system, each information symbol is direct sequence modulated using a spread
spectrum PN code, specific to each user [29]. The PN codes are orthogonal and known to
the transmitter and receiver. The Fig 1.1(a) represents the DS IR—UWB signal with b; = 0,
bp =1landc = [1,1,—1,1, —1,—1]. The transmitted DS IR—UWB signal for a single user is
represented as:
oo Nc
k k . .
SSDB%UWB(LL) - VE Z (1- 2b§' )) Z Ci(k)]?(t — Ty —iTe) (1.2)
j=—o00 =0
where, PAM modulation scheme is used for transmission. The terms bg-k) € (0,1) denotes the
binary information and cgk) € (—1,1) the DS spread spectrum code for user k.
Similarly, the transmitted TH—PPM signal 55@17 ppy(t) for an IR—UWB system can be
represented as [3]:
k , k k
SEFI)J_PPM(t) - VE Z p(t — jTy — c§ T, — ebfj/)Nf]) (1.3)
j=—0o0
where, T’ represents the frame duration, 77 the chip duration, 7} the bit duration, N the number

of chips per information bit, bfjk/) Ny € (0, 1) the binary information, E the energy per pulse, p(t)

5



1.2 IR—UWRB System Model
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Figure 1.1: (a) DS IR—UWB system having bits b; = 0, b, = 1 with DS PN sequence ¢ =
[1,1,—-1,1, -1, —1] (b) TH IR—UWB system having bits by = 0, b, =1, N}, = 3, Ny = 4 and
€ as PPM shift

denotes the gaussian second order pulse, € the PPM shift, N, the number of hops and N the
number of frames. Here, the pseudo—random TH sequence cg-k) lies in the range 0 < cg-k) < N
and bit duration T, is represented as T, = N1, = T;. The Fig 1.1(b) represents a TH—-UWB

signal with by = 1,0y = 1, N, = 3 and Ny = 4.

1.2.3 UWB Channel Model

The conventional narrowband channel models are inadequate for UWB communication because
of the enormous bandwidth of UWB signals. So, various desirable propagation models have
been developed to characterize UWB channels [30, 31, 32, 33], which the most desirable and
appropriate is IEEE 802.15.4a, a low data rate wireless UWB channel, based on the modification
of Saleh Valenzuela (SV) model [34, 30, 35, 36]. SV model describes the arrival of multipath
components as clusters, which are a combination of n number of rays separated from each other

in time, due to the reflection and refraction of UWB signals from various surrounding objects.
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All the multicluster signals and the multipath signals in a cluster follow log normal fading [37].

The SV model is represented as:

h
L
=
L

h(t) = g exp(j o, )0 (t — T — ) (1.4)
] 0

Il
o
il

where «y; represents the tap weight of the k™ component in ™ cluster, 7} the arrival time of
the I'™ cluster and ¢y, the phase which is uniformly distributed between 0 to 27r. The modified

IEEE 802.15.4a UWB channel is represented by a tap delay line model simplified as:

L-1

ht) = D st —m) (1.5)

=0

where /() represents the channel model, [ the number of multipaths, «; the amplitude of I tap,
7, the delay of I'"" tap and ¢ the Dirac Delta function. The number of significant paths considered
for simulation are those which have an energy of more than 85% and power within 10 d B of the
strongest path [30]. IEEE 802.15.4a UWB model is appropriate for devices operating with data
rates between 1 Kb/sec to several Mbit/sec [30]. In order to avoid Inter Pulse Interference (IPI)
in IR—UWB systems, received pulses should have frame duration, 7 > (7},,4s + 1),) wWhere
T, 1s the pulse duration, 7,4 = 7, — 7o the multipath delay spread, 7; and 7 are the delay of
I and 0™ pulse respectively. IEEE 802.15.4a has eight different channel environments namely

CM1—-CMB8, each having different bandwidth, coverage area, environment and usage scenario.

1.2.4 Receiver Architecture

The original transmitted signal gets delayed and attenuated as it passes through a channel, to
give rise to a received signal which is intercepted by the antennas present in the receiver. The
two types of detectors used for reception of UWB signals are coherent IR—UWB Rake receiver
and non—coherent IR—UWB receiver. The coherent and non—coherent IR—UWB receivers
are implemented either in analog or in digital domain. The implementation of the receiver
in digital domain requires high computational complexity because of higher data rate, more
memory size, higher processing speed and higher sampling frequency due to Analog to Digital
Converter (ADC), whereas in analog domain it relies on simplicity and low cost.

(i) Coherent IR—UWB Rake Receiver Coherent IR—UWB RAKE receivers which require
exact knowledge of the channel estimation [38]. For evaluating the channel estimation, RAKE

receiver must have a copy of the transmitted signal [39]. The coherent IR—UWB RAKE re-
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c(t —‘ 7o)
r(t) fdt
|
c(t—19)
[a
|
c(t — Tx-1) Wi-1

Figure 1.2: Coherent IR—UWB RAKE receiver

ceiver is a combination of matched filters also called correlators, where each correlator is ac-
curately matched to a delayed form of the same transmitted signal. The correlator output then
combines the multipath energy from each multipath, using either Maximal Ratio Combining
(MRC) or Equal Gain Combining (EGC), thereby making maximum use of multipath diversity
[29]. Further, accurate synchronization and timing offset is required for extraction of multipath

energy from the multipath components.

As shown in Fig 1.2, coherent IR—UWB RAKE receiver exploits multipath diversity, by
correlating the received signal r(¢) with k£ number of delays, providing & replicas of the actual
transmitted signal ¢(t). The combining RAKE weights wy, ws,....w;_; multiplied with the
various correlator outputs are finally combined using MRC techniques, to extract information

symbol. These weights are also determined adaptively by using channel model estimation.

The most commonly used coherent IR—UWB RAKE Receivers are All RAKE (ARAKE),
Selective Combining RAKE (SRAKE) and Partial Combining (PRAKE). ARAKE receiver
combines information available from all the multipath components, PRAKE receiver combines
information from first M arriving multipath components and SRAKE receiver combines infor-

mation from the strongest multipath components. The Bit Error Rate (BER) performance of
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a UWB system is affected by power delay profile (PDP), transmitter—receiver (Txr—Rxr) dis-
tance, RAKE combining scheme namely EGC and MRC, number of correlators and the channel

used.

(i1)) Non—Coherent IR—UWB Receiver As the number of multipath components increases,
more number of coherent IR—UWB RAKE correlators are required to extract the multipath en-
ergy, thereby leading to complexity issues. The problem faced by coherent IR—UWB RAKE
receiver is mitigated using a non—coherent IR—UWB receiver, which requires no knowledge
of channel estimation or received pulse estimation, yet exploits the rich multipath diversity.
Non—Coherent IR—UWB receivers are known to extract good amount of energy despite dis-
tortions and multipath propagation. Low complexity applications, less cost and less power
consumption give an edge to non—coherent IR—UWB receivers, over its counterpart coher-
ent IR—UWB receivers, though at the cost of poor BER performance. The non—coherent
IR—UWRB receivers are classified as autocorrelation (AC) receivers and Energy detector (ED)

receivers [40, 41].

1.3 Dual—Hop Cooperative System Model

The cooperative network discussed in this section consists of three links, namely, Source—Des-
tination (S—D) (Link-1), Source—Relay (S—R) (Link-2) and Relay—Destination (R—D) (Link-
3), as seen in Fig 1.3. A dual—hop cooperative relay strategy consisting of two time slots is
considered. In the 1% time slot, UWB signal is transmitted from the source node to relay node
as well as destination node. At the relay node, the received signal is either amplified or detected
depending on the relay strategy used, and then forwarded to the destination node in the 2" time
slot. The received signals obtained at the destination node in 1% and 2" time slots are then

demodulated using a non—coherent IR—UWB receiver.

1.4 Relay Strategies

In cooperative communication, terminals use relaying to jointly transmit information due to the
broadcast nature of wireless medium [42, 43]. The relay protocols are classified as Amplify and

Forward (AF), Detect and Forward (DTF) and Decode and Forward (DF) [44, 45, 46].



1.4 Relay Strategies

Single Link or Direct Path

Figure 1.3: Cooperative System Model having single link and one relay path

1.4.1 Amplify and Forward (AF)

AF, which is an analog scheme, works in non regenerative mode. In this scheme, a relay re-
ceives the transmitted signal sent by the source node in the first time slot, amplifies it and then
retransmits or forwards it to the destination node in the next phase [47]. This is the most pre-
ferred method when relay has limited computing time or power available at the time delay. As
it is assumed that in AF, the destination knows the channel state information (CSI), it is im-
portant to introduce some sort of mechanism to exchange or estimate the information in the

implementation. Noise amplification is a major issue for this technique [42, 44].

1.4.2 Detect and Forward (DTF)

In DTF scheme, code repetition is initially applied to the transceiver placed at source and relay
node. In the first time slot, the relay node detects or demodulates the transmitted codeword
sent by the source node using a hard decision decoding technique. The detected symbols are
then forwarded to the destination node, under the same constraint power in the second time slot

[48, 49, 50].

1.4.3 Decode and Forward (DF)

DF, which is a digital scheme works in regenerative node. The relay node, situated between

the source node and destination node, first decodes the transmitted codeword sent by the source
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node using soft output Viterbi decoding algorithm (SOVA), in the first time slot [51, 52, 53,
54,45, 55]. It then decodes and re—transmits the decoded codeword to the destination node, in
the next time slot. As a result, any errors at the relay node can be corrected and avoided from

propagating further to the destination node, because of its error correcting capabilities.

1.5 Motivation

IR—UWB communication has emerged as a strong candidate for short range, high bandwidth
and low cost applications. One of the challenges associated with UWB systems especially is de-
sign of an efficient receiver architecture for WPAN and WSN based applications. It is desirable
to use a coherent IR—UWB Rake receiver whose BER performance is much better compared
to a non—coherent receiver, but requires accurate channel estimation and synchronization to
match the incoming pulse with the template. Coherent receivers are also hard to implement and
are power consuming [29]. So, non—coherent IR—UWB receivers such as Transmitted Ref-
erence (TR)[56, 57], Differential Transmitted Reference (DTR) [58], Transmitted Reference
Pulse Cluster (TRPC) [59, 60, 61, 136, 63, 64] and Energy Detectors (ED) [65, 66, 67], are
introduced to overcome the problems faced by a coherent receiver.

In wireless communication channel, fading occurs due to multipath propagation or shadow-
ing from obstacles, affecting the wave propagation. This can be combated using cooperative
diversity techniques. Using cooperative communication gives a better BER performance, high
data rate and a good coverage area. The motive of our work is to combine the merits of UWB

technology with cooperative diversity [68].

1.6 Research objectives and Contribution

The problem statement of the proposed research work is to carry out "Performance Evaluation
of non—coherent IR—UWB system using cooperative and non—cooperative strategies.” The
objectives are summarized as given below:

Research objectives:

e To prepare a conceptual background of coherent and non—coherent IR—UWB systems in

single—link and cooperative scenario.
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e To analytically derive the BER performance of non—coherent IR—UWB system namely
AC and ED in single—link environment and validate it with the simulation results. The
analytical approach is based on autocorrelation (for AC system) and energy detection

principle (for ED system) respectively.

e To derive the BER performance of non—coherent IR-UWB AC system such as TR,
DTR and ED system such as ED—OOK, ED—PPM, using cooperative dual—hop AF and
DTF relay strategy with various diversity combining strategies namely linear combin-
ing, selective combining and optimum linear combining, analytically and validate it with
the simulation results. Matlab simulations are used to evaluate the BER performance of
non—coherent IR—UWB system in terms of channel used, number of relay paths, number

of frames Ny, diversity combining schemes and relay techniques.

Contribution: A typical non—coherent IR—UWB system consists of a signal model, chan-
nel model and receiver structure. The research work presented in the thesis focuses primarily
on the performance analysis of non—coherent IR—UWB system in cooperative scenario. The
receivers used for detection are AC (TR, DTR) and ED (ED—OOK, ED—PPM). A novel an-
alytical approximation in BER evaluation of AC and ED systems using cooperative dual—hop
AF and DTF relay strategies with various diversity combining schemes, over IEEE 802.15.4a
environment is presented. The theoretical BER approximation for AC and ED systems, based
on autocorrelation and energy detection principle respectively, are also compared with the sim-
ulation results. The performance comparison is also illustrated in terms of number of frames

Ny, relay paths, cooperative relay techniques and combining diversity schemes.

1.7 Organization of the thesis

This thesis aims to evaluate the BER performance of non—coherent IR—UWB system using
cooperative and non—cooperative strategies. This thesis explains the theoretical BER perfor-
mance of non—coherent IR—UWB AC and ED systems using approximation techniques based
on autocorrelation and energy detection principle respectively. Simulations have also been car-
ried out to validate its results with the theoretical results. A summary is given at the end of each
chapter to highlight the important points given in the chapter. The system model comprising of
signal model, channel model and receiver structure are discussed in most of the chapters. The

thesis is organized in seven chapters including the present one. The existing research work for
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coherent and non—coherent IR—UWB systems in single—link and cooperative scenario, is pre-
sented in Chapter two. Chapter three presents an analytical approach to the BER performance
of non—coherent IR—UWB system such as TR, DTR, ED—OOK and ED—PPM in single—link
scenario. Chapter four discusses the BER Performance of non—coherent IR—-UWB AC system
using cooperative dual—hop AF and DTF strategy for various diversity combining schemes
namely, linear combining, selective combining and optimum linear combining. In chapter
five, the BER performance of non—coherent IR—-UWB ED—OOK system using cooperative
dual—hop AF and DTF strategy with various diversity combining schemes is presented. The
sixth chapter presents the performance analysis of non—coherent IR—UWB ED—PPM system
using cooperative dual—hop AF and DTF strategy with various diversity combining schemes,
over IEEE 802.15.4a environment, in terms of BER. Finally, concluding remarks and future

work are presented in chapter seven.

In this chapter, a brief introduction of the thesis is given.
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Chapter 2

Preliminaries and Review

In this chapter, the existing research work done by the researchers on coherent and non—coherent
IR—UWRB system using single—link and cooperative approach, has been discussed in detail,
based on their BER performance. The discussion covers a wide range of coherent UWB sys-
tems namely ARAKE, PRAKE and SRAKE and non—coherent UWB systems namely TR,
DTR and ED.

2.1 Introduction

The history of UWB radar systems manifests its usage mainly in military, because of its nature
to penetrate through trees and beneath ground surfaces. With more advancement in the UWB
technology, the focus has shifted more towards electronics and communications. Rather than
using separate frequencies to broadcast signals, UWB uses wide range of frequencies to spread
signals. This makes UWB technology different from its counterpart, narrowband wireless tech-
nology. UWB signals are represented by a train of Gaussian pulses transmitted per second
having wide bandwidth and consuming less power. This paves way for the UWB signals to
appear as background noise.

In single—Ilink scenario, the signal is directly transmitted from the source node to the des-
tination node, resulting in poor BER performance and coverage area. In order to achieve a
wide coverage and high data rate, while providing better system performance [69], cooperative
diversity technology is introduced [70, 71, 72, 73, 74, 75]. Relay, simplest example of a co-
operative network, [76, 77] forms the basis of cooperative diversity. Multiple Input Multiple

Output (MIMO) relay communication is one of the most widely used diversity technologies to
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improve the BER performance and QoS [53]. Cooperative relay communication handles high
data rate, consumes less power, utilizes bandwidth efficiently, improves signal strength interme-
diately and protects against multipath fading [42, 51, 52, 53, 78, 79, 80]. Furthermore, various
diversity combining schemes if incorporated in the cooperative scenario, leads to improvement
in BER performance [81, 82]. Many researchers have therefore started working on the combi-
nation of UWB technology and cooperative communication, a viable technology for improving

the BER performance, QoS and coverage area.

2.2 Coherent UWB System

Coherent UWB RAKE receivers require CSI to extract multipath energy from the various mul-
tipaths. This is possible using a collection of correlators, where each correlator is matched to
the delayed version of the copy of same transmitted signal. At the destination node, combining
strategies such as MRC and EGC are invoked to extract the information symbol [83, 84]. Over
a period of time, the various researchers have worked on the improvement of BER performance
of UWB RAKE receiver both in single—link and cooperative scenario, which are as described

in subsequent sections.

2.2.1 Single-Link Approach

According to Win et al. [85], ARAKE receiver gives the best BER performance among all
the coherent UWB receivers. SRAKE receiver gives an acceptable BER performance using
moderate number of fingers for a short Txr—Rxr distance, while for larger Txr—Rxr distance,
SRAKE receiver requires an additional signal to noise ratio (SNR) of 1.5 dB, to achieve the
same BER performance. Also, SRAKE receiver shows a better BER performance compared to
PRAKE receiver, using MRC and same number of fingers in low data rate UWB channel.

Cassioli [29] stated that, the BER performance of a coherent UWB RAKE receiver can be
enhanced by keeping the distance between Txr—Rxr small, using moderate number of fingers
and MRC combining. Compared to a non—coherent UWB receiver, coherent UWB RAKE
receiver reveals better BER performance, high data rate, less noise and less fading.

It can be observed from the work of Choi and Stark [86], that the performance evaluation
of coherent UWB RAKE receiver, is largely improved, using binary block coded PPM and

OOK modulation scheme in indoor multipath UWB channels. It can be concluded by saying
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that, coherent UWB RAKE receiver with 100 fingers, using PPM modulation scheme, reveals a
SNR improvement over OOK scheme. However, with decrease in number of fingers, SNR gain

degrades.

Zhang et al. [87], evaluated the BER performance of coherent UWB RAKE receiver in
a log—normal fading channel. RAKE reception for UWB signals is very effective, since the
radiated power is very low, and there exists many resolvable multipath components. We also
infer from the work that, RAKE reception is very effective for UWB signals, and EGC method
shows a comparable performance with regard to MRC method. Bose [88] proposed an alternate
method to evaluate the BER performance of coherent UWB RAKE receiver in a log—normal

channel.

The BER performance of coherent UWB RAKE receiver using TH—PAM and TH—PPM
scheme, has been discussed by Amico and Mengali [89], in his research work. It can be in-
ferred from the study that in presence of perfect channel knowledge, coherent UWB RAKE re-
ceiver performs much better using TH—PAM modulation scheme, than compared to TH—PPM

scheme, in presence of a single user (no multiple access).

As far as BER performance is concerned, ARAKE receiver outperforms the other receivers
such as PRAKE and SRAKE. The conclusion obtained from [89] proves that, SRAKE receiver
gives a better BER performance compared to PRAKE receiver using MRC combining and with
increase in number of correlators, as compared to PRAKE receiver, when its combined with
MRC and the number of correlators is increased. Even though SRAKE receiver requires perfect
channel estimation to measure path gain, yet it outperforms PRAKE receiver in performance,
having less complexity and requiring less accurate channel estimation. It can also be stated from
the work of Amico et al [89, 90] that as far as detection of transmitted signal in coherent UWB
systems is concerned, PRAKE receiver combined with MRC shows better performance, than
when combined with EGC, while for SRAKE receiver, both the combining strategies, EGC and

MRC show similar performance.

In single—link scenario, coherent UWB RAKE receivers perform better compared to non—coherent
UWRB receivers, in terms of less noise, high data rate and less fading [90]. However, the draw-
back of using a UWB RAKE receiver is its complexity. This complexity is however due to the
accurate synchronisation required by the correlators present in the receiver, to extract multipath

energy from the multipath components.

It is inferred from [91] that, the BER performance of a S—RAKE receiver degrades in
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presence of narrow—band interference, over IEEE 802.15.4a UWB channel. Also, a novel
framework is proposed for the performance analysis of coherent UWB systems, based on ap-

proximations [92].

2.2.2 Cooperative Approach

Maichalernnukul et al. [93], have introduced a novel cooperative relay scheme in UWB sys-
tem with a SRAKE receiver for detection of transmitted signal. The relay scheme consists of
multiple antennas and uses cooperative DF technique for reception. The UWB signal is trans-
mitted from source to destination, through a relay node using DF scheme. SRAKE receiver with
five fingers outperforms SRAKE receiver with one finger by 5 dB at a BER of 1072, since the
former captures more energy compared to the latter, even at the cost of increased complexity.
Similarly, using two antennas in a SRAKE system outperform those using single antenna relay
by 2 dB at a BER of 10%. This is due to the spatial diversity gain, obtained using two antennas
available at the relay. However under perfect channel estimation, the system consisting of two
antennas with five fingers gives a SNR gain of 2 d B at a BER of 102, over the system consisting
of single antenna with ten fingers. The excellence of a two antenna relay system using more
than one finger is because of the decaying PDP characteristic. It is also inferred that increase in
number of antennas, gives a better BER improvement than increasing the number of fingers.

A dual—hop DTF multiple relay system for coherent UWB system has been proposed by
Maichalernnukul et al. [94]. Each of these relay nodes are equipped with multiple antennas.
In the first hop, information is transmitted from the source node to the relay node. At each
relay node, detection takes place using a PRAKE receiver, thereby leading to spatial diversity.
Similarly in the second hop, detected information is forwarded from the relay to the destination
using DTF relay scheme. The increase in number of antennas M at the relay (where M =
6, = 1), produces a superior outage performance gain of 7 d B at a BER of 10% in comparison
to the increase in number of relays ) (where M = 1,QQ = 6). UWB system with more number
of relays () = 4) and less number of RAKE correlators (L = 10), provides a better outage
probability than a UWB system with a single relay (¢ = 1) and having more number of fingers
(correlators) (L = 40). So, it can be concluded that the use of multiple antennas, saves the
number of RAKE fingers and relays required to achieve low outage probability.

Shirazi et al. [95] proposed a novel strategy named UWB based cooperative retransmission

scheme (UCoRS). In this scheme, nodes remain static and as a result, information is sent only
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once. Also, the process of ranging is performed only once. The scheme achieves multiuser di-
versity technology for both proactive and reactive settings, by using all the properties of UWB.
In proactive setting, decision is made prior to transmission of data, while for reactive environ-
ment, decision is made after the relays receive the data. The inference drawn from the research
work tells that, the proactive performance is similar to maximum throughput. The reactive and
proactive relay schemes produce a much better result than non-cooperative scheme. The packet
delivery ratio (PDR) improves with increase in number of relays in UCoRS and is maximum at
0.7 for proactive setting, compared to reactive setting which has a value of 0.6. It is also ob-
served that, throughput improvement in UCoRS is at the expense of minimization in the amount

of control packet overhead, thereby eliminating energy cost in coherent UWB.

The throughput of optimal cooperative strategy for proactive and reactive setting, in both
static and mobile scenario has been analysed by Shirazi et al. [96]. It can be concluded from
the results that, considerable diversity gain is achieved at a low implementation cost. In UCoRS,
the exchange of control packets is reduced for both static and mobile cases, thus reducing the

control packet exchange cost in UWB receivers.

Abou—Rjeily [43] proposed a non—orthogonal symbol by symbol cooperation strategy, for
coherent UWB systems using a single relay PPM constellation. The symbol by symbol co-
operation strategy using PPM constellation is achieved within one symbol duration. It can be
inferred from the results that, the proposed scheme shows an improved data rate compared to
M—ary PPM (M—PPM) system. UWB system using cooperative DF scheme gives a much bet-
ter BER performance, than cooperative AF and non—cooperative system only at high SNR, not

at low SNR. The reason being the decision at relay is with high probability of error.

An optimal DF cooperative scheme for detection of transmitted symbol using a coherent
UWB RAKE receiver in CM1 and CM2 environment, has been proposed by Abou—Rjeily et
al. [45]. The cooperation strategy used is either coded or space time in nature and is as follows.
The performance of a coherent UWB RAKE receiver using selective relaying (SR) strategy
shows a much better BER performance than using fixed relaying (FR) strategy. Even in case of
errors, UWB RAKE receiver employing SR strategy shows robustness and hence, outperforms

UWRB receiver using FR strategy.

Yazdi et al. [97], proposed a time reversal technique used for the detection of transmitted
symbol using a coherent UWB receiver, that produces a performance equivalent to that of a

simple UWB RAKE receiver, without increase in its complexity. In this technique, the trans-
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mitting nodes uses pre—diversity filter, in order to filter the UWB signal before transmission.
The time reversal signal processing technique at transmitter side exploits the rich multipath
scattering, for achieving signal focusing. The proposed method is based on time reversed chan-
nel impulse response (CIR), for transmitter side pre—filtering and is applied to the transmitted
signals by the source and relay nodes, for reducing the receiver complexity. However, time
reversal coherent UWB receiver is more robust to estimation errors compared to the traditional
UWB RAKE receiver. It is also noted that the BER performance of time reversal UWB RAKE
receiver improves not only with the increase in number of frames, but also with the addition of

relay nodes.

The authors, Kwak et al. [98], observed an improvement in BER performance of coherent
UWRB system using cooperative dual—hop AF scheme, over non—cooperative scheme in multi-
path fading UWB channel. The location of the relay also plays a major role in improvement of

the performance of UWB cooperative relay system.

According to Zu et al. [48, 99], an improvement in performance of UWB system is achieved
using cooperative dual—hop cooperative DTF and DF relaying strategies in dense multipath
channel. The cooperative DF relaying strategy uses SOVA convolutional coding for decoding

of information.

The BER performance of a coherent UWB system using cooperative dual—hop AF strategy
in CM3 and CM4 channel respectively, has been compared by Xu et al. [100], in their work. The
proposed scheme uses a non—regenerative AF relay scheme instead of a regenerative scheme,
so as to avoid system complexity. The authors use Moment Generating Function (MGF) to

evaluate average BER performance.

The average Bit Error Probability (BEP) of a coherent UWB system employing TH—PPM
scheme is improved using a cooperative DF relay protocol in comparison to a non—cooperative
protocol, over IEEE 802.15.4a UWB environment, as stated by Yazdi et al. [101]. The decision
variable obtained from the received signal at the destination node helps in evaluating the charac-
teristic function (CF). Once the CF is known, it is easy to evaluate the BEP of the UWB system
which depends on SNR, number of frames and the position of relay. The BEP improves with
increase in number of frames and SNR. Also, when the relay is situated nearer to the source,

BEP further improves.

It can be concluded from the work of Maichalennukul et al. [102] that, UWB systems using

dual—hop cooperative AF and DTF strategy and multiple antennas at the relay node, enjoys a
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higher SNR advantage over the ones using a single antenna at the relay node[103]. The relay
performs hard detection at relay node by estimating the transmitted bit sent by the source node.
It is also inferred from the work that using DTF scheme gives a better BER performance than
using AF relaying scheme. The BER performance of coherent UWB system using cooperative
AF scheme, and having multiple antennas M > 1 at the relay node with antenna selection
@ = 1, improves as M increases and decreases with increase in (). The outage performance of
the UWB system using cooperative AF relay strategy improves with increase in the number of
antennas, while with increase in number of relays, the outage performance of the UWB system

using cooperative DTF scheme improves.

The authors, Yang et al. [104], proposed a novel AF scheme using cooperative relay se-
lection, based on distance information for detection using UWB receiver. The relay selec-
tion depends on the channel conditions between the S—R and R—D links. The properties of
UWB system such as high precision ranging and positioning property, gives the distance in-
formation required for the relay system. Coherent UWB RAKE system using cooperative AF
scheme gives a much better performance than using all participating opportunistic scheme and

non—relay scheme.

The authors, Pan et al. [105], analysed the performance of coherent UWB system using AF
and DF cooperative relay strategies with TH modulation scheme, in presence of multi—user in-
terference (MUI). The performance of UWB system using cooperative AF and DF relay strate-
gies is evaluated in terms of outage probability and average BEP. It is also learnt from the survey
that, MUI degrades the SNR of the received signal at the relay and destination node and hence,

affects the BER performance and outage probability.

The BER performance of a coherent UWB system using cooperative AF and DF relay
scheme with DS and TH scheme, in presence of a single tone narrowband (NB) interferer,
both in optimistic scenario and worst case scenario, has been compared by Maichalernnukul et
al. [106]. The effect of NB signals on coherent UWB system is significant and in extreme case,
these signals jam a UWB receiver completely. In presence of NB interference, coherent UWB
system using cooperative relay strategy offers a performance advantage of 5 dB at a BER of
10~*, over non—cooperative scenario. Similarly, coherent UWB system using cooperative DTF
relay scheme also offers a superior performance gain of 12 dB at a BER of 10~%, over AF relay
system, in presence of NB interference. Coherent UWB system using cooperative DF strategy

with DS scheme, outperforms DF strategy with TH scheme, AF strategy with DS scheme, AF
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strategy with TH scheme, single—link (no relay) UWB system with DS scheme and single link
(no relay) UWB system with TH scheme by 0.5, 1, 1.5, 4 and 5 dB, respectively at a BER of
1075. It can be concluded from the work that UWB system with DS scheme performs better
than using TH scheme. Furthermore, coherent UWB system using cooperative AF and DF relay
strategy with minimum mean squared error (MMSE) combining scheme, gives similar perfor-
mance for both optimistic and worst case scenario, but with MRC combining, performance in
optimistic scenario is found to be better than worst case scenario.

UWB system takes the advantage of high delay resolution, by using a coherent Rake re-
ceiver which uses all its correlators to extract multipath energy from the various multipath com-
ponents. The use of coherent UWB RAKE receiver leads to complexity issues, since it requires
accurate channel estimation, timing synchronization and more number of correlators to extract
multipath energy. The problem faced by a coherent UWB RAKE receiver is overcome using a

non—coherent UWB receiver [68].

2.3 Non—Coherent UWB System

One of the main advantages of using UWB system for low complexity transmission, is its
ability to employ non—coherent receivers even in dense multipath propagation scenario [89].
Non—Coherent UWB receivers do not have any information regarding channel estimation, yet
it exploits multipath diversity. Despite distortion and multipath propagation, non—coherent
UWRB receivers can extract comparable amount of energy from the multipaths [56] and are an
advantage over coherent UWB receivers, since it requires less complexity and less cost, but only
at the expense of poor BER performance. The non—coherent UWB receivers are classified as
TR, DTR and ED [107]. AC receivers [108] such as TR and DTR uses autocorrelation principle,

while ED receiver uses energy detection principle for detection [68].

2.3.1 Single—Link Approach

(1) TR System: A non—coherent UWB TR system, based on maximum likelihood (ML) criteria,
is designed and tested by Giannakis et al. [109, 110] in their research work. It is noted that,
UWB TR receiver gives a better BER performance using ML criteria, as compared to conven-
tional one [110, 111]. The authors [112, 111] introduced an optimum receiver for a UWB TR

system, whose BER performance is found to be better than the conventional one. The authors,
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Franz and Mitra [113], stated that in presence of a single user (no Multi Access Interference
(MAI)), the statistics of the received signal obtained from UWB TR system is based on ML and
Generalised Likelihood Ratio Test (GLRT). The parameters are assumed known in case of MLL
while in case of GLRT, the hypothesis’ parameters are not completely known. The environment
used for analysis is a dense multipath UWB channel, corrupted with AWGN. The conclusion
drawn from the study, proved that GLRT and ML based UWB TR system gives a much better

BER performance than conventional UWB TR system.

The ML and GLRT based receivers have been discussed and compared with a training based
(TB) UWB TR receiver, by Franz and Mitra [114]. For a TB UWB TR receiver, the received
training symbol variable is averaged to obtain the channel estimate. The closed form analysis
expressed in terms of non—central F—distribution is exact for a TB based receiver and has a
lower bound which increases, with increase in SNR for ML and GLRT based receiver. The
performance analysis is based purely on Gaussian approximation. It can be concluded from
the work that ML and GLRT based UWB TR receiver gives a SNR gain of 2 dB and 2.5 dB
over TB based UWB TR receiver, at a BER of 10%. The improvement in BER performance of
GLRT based UWB TR receiver over conventional UWB TR receiver, has also been observed
by Amico and Mengali [115].

The performance evaluation of an UWB TR receiver using binary block coded PPM and
OOK modulation in multipath UWB and AWGN environment, has been discussed by Choi
and Stark [116]. It is also observed that PPM modulation scheme gives a much better BER

performance than OOK scheme in UWB environment.

Jia and Kim [117], evaluated the BER performance of balanced UWB TR system in pres-
ence of a single user and MAI, over IEEE 802.15.3a environment. The performance of a bal-
anced UWB TR system, is much better in presence of a single user than compared to multiuser
scenario. To reduce such effects, M—ary orthogonal modulation is used, which improves the
multiple access (MA) capacity in comparison to the conventional TR system, under the con-

straint that both have the same information rate.

The BER performance of UWB TR system, in conjunction with a simple AC receiver is
evaluated by Quek et al. [118], in dense multipath UWB channels using gaussian approximation
and sampling expansion approach. A unified approach is introduced by the authors to analyse

the BER performance of UWB TR system in presence of narrowband interference [119, 120].

The BER performance of UWB TR system using PPM modulation scheme is evaluated by
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Luo [121], and maximum capacity achieved. The BER expression is derived based on a upper
bound with a random coding strategy.
Unlike the coherent receiver, non—coherent AC receivers overcome the drawbacks of the

conventional Rake receiver through the use of the TR signaling scheme [122, 123].

In a TR system, the specific time delay between the message and the reference signals is
realized by using a delay line (DL). In [122, 123], the DL is assumed to be ideal. However, it is
infact impossible to design a DL with perfect phase-frequency characteristic. And the unavoid-
able phase distortion generally leads to a group delay error in signal bandwidth. Therefore, the
distortion of DL in the receiver end influence the BER performance of TR system.

In [124, 125, 126], due to the insertion loss fluctuation of transmission line, the designed
DLs suffer from stochastic variation of their group delay, the so-called group delay ripple
(GDR). The impact of the GDR on some specific non-UWB systems has been researched [127]
and more. For UWB system, due to the extremely short time duration of pulse waveforms, even
a small timing error between the correct time and the time output by the non-ideal DL degrades
system performance dramatically.

The impact of GDR on TR UWB performance is studied in [128]. In this paper, according
to the currently designed DL’s, a statistical GDR model is proposed for a practical UWB DL,
and they investigate the degradation in average BER caused by the GDR for the TR UWB
communication systems.

To overcome the problems faced by TR system, weighted AC system is introduced [108,
129, 130]. An improvement in BER performance of weighted AC system is observed, but at the
expense of increased complexity.

To address the long DL problem, a frequency multiplexed TR in [131], a frequency shifted
reference (FSR) scheme in [132] and a dual-pulse (DP) scheme in [133] and [134] were devel-
oped.

Most of the existing research work is focused for single—user until Sadler [135] introduced
UWB TR system for detection, in presence of multi—user.

(i) TRPC System: Dong [136] proposed a novel pulse cluster TR (TRPC) system and the
integration interval determination methods were further investigated in [137]. The TRPC struc-
ture not only provides the best performance among the above mentioned TR signalling schemes

but also enables a higher data rate application by allowing IPI in the TRPC structure.

From the implementation point of view, although an analog correlator makes the analog
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TRPC receiver a much lower sampling rate of an ADC than other impulse types of UWB, this
analog correlator is critical since it handles a very high frequency and large bandwidth signal.
Also, for an analog DL, besides the span of its delay time restricted no longer than 10 ns,
its delay time error cannot be refrained due to an unavoidable phase distortion in designing
the analog DL. Since a digital AC receiver cannot only avoid the above problems but also
provide flexibility in its signal processing at the expense of high sampling rate of ADC, digital
architectures for the UWB receiver have been investigated in the conventional TR scheme [138,
139, 140]. Jin [141] studies the digital architecture for the recently proposed TRPC scheme,
and then propose a reconfigurable digital TRPC receiver and analyzes and compares with that

of the original TRPC receiver.

(iii) DTR System: Ho et al. [142], evaluated the performance of a DTR system in presence of
AWGN and UWB multipath channel. The differential detector or Differential Phase Shift Key-
ing (DPSK) receiver, collects multipath energy from multipath components by mixing signal
with the delayed version of itself, and shows better performance at high SNR. DPSK receiver
does not require any reference signal, yet its performance is affected by Inter Symbol Interfer-
ence (ISI) due to the presence of cross products at the output of mixer and hence its overall BER
performance is affected. It can be concluded from the work that, that the performance of DPSK
receiver is similar to that of coherent UWB RAKE receiver having one finger. This is because
coherent RAKE receiver with one finger will extract less multipath energy as compared to the

case when it has 10 fingers.

The authors [143] introduced a novel class of algorithm to evaluate the BER performance

of a DTR receiver. The analytical approach to evaluate the BER performance is based on CF.

An innovative scheme based on differential detection using an AC receiver has been pro-
posed by Pausini and Janssen [144]. The scheme uses a limiter either in the reference branch
or in the signal branch, thereby ignoring the requirement of a complex analog multiplier. The
conclusion obtained from the research work claims that, DTR receiver using a non—linear lim-
iter device outperforms the one with no limiter (conventional DTR receiver), in terms of BER

performance.

It has also been observed by Paussini et al. [145], that the BER performance of AC receivers
using differential detection is affected, as interference takes place among the pulses due to
multipath propagation. The effects of non—linear ISI is combated using a delay hopping (DH)

code, which uncorrelates the received signal with its own delayed version, baring the signal
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containing the differentially modulated bit. Hence, an improvement in BER performance is

observed.

A novel differential detector [146] using GLRT approach, in presence of a single user, is
proposed, where symbol by symbol encoding takes place rather than frame by frame encoding.
The inference summarized from work proves that DTR receiver using GLRT scheme shows the

same complexity, but a double data rate and a power gain of 3 dB over TR system.

A novel multiple symbol differential detector (MSDD) was proposed by Lottici [147] to

overcome the problem of channel estimation faced by coherent UWB systems.

(iv) ED System: The two most challenging issues faced by ED receiver are estimation of op-
timal threshold and finding out synchronization and dump points of the integrator [65], which if
not solved, leads to BER performance degradation. BER performance is thus improved with the
help of parallel integrators, with each of them having different time constants. Further, increase
in the time resolution of the receiver due to increase in number of parallel integrator branches,

improves the likelihood of obtaining a lower BER, at the expense of hardware complexity.

Cheng et al. [148], stated that cross modulation interference (CMI) affects the BER perfor-
mance of UWB ED—PPM receivers. So, to alleviate the effect of CMI, orthogonal block coded
PPM scheme is proposed for ED receiver. The detection scheme is based on ML criteria using
which ED receiver suppresses the effect of CMI and performs well in IEEE 802.15.4a UWB

environment, as compared to all the other non—coherent UWB receivers.

A new modulation scheme, Gaussian frequency shift keying (GFSK), based on the differ-
ent order derivatives of a Gaussian pulse, for extraction of information symbol using energy

detection principle in UWB system, has been proposed by Cui [149].

Mengali [150], observed that UWB ED receiver using multiple energy measurements (EDRMM)

produce a SNR gain of 2 dB at a BER of 102, over conventional ED—OOK receiver.

Among all the non—coherent UWB receivers discussed, ED receiver does not require ana-
logue DL for correlation, hence shows a reduction in implementation complexity. Furthermore,
ED receiver requires the lowest power consumption as compared to the other non—coherent
UWRB receivers, because of simple energy collection procedure, low sampling needs of ADC,

low duty cycle and requirement of lower supply power [28].
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2.3.2 Cooperative Approach

(1) TR System: The combination of UWB communication and cooperative scheme improves
the BER performance and reduces the power consumption. In this scheme, the transmitted
signal consists of two pulses transmitted per frame, a reference signal followed by a delayed
data modulated signal. The cooperation strategy is as follows. The first hop involves the signal
being transmitted from the source node to the relay node. The signal is then received at the
relay node followed by amplification using AF strategy. The second hop involves the amplified
signal obtained at the relay node to be forwarded to the destination node. Along with the signal,
evaluated SNR obtained at the relay node is also forwarded to the destination node. The received
signal is then detected using a TR receiver at the destination node.

The average BER of a cooperative multi—hop DF relay system is evaluated using UWB TR
system over a fading channel, by Kundu and Bose [151]. The BER is solved using Gauss—
Hermite Quadrature rule.

Qing [152] inferred from the study that the BER performance of UWB TR system using
cooperative AF strategy, is better in LOS environment as compared to NLOS environment.

The BER performance of UWB TR receiver is improved using spatial diversity, employing
multiple antenna features in CM2 and CM4 channel, as stated by Feng et al. [153]. The three
different kinds of combining strategies such as EGC, MRC and SC are used for evaluating the
BER performance. It can be inferred from the study that more the number of antennas used
at the relay and destination node, better is the BER performance. This is due to the effect of
spatial diversity gain. Also, using EGC combining gives similar performance as that of MRC
combining, but better than SC.

(i1) DTR System: The performance issues in UWB TR system is greatly improved by the use
of a DTR system. A DTR transmitter transmits a data sequence over a frame, by differentially
modulating the present data symbol with a previous symbol, thus being more energy efficient
and having a higher data rate. A novel cooperative AF strategy with two hop relaying for UWB
system is proposed, that exploits both these signals, the one forwarded by the relay node to
destination node and the other directly forwarded by the source node to the destination node
[154].

Mondelli [154] in his work used a double differential encoding technique at the source node
and a single differential demodulation technique at the destination node. The scheme also uses

log likelihood ratio criteria based on the decision available at the destination node. The modu-
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lation and demodulation scheme used is PAM. UWB DTR system using cooperative AF relay
strategy with Jacobi approximation, gives similar BER performance as UWB DTR system us-
ing cooperative AF strategy with equal power allocation, and supersedes UWB DTR system
using cooperative AF strategy with exact decision rule, UWB DTR system with simple coop-
erative AF strategy and single—link UWB DTR system. Furthermore, the BER performance of
all above mentioned relay strategies used with UWB DTR system degrades, as the relay node

moves closer to the destination node.

The BER performance of UWB DTR system using cooperative AF relay protocol with fixed
and adaptive amplification factor, has been discussed by Wu and Hou [155]. Since the informa-
tion symbols are differentially encoded in a UWB DTR system, a previous data carrying pulse
acts as a reference to demodulate the incoming pulse. As DF protocol is more complex than
AF, AF is preferred. The BER performance analysis and capacity evaluation of the cooperative
UWB system is based on CF and non—conventional Gaussian approximation (GA), in presence
of multiuser environment. The system capacity improves with increase in number of frames and
worsens with increase in number of users. Furthermore, in presence of two users, the system
capacity of the cooperative UWB DTR system with adaptive amplification, outperforms the one

with constant amplification.

Hamdi et al. [156], proposed a simple two hop cooperative AF relay scheme, for UWB
system having a DTR receiver at the relay and destination node. To limit the effects of ISI,
a double differential encoding technique is used at the source node, and a single differential
decoding technique at the relay and destination node. The proposed UWB system with a DTR
receiver at the relay and destination node, using two hop cooperative AF relay scheme with dou-
ble differential encoding at the source, and a single differential decoding at relay and destination
node, gives a much better BER performance than single link UWB DTR system. However, this

scheme suffers a marginal loss when AF scheme is replaced by DF scheme.

The authors Hamdi et al. [157] have also proposed a novel multi—hop cooperative AF re-
laying scheme for the improvement in the system performance and enhancement of coverage
area for UWB system, by using a multiple—differential (MD) encoding scheme at the source
node, and a single differential decoding at the relay and destination node, thereby limiting ISI
at the destination node. In case of DF scheme, the process of demodulation of the transmitted
symbol at relay and destination node, is either coded or of uncoded type. The uncoded transmis-

sion technique requires a simple slicer for quantizing the detected symbols, while convolutional
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coded transmission requires hard or soft Viterbi decoding for detection of symbols. The simu-
lation results prove that, soft input Viterbi decoding outperforms hard input Viterbi decoding,
but has a higher complexity, which is a disadvantage for high speed UWB applications. The
cooperative scheme uses a recursive formula to find SNR from the received signal available at
the destination node. If the relay is located towards the source node, then a much better BER
performance is achieved as compared to the relay node being closer to the destination node.
(iii)) ED System: A novel two way relay network using DF cooperative strategy has been
proposed by Wang et al. [158], to boost the throughput of non—coherent UWB system. The
relay and destination nodes are provided with a non—coherent UWB ED receiver for detection
of UWB transmitted signals. The ED receiver follows the principle of joint demodulation for
detection of UWB signals. The signal transmitted from the source is a UWB TR signal. It is
concluded from the study that non—coherent UWB ED system using cooperative DF, gives a

much better BER performance than non—cooperative UWB ED system.

In this chapter, brief review of the work done by the various researchers on the BER per-
formance of various coherent and non—coherent UWB receivers in single—link and cooperative
scenario, is presented. Further, the combination of UWB system with cooperative communica-
tion not only improves the system performance but also expands the coverage area of the signals.
It is inferred from the study that, ED systems are preferred over the other non—coherent sys-
tems because of its less complexity and simplicity. From the review, it can be concluded that

not much research work has been done in cooperative scenario using UWB ED systems.
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Chapter 3

Performance Analysis of Non—Coherent

UWB Single—Link System

Non—Coherent UWB receivers require no CSI, hence are preferred over its coherent counter-
part. This chapter discuses the BER performance analysis of non—coherent UWB systems in
single—link scenario. The BER performance of AC (TR, DTR) and ED (ED—OOK, ED—PPM)
systems have been compared both from analytical and simulation point of view. The organiza-
tion of the chapter is as follows. A brief introduction is presented in Section 3.1, while Section
3.2 presents the UWB signal model. Section 3.3 describes the channel model, while Section
3.4 illustrates the receiver structure. The detailed theoretical BER performance analysis of
single—link non—coherent UWB systems is derived in Section 3.5, while Section 3.6 outlines

the simulation results. Finally, Section 3.7 gives the concluding remarks.

3.1 Introduction

The wireless channel frequency is made frequency selective due to the large bandwidth of UWB
signals, which results in a large number of resolvable multipath components. This resolvability
leads to multipath energy combining, which is solved using a coherent or non—coherent UWB
receiver [159]. There are various supporting techniques to solve this multipath resolvability,
among which coherent UWB RAKE receiver is the most befitting choice. The multipath energy
is extracted from the multipath using correlators of the coherent UWB RAKE receiver, thus
exploiting multipath diversity [160, 161]. Though the multipath issue is resolved by the RAKE

receivers, they require accurate channel estimation and synchronisation, which results in com-
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plexity issues [29, 162]. As far as performance is concerned, coherent UWB RAKE receiver
provides a better performance than a non—coherent UWB receiver, but it comes at the cost of
increased complexity. So, non—coherent UWB receivers are preferred over coherent UWB re-
ceivers, because of less complexity and robustness to synchronization errors [159, 163]. The
various non—coherent UWB AC systems discussed in this section are TR, Averaged Transmit-
ted Reference (ATR), Recursive Transmitted Reference (RTR), Recursive Averaged Transmit-

ted Reference (RATR) and DTR.

AC systems work by correlating the received signal with its own delayed version. The re-
sulting correlated signal is then integrated over time interval to retrieve the original transmitted
bit. TR system, proposed by Hoctor and Tomilson [164], transmits two pulses per frame i.e. un-
modulated reference pulse followed by data modulated pulse. Wastage of energy and power in
transmitting a reference pulse is a major drawback of this system. The systems, ATR, RTR and
RATR were developed to combat the problems faced by TR system, even though they follow the
same transmission procedure as that of TR. The difference however lies in the receiver structure.
ATR system averages the reference template over all the frames prior to demodulation, while in
RTR system, correlation is performed followed by recursive estimation of reference template to
capture multipath energy [165, 166]. RATR system is a combination of ATR and RTR system
where, averaging is followed by recursive estimation of reference template before performing
demodulation [165, 166]. DTR system transmits differentially modulated information over the
frame, by modulating the information bit with previously obtained differential modulated in-
formation [58]. The feasibility of AC systems are a point of concern because it requires long
analog delay lines for correlating the received signal with its delayed template. Also when the
delays exceed few tens of nanoseconds, AC systems cannot be easily integrated and causes
attenuation, leading to hardware complexity [56]. ED system, less sensitive to synchronizing
errors seeks to be a promising alternative which works by passing the received signal through a

square law detector, followed by integration and decision process [167, 40].

3.2 UWRB Signal Model

The signal model discussed in this section is applicable for non—coherent UWB AC and ED
systems. The modulation scheme used for AC (TR, ATR, RTR, RATR, DTR) system is PAM

signalling, while for ED system we use OOK and PPM signalling [168].
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3.2.1 TR system

TR system works by transmitting two pulses (doublet) per frame. The first pulse is an un-
modulated reference pulse, which is followed by a data modulated pulse, where the former is
separated from the latter by a delay of 7j; to avoid ISI [169, 170]. For a TR scheme, two pulses
represent a frame and /Ny number of frames denote a bit or symbol. The transmitted TR signal

1s expressed as:

Ny—1

str(t) = Y [p(t —iTy) + bp(t — iTy — Ty)] (3.1)

=0
where srg(t) represents the transmitted TR signal, b; € (—1, 1) the information bit, p(¢) the
second order gaussian derivative pulse of pulse duration 7}, having energy of fOT” p*(t)dt = E,,
T the frame duration and 7; = % the delay between the unmodulated reference and data
modulated pulse. Also, each bit is transmitted by N successive frames.

ATR, RTR and RATR system follows the same signal model as TR system.

3.2.2 DTR system

DTR system requires less energy to transmit the same information as TR system, because it does
not waste energy in sending a reference pulse. In this scheme, differentially modulated data bit
(or symbol) is sent over the frame, which is obtained by modulating the binary transmitted bit
with the previously obtained differentially modulated bit, thereby saving energy [146, 145]. The

transmitted DTR signal is represented as:

spre(t) = > bip(t — jTy — iT,) (3:2)

where, N refers to the number of frames per symbol. As seen in Fig 3.1(a), b; represents the
differentially modulated bit sent over the frame which is obtained by differentially modulating
the information bit a; € (—1, 1), with the previously obtained information bit b;_;, by a dif-
ferential encoding rule b; = a;b;—; [171]. The symbol duration is represented as Ty = N;T}

where, T’y denotes the frame duration.

3.2.3 ED—-OOK system

In ED—OOK system, a second order gaussian derivative pulse p(t) is transmitted when infor-

mation bit b; = 1, whereas no gaussian pulse is transmitted in case of b; = 0. The transmitted
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signal for UWB ED—OOK system is represented as:
oo Ny—1

sep-ook(t) = Y Y bip(t — jTy —iTy) (3.3)

i=0 j=0
where, sgp_ook(t) represents the transmitted UWB pulse using OOK modulation scheme,
b; € {0,1} the information bit (or symbol), N; the number of frames, 7' the frame duration

and symbol duration T = NT7%.

3.24 ED-—-PPM system

In ED—PPM system, the gaussian second order derivative pulse p(t) is shifted by A units when
information bit (or symbol) b; = 1 is transmitted, whereas there is no shift in gaussian second
order pulse position in case of b; = 0. The transmitted signal for UWB ED—PPM system is

represented as:

Ne—1

sgp-ppum(t) = Z p(t — jTy —iTs — Ab) (3.4

—
i=0 =0
where, sgp_ppa(t) represents the transmitted UWB pulse using PPM modulation scheme,
b; € {0,1} the information bit (or symbol), N + the number of frames, T the frame duration,
T = N;T} the symbol duration and A the PPM shift.

3.3 UWB Channel Model

As described in Section 1.2.3, the modified 802.15.4a UWB channel is represented by a tap

delay line model of the form:

L—1
h(t) = ad(t—m) (3.5)
=0

The channel gains are considered to be non—varying and non—random for better and easier
approximation. Also, the squares of the channel gains are normalized, so that their summation

L1
>y @ =1becomes 1.

3.4 Receiver Model

Non—Coherent UWB receivers are known to extract enormous amount of energy despite dis-

tortions and multipath propagation. Low complexity applications, less cost and less power
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Figure 3.1: (a) DTR Transmitter (b) DTR Receiver

consumption give an edge to the non—coherent UWB receivers, over its counterpart coherent
UWRB receivers, though it comes at the cost of poor BER performance. The non—coherent
UWRB receivers are classified as AC receivers (namely TR, ATR, RTR, RATR, DTR) and ED
(namely ED—OOK, ED—PPM) receivers. The received signal obtained at the receiver side is

an attenuated and dispersed form of transmitted signal, after it passes through the channel.
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3.4.1 TR Receiver

In the receiver, the unmodulated or reference pulse acts as a template during extraction of infor-
mation bit from the data modulated pulse. The received TR signal is represented as:

rrr(t) = srr(t) * h(t)

= Z [p(t —iTy) + bip(t — 1Ty — Ty)] * Z a6(t — 1) + n(l)

= Z ZOél[p(t—in—Tl) —i—bip(t—in —Td—Tl)} —i—n(t)
i=0 [=0
Ny—1

= > lg(t —iTy) + big(t — iTy — Ty)] + nt) (3.6)

=0
where, n(t) denotes the zero mean gaussian process with mean 22, g(t) = ZZL:_Ol ap(t—7) =
p(t) * h(t) the aggregate signal obtained after convolving the transmitted pulse with the channel
impulse. The duration of ¢(t) is T, = T}, + T’,4s Where T}, denotes the pulse duration and 7,
the multipath delay spread. In order to avoid ISI, T, < Tj.

As seen in 3.2(a), the received signal ryr(t) is initially passed through a bandpass filter
(BPF) having a bandwidth W and centre frequency f,. The received filtered signal is repre-

sented as:
Ny—1

rrg(t) = Z[g/(t—iT»+big’(t—z'Tf—Td>]+n’<t> 3.7)

The received filtered signal is then correlated with its delayed version over the integration time

interval. Finally using the conventional detection criteria, original information bit b; is extracted

from the correlated product.

3.4.2 ATR Receiver

The problems faced by a TR system is overcome using an ATR system. As observed in Fig
3.2(b), averaging the reference pulse over N frames gives rise to an averaged template g4z (1),
which overcomes the problem of using a noisy reference template faced in TR receiver [166].

The averaged template g7 r(t) is represented as:

garr(t) = 1/Ny Z r(t+ (Np — )T} /2)
= VEg(t) +1/(Ny Z n (t+ (Ny—i)Ty/2)) (3.8)

36



Chapter 3. Performance Analysis of Non—Coherent UWB Single—Link System

(1) 772 (1) T Decision
—>| BPF > f dt ~
o Device

e

r;"R(fiz_d)

> Delay T,

(a)

p .
?”( ) N BPF r (f) Decision b
Device —
1
- D (r+
.n’.?\/f =0

(b)

Figure 3.2: (a) TR Receiver (b) ATR Receiver

The received signal r(¢) is first filtered by a BPF having a BW of W and center frequency fj
to obtain r'(t). The filtered signal r’'(¢) is then correlated with the averaged reference template
garr(t) and the resultant product is then integrated over the integration time interval. Finally
the information bit b; is extracted using the decision criteria. Here, r(¢) is calculated as equation
3.7 where the aggregate signal response is represented as g(t) = p(t) * h(t). ATR, RTR and
RATR systems have the same transmitter as that of TR system hence, the received signal r(t)

required for correlation in all these systems are the same.

3.4.3 RTR Receiver

In RTR receiver structure, the reference template is estimated recursively to capture multipath
energy from the multipath components. As illustrated in Fig 3.3(a), the estimated template
obtained in the previous frame grrg). | 18 delayed by D units to form previously estimated
template g(rrr) - (t — D). The filtered reference signal and previously estimated template are
multiplied by weighting factors 3 and , to obtain the updated estimated template g(rrg) (1)

which is represented as [166]:

!/

Jirrr),(t) = Br(t)+ O‘g(RTR)(i_l)(t - D) (3.9)
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where, @ = 8 = 0.5, delay D is equal to frame duration 7%, T signifies the delay between
reference and data modulated pulse, g(rrr), , represents the previously estimated template at
(i — 1)™ iteration and 9g(rrR),(t) denotes the updated estimated template at ¢ iteration. The
updated estimated template is then delayed by 7} units to obtain the final template signal

9g(rrR),(t — Ty4), which is then correlated with the filtered received signal r'(t). The corre-

lated product is then integrated over the time interval and the resultant is then passed through a

i—

decision mechanism to recover the original bit b;.
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3.4.4 RATR Receiver

RATR is a combination of ATR and RTR system, observed in Fig 3.3(b). The filtered refer-
ence template 7 () is first averaged over N ¢ frames, to form averaged template garr(t). The
estimated averaged template obtained in the previous frame g(rarr), , is delayed by D units to
form previously estimated averaged template g(rarr),,_,, (t — D). The filtered averaged tem-
plate signal garr(t) and previously estimated averaged templates are multiplied by weighting

factors 3 and « to obtain the updated estimated template grar R)i(t), which is represented as

[166]:

girarr),(t) = Bgarr(t) + agrarr),_, (t — D) (3.10)

where, g(rarr), , represents the previously averaged estimated template at (i — 1)th iteration
and g(rarr),(t) denotes the updated estimated averaged template at ™ iteration. The updated
estimated template is then correlated with the filtered received signal r'(t). The correlated
product is then integrated over the time interval to obtain a resultant which is compared to the

decision threshold to recover the transmitted bit b;.

3.4.5 DTR Receiver

Fig 3.2(b) describes a DTR receiver which uses autocorrelation property to extract the original
information bit a;. The filtered received signal ' r(t) obtained by passing the received signal
rprr(t) through a BPF, is first correlated with its delayed version of itself 75 (t — 7). The
correlated resultant is then integrated over the integration time interval. Finally using decision

criteria, the information bit a; is captured.

3.4.6 ED—-OOK Receiver

Energy Detection is a non—coherent methodology used to achieve low complexity, at the ex-
pense of some BER performance degradation. ED receiver extracts multipath energy from all
the multipath components and is also less sensitive to synchronization errors [172]. The most
popular non—coherent modulation technique used for energy detection in UWB system is OOK.
As illustrated in Fig 3.4(a), ED receiver comprises of a BPF, square law device, integrator and
a decision device. The received UWB signal is initially filtered by passing it through a BPF, to
obtain 1 (t). The filtered received signal ' (¢) is then squared and passed through an integra-

tor having a integration window of 7;. The decision threshold is set to 0.5 since the channel
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Figure 3.4: (a) ED—OOK Receiver (b) ED—PPM Receiver

gains are set to 1 (constant). So if information bit 1 is transmitted, decision statistic Z > 0.5
is obtained proving that significant energy was captured during integration interval. In case of
information bit 0 being transmitted, Z < 0.5 proving no energy was captured and hence no

pulse was transmitted.

3.4.7 ED-PPM Receiver

The conventional UWB ED—PPM receiver consists of two divisions each consisting of BPF,
squarer, integrator, as illustrated in Fig 3.4(b). The upper part works when information bit 0 is
transmitted, while the lower section works, in case of information bit 1. The decision statistics
obtained from the upper section Z, and lower section Z; are subtracted to form the final decision
statistic Z = Zy — Z;. The final decision statistic is then compared to the decision threshold 0,

to recover the information bit.

3.5 Performance Analysis

The theoretical performance analysis of AC (TR, DTR) and ED (ED—OOK, ED—PPM) sys-

tems are explained vividly in this section [173, 174, 165].
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3.5.1 TR System

The transmitted TR signal is represented as:

Nj—1

str(t) = Y [p(t —iTy) + bp(t — iTy — Ty)] (3.11)

=0

The channel impulse response h(t) is simplified as:

L—1
h(t) = ad(t—m) (3.12)
=0

where h(t) represents the impulse response of the channel model, L the number of multipaths,
«; the amplitude of I tap, 7; the delay of [ tap and J the Dirac Delta function. The received
TR signal is represented as:

rer(t) = str(t) * h(t)

= Z p(t —iTy) + bip(t —iTy — Ty) * Z apd(t — Tl):| + n(t)
1=0 =0
Ne—1p1-1

= o { (t—iTy —7) +bip(t —iTy — Ty — 7'1)1 +n(t) (3.13)
=0 [=0

where, * denotes the convolution operator, /V; the number of frames per symbol, 7' the frame
duration, T the delay between a reference and data modulated pulse, p(t) the second order
derivative gaussian pulse of duration 7}, b, € {—1, 1} the information bit (or symbol) and n(¢)
the AWGN noise. The filtered received TR signal is given by:

Nf 1L1

7“ITR ZZ@[ t—sz—Tl)+b,p(t—sz—Td—n) +n/(t) (3.14)

=0 [=0
The filtered received signal r-,(t) is then correlated with its own delayed version and the re-

sultant is then passed through an integrator to obtain decision statistics Z;r which is expressed

as:

Ny—1

ZTfJFTdJFT'L , ,
Zrr = Z/ ror(t)rep(t — Ta)dt

= Y + Ny + Ny + N3 (3.15)

where, Y is the correlator signal output, N, N, and V5 are the noise terms. Here, T; = T},4+1},45
refers to the integration time interval and 7,45 the multipath delay spread. The signal term Y is

solved as follows:
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Ty +Ty+T;
Y = ) U g(t —iTy) + big(t — iTy — Td)dt}
i—0 T +Ty
Nyl iTp+Ty+T; [ L1 L—1
> [/ {Zalp(t—in —Tl)biZOzmp(t—in—Td—Tm)}dt}
i=0 iTy+Tq 1=0 m=0
Ty +Tg+T;
= Nyb; [/ Z aip?(t —iTy — m)dt + Z Z o, R(m — Tm):|
T +Ta l=m l#m
Val;g:O
= Nfbi<2al2)Ep
I=m
value=1
— NihE, (3.16)
o in+Td+Ti 2 . o [e’e)
where, F, = fin Lp " p?(t—iTy—7)dt represents the pulse energy and R(7) = [ 7 p(t)p(t—

7)dt the autocorrelation function of signal. If min {(7, — 7,,,)} > T, for [ # m, then IPI can be
avoided. The channel gains are normalized in nature to form, » . 0412 = 1.
The filtering of AWGN process having PSD % with a BPF W, results in noise terms n(t).

The autocorrelation function of noise 6(7) is given by [175]:-

0(r) = En(t)nt—r1)]= %%cas@wﬁﬂ (3.17)

where, [E[.] denotes the statistical expectation operator and f, carrier frequency of BPF.
Since the Bandwidth is assumed to be sufficiently large, the frequency response of the received
signal ¢(t) at destination node falls inside the PSD 6(f) of n(t). As PSD 60(f) is sufficiently
flat, the autocorrelation function of noise can be simplified as 0(7) = %5 (7) [175]. The noise

variances are solved as follows.

NyZlr Ty T4 Ty il Tat T g L] L1
Var(N,) = E[N{]= Z {/ / (Zalbip(t — Ty —m) Z fo8
P Ty +T, iTp+T, P —
bip(t —iTy — Tm)) E[n/ (t —iTy — Td)n,(T — Ty — Td)]dth]
Ng-1 T+ Ty+T;  iTp+Ta+T;
- Y { / / S aplt — iy — 1) S ol — Ty — 1)
i=0 ’in+Td in+Td 1 m

0'(t — T)dth:|
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N:N. b2 Ty +Tg+T;
= A{/ Za?pQ(t—in —Tl)dt+ZZalamR(7‘l —Tm)}

2 iTp+Ty P ey
val;;:O
NfNobf
- 2 >0t ) By
l=m
——
value=1
N:Nyb’E
= 2 (3.18)
2
where, figfjjzﬁn 0'(t —)dr = %t—ﬂ - %
Nl T+ Ta+Ti  piTp+Ta+T; L1 L1
VCLT(NQ) = E[Ng] = Z |:/ / (Zle(t—’LTf — d_Tl
i=0 Ty+Ty iTr+Ty =0 s

p(T — Ty — Ty — Tm)> E[n' (t — iTy)n (1 — in)]dth}

Nf*l in-‘er-‘rTi in +Ty+T;
— Z [/ / Zalp(t—z'Tf—Td—TZ)Zamp(T—in
0 m

iTy+Ty iTy+Ty ]

=

—Ty— 7n)0 (t — T)dth:|

Nf NO T +Tg+T; 5 o -
— T{/ Zalp (t—sz—Tl)dt+ZZalamR(Tl—Tm)}

Ty +Ty l=m I#m
valzg:O
N¢ Ny
- (St
l=m
value=1
N¢NyE,
= —. 3.19
5 (3.19)
Ni—l o Tt T4+ Ty fiTy+Tu+T, / / 9
Var(Ns) = E[N3]=)_ U / E {{n (t —iTf)n (T—in—Td)} }
dtdr
Nfil ZTf+Td+Ti in+Td+Ti 12
= Z / / 7 (t—T)dth]
=0 iTy+Ty iTr+T,
Ni—l o T T+ Ty piTp+Ta+T, »
= > / / 0 (u)dtdu}
i=0 Tp+Ty T +Tg+T;—t
Nf*l ZTf+Td+T
= > / 02Wdt1
i=0 iTy+Ty
N N
= fT (3.20)
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The variance of [n?(t)] tends to Dirac-Delta function, hence the integral vanishes outside the
range [—t,T; — t]. We then apply Parsevals Theorem to solve equation 3.20. The SNR at the

output of the correlator is given by SN Ryg:

Y

SNR =
TR Var(Ny) + Var(Ns) + Var(Ns)
. (NfbiEp)2
o Nfz\zfoEp jLz\ffz\/gbep +Nng2WTl-
_ (Npr)2
Ny NE, + MNWh
No\ 1 No\*WT\ ™
- ()% (5) @) 62b
E,) Ny E,) 2N;
Therefore, the BER of UWB TR system is represented as:
N N 2 —0.5
BERrr = Q|(2(2) + (=) 2N W (3.22)
Ey Ey

where, £, = 2N, represents the energy per bit and () denotes the Q-function.

3.5.2 DTR System

The received DTR signal is denoted as:

TDTR(t) = SDTR(t) * h(t) -+ n(t)

_ Z Z Zo‘l [p(t — jTy —iTs — n)] + n(t)

b, [g(t — Ty —iTs)] +n(t) (3.23)
i=0 j=0

where, rprr(t) represents the received DTR signal, b; the differentially modulated bit sent
over the frame, g(t) = Y. cyp(t — 1) the aggregate signal response and n(t) the AWGN
noise. Also, b; the differentially modulated bit sent over the frame is obtained by modulating
the information bit, a; € (—1, 1), with the previously obtained differentially modulated bit
b;_1 using a differential encoding rule b; = a;b;_1. The received signal rprg(t) is then passed

through a BPF of bandwidth W, to give ;5 (t) which is expressed as:

o Nj—1
rprr(t) = Z Z bi {gl(t —JjTy — iTS)} +n'(t)
i=0 ;=0
oo Ny—1lp-1
= > > N o [p/(t — §Ty —iT, — n)} +n'(t) (3.24)
i=0 j=0 1=0
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The filtered received signal is then correlated with its delayed form, and the resultant is then

passed through an integrator to obtain the decision statistic Zprr, which is represented as:
Nj—1

ij—HTg—&—T , ,
Zprr = Z/ rorr(t)rpre(t —Ts)dt
§=0 JTy+iTs

= Y+ N +No+ N3 (3.25)

Replacing the value of equation 3.24 in equation 3.25, we obtain the value of Zprg in equation

3.26.
Ny—1

JTp+iTs+T;
- Z/ {Zalbzp(t—ij—zT)—i-n ]{Zamz_lp(t—ij—@T)
j=0 Y ITr+iTs !
+n/(t — TS)] (3.26)

where, Y is the correlator signal output, N;, N, and N3 are the noise terms. Here, T; = 1, +T15,45
refers to the integration time interval and 7,,,4s the multipath delay spread. The signal term Y is

solved as follows:

Nf_]- r ]Tf+ZT5+T , ,
Y = ) / big (t — jTy — iTo)bi1g (t — jTf — zmdt]
j=0 LJiTs+iTs
17 T T L] , L1 ,
= Z / (Zalbip (t — 3Ty —ils — 1) Z ambiop (t— jTy — T — Ty,
i=0 L ITy+iTs 1=0 m=0
>> dt]
JT+iTs+T; /
= Nybbiq [/ Z aip ?(t — Ty — T, — 7)dt + Z Z oo, R(m — Tm)}
JTp+iTs l=m I#£m
val;g:O
== Nfbibi_l ( Z Oél2 ) Ep
l=m
value=1
= NibibiE, (3.27)
where, E, fj ]Tif:jTTf (¢ — jTy — iTs — 7)dt represents the energy of the pulse while

the autocorrelation function of pulse is defined as R(7) = [~ p'(t)p (t — 7)dt. To avoid IPL,
min{(m — 7,,)} > T, for I # m. The channel gains are taken to be normalized in nature hence,
>, a7 = 1. As explained in the section 3.5.1, the autocorrelation of noise can be simplified as

0(r) = f26(7) [175]. The noise variances are solved as follows.

Var(Ny)) = E[N]=Y U / (Zalbip (t— Ty —iT —7) Y
j=0 JTp+iTs JT¢+iTs —o —
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Ozmbip/(T — Ty — T, — Tm> E[n/ (t — TS)TL/(T — TS)]dth}

Nl JTyHTAT;  pfTy+HToAT,
-/

=0 ij+iTs J

GTy —iTy — 7,)0 (t — T)dtd7:|

NfNobz JTp+iTs+T;
R

Z ap (t — §Ty — iTy — 1) Z mp (T —
Tf—l—iTs l m

Z adp?(t — jTy —iT, — 7)dt +

Ty+iTs —

>N wanR(n — 1) ]

l#m
ValZ;:O
Ny Nob?
- 2 Z alZ Ep
l=m
value=1
N Nyb?E
= L rie (3.28)
2
JTs+iTs+T; o _ Nod(t—=7) _ N,
where, ijffHTs 0 (t—r7)dr = % = 22
Ny—1 JTf+iTs+T;  pjTp+iTs+T; 7 L1 )
VCLT(NQ) = E[Ng] = Z |:/ / (Zalbi_lp (t — ij — ZTS — Tl)
§=0 JTp+iTs JTy+iTs 1=0
L—1
> ambiap (r — jT; —iT, — Tm)) E[n (t)n (T)]dth]
m=0
Nfz ! JTfHTAT; Ty +iTet T, Z Z
= v, [/ / agp (t — gy —iTs — 1) Y amp(T —
§=0 JTy+iTs JTp+iTs 1 m
GTp — Ty — T8 (t — T)dth]
NN, b2 JTp+iTs+T; ,
= M{/ Za?pz(t—ij—iTs—Tl)dt—i-
S oo R - Tm@
l#m
valzgzo
- 2 Z 0412 2
I=m
value=1
N¢Nob? | E
_ Dol By (3.29)
2
N1 JTp+iTs+T;  pjTr+iTs+T; , , 2
Var(Ns) = E[NZ| =Y [/ / E [{n ()n' (r — TS)} ]
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dtdr
Ni=lr (JTyHTAT,  pfTyTA T
= Z / / 0 (t—T)dth]
j=0 LJiT+iTs 5T +iTs
Ni7lp Ty HTAT Ty HTA T
= Z / / 6 (u)dtdu}
=0 JTy+1Ts JTp+iTs+T;—t
Ni7lr T+t T gy
= > / OQWdt}
=0 Tf+ZTg
N;NZW
— —f 5 (3.30)

The variance of n” (t) tends to Dirac-Delta function, hence the integral vanishes outside the
range [—t,T; — t]. Parsevals Theorem is applied to solve equation 3.30. The SNR at the output

of the correlator is given by SN Rprg:

Y2
Var(Ny) + Var(Ny) + Var(N3)
(Nsbibi1 E,)*
N,-N;bep i NfNol;?,lEp n NfN(;WTi
(Npr)2
Nfz\2/0Ep i NfzgoEp i NfN(;WTi

N, No \>NWTh\ ™
_ 31
<(Npr) " (Npr) 2 631

The BER of UWB DTR system is denoted as:

2 0.5
BERprr = Q[((%Z) + (%j) —NfMngdS) } (3.32)

where, I, = N¢FE, is the energy per bit and is half of that TR scheme because it doesn’t transmit

SNRprr =

areference pulse. Hence TR system wastes 3dB of energy in transmitting the same information

as compared to a DTR system.

3.5.3 ED—-OOK System

The received ED—OOK signal is denoted as:

rep—ook(t) = Sep—ook(t)* h(t)
oo Np—1 L—-1
= DY biplt— Ty —iT) * > ayd(t — ) +n(t)
i=0 j=0 1=0
L-1
= Oélg(t — ij — ZTS — Tl) + n(t) (333)

-~
Il
o

47



3.5 Performance Analysis

where, * represents the convolution operator, ¢(t) = sgpp_ook(t) * 6(t — 1) the aggregate
received signal and n(¢) the noise term. Here, Ty, = N7 denotes the symbol duration, N the
number of frames per symbol and 7 the frame duration. The received signal rgp_ooxk (t) is
then passed through a ED—OOK receiver, whose decision statistics Zgp_oox is as follows:

Ny—1

2
ZED-00K = § / TEp_ooxk (1)dt
3=0 iTs‘f‘ij

= Al +A2+A3
~— =

signal notseterm

= Sg + Znoise (334)
~—~ ——
signal ~ noise—term

Replacing the value of equation 3.33 in equation 3.34, we obtain the decision statistics of
ED—OOK system Zgp_oorx 1n equation 3.35. The equation 3.35 holds good in case of no
IPL.

Ni—1 ity jTi+1, o L-1 2
S / (Zalg(t T —iTy— ) —I—n(t)) at
=0 Ts+5Ty 1=0
Ny 1r-1 iTy+jTy+T; Ny 1L-1
-y yaf Gt — Ty —iT—mydt+2 5 3
=0 =0 iTs+5Ty j=0 1=0
s +5 Ty +Ti Ni7b o il jTy+ T,
/ g(t — jTy —iT, — m)n(t)dt + Y / n*(t)dt  (3.35)
iTs+jTy j=0 Y iTs+iTy

where, T; = T,,4s + T}, represents the integration time interval. Also, 7, denotes the pulse

duration and 7,4 the multipath delay spread. The signal term obtained from A; is represented

as:
Ny—lp-1 iTs+5T+T;
A= > Zal?/ Gt — §Ty —iTy — 7)dt
=0 =0 iTs+jTy
= sig = NfE (3.36)
where, F = fZTT:]JT:Cf i g*(t — jTy — iTs — 7)dt denotes the received signal energy due to

transmission of information bit b; € {0,1}. The noise variance is evaluated by solving the
decision variables A, and A3. As explained before in Section 3.5.1, the autocorrelation function

of noise is approximated as 6(7) = 226(7) [175]. The noise variances are evaluated as follows.

Ny—1L-1 iToAjTi+T;  iTs+iTi+Ts
= B =2y et [ [ g 1y -t -
j=0 1=0 E ¢

g(1 — jTy — T — 7)) E[n(t)n(r)]dtdr
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ZT5+JTf+T
= 2Nf/ g(t—ij—iTs—Tl)g(T—ij—iTs—TZ)
Ts+jTy

O(t — T)dtdr

ZTSJroerT
= 2Nf2 / t—]Tf—ZT—Tl)dt
T—f—]Tf

= N/ NoE (3.37)

where, E[n(t)n(r)] = 0(t — 7) = £26(t — 7) and fzgﬁaTTferT Mog§(t— 7)dr = Do,

Ny—1

Ts+5T+T; s +jTy+T; 9
oy, = E[A]]= Z / / E {{n%t)} }dth

TS+ij TS+]Tf

NZ
= N; / / Odrdt Ny / 202Wdt:NfN§WT,~ (3.38)
T;—t

where, the value of E {{nQ(t)}z] = NTOQ is evaluated in Appendix A. Parseval’s theorem is
applied to solve equation 3.38.

The SNR obtained is represented as follows:

(sig)”
PED-OOK = 5

Znoise

N;E)?
= (N, E) . (3.39)
N¢NoE + Ny NgW'T;

Therefore, the BER of UWB ED—OOK system is expressed as:

1[/ N, Ny \? —05
pete o - of(5)+ (3 o] ] 0w

3.5.4 ED-—-PPM System

The received ED—PPM signal is denoted as:

rep—ppm(t) = Sep_ppum(t) * h(t)
0o Np—1

= Z Z p(t — jTy —iTs — Ab;) * 2045(75 —7) +n(t)

= aig(t — jTy — Ty — Ab; — 1) +n(t) (3.41)
=0

where, * denotes the convolution operator, Ts = N1 the symbol duration, 7 the frame
duration, Ny the number of frames per symbol, b; € {0, 1} the information bit, p(¢) the second

order gaussian derivative pulse and A the PPM shift. The aggregate signal response g(t) is
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represented as g(t — jTy — i1, — Ab; — 7)) = Sgp_ppum(t) *0(t —7;). The received signal is then
passed through a ED—PPM receiver, whose decision statistics Z is represented as 2 = Zy — Z

where, 7, and Z; denote the decision statistics due to transmission of information bit 0 and 1

respectively.
N7l T Ty T
— 2
Zy = Z / Tep—ppa(t)dt
j=0 iTe"!‘ij
= By +Ba+ By = S0 + Znoise—0 (3.42)
~ = ~ ——
signal noise—term signal notse—term
Ni b it Ty + AT
2
Zy = Z / "ep—ppu(t)d
=0 il TE+A
= O +0y+ 03 = 51 + Znoise1 (3.43)
~ N—\— ~— N—_——
signal  noise—term signal  noise—term

where, T; = T),45 + T}, represents the integration time interval. Replacing the value of equation
3.41 in equation 3.42, we obtain decision statistics Z; in equation 3.44, which is shown below.

In case of no IPI, equation 3.44 holds true.

Ni= b i jTp+ Ty Ea—l >
Zo = Y. ( > ag(t — jTy —iT, — Ab — 7)) + n(t))
j=0 7 iTs+iTy 1=0
Ny 1L-1 iTs+jTy+Ti Nj-11-1
_ Zza/ Pt — Ty —iTy = b — )t +2 3 Y
=0 1=0 iTs+jTy j=0 1=0
T+ jTs 4T Ne b i Ty T
ozl/ g(t — jTy —iTs — Ab; — 7)n(t)dt + Z /
iTs+jTy j=0 YiTs+iTy
n?(t)dt (3.44)
The signal component B; is obtained from decision variable Z.
Ny—1L-1 iTs+jTy+T;
B, = ZZal/ G2t — §Ty —iTy, — Ab; — 7)dt
j=0 1=0 T9+]Tf

fZiTs +iT+T; g2 (

where, Fy = T4 sT;

t — 3Ty — iTy — Ab; — 7;)dt denotes the received signal energy
component in Z,. The decision variables B; and B3 denote the noise terms, so to solve them,
their variance needs to be evaluated. The PSD of noise is sufficiently flat, therefore its autocor-

relation function #(7) can be approximated as 0(7) = %5 (1) [175], as mentioned in section

3.5.1.
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The noise variances are assumed to be independent of the channel under consideration.

Hence, the noise variances B, and B3 obtained from Z; are as follows:

Ny—1 L 1 iTo+jTi+T;  piTs+iTi+T;
2 o . .
oy, = =2 E fo% / / A g(t — jTy —iTy — Ab; — )
§=0 1=0 Ts+5Ty Ts+3Ty

g(t — jTy — iTs — Ab; — 7)) E[n(t)n(7)]dtdr

iTs+jTp+T;  piTs+iTr+T;
= 2Nf/ / g(t—ij—iTS—Abi—Tl)g(T—ij
2

iTs+5Ty iTs+5Ty
—iTy — Ab; — 1)0(t — 7)dtdr
'LTg—l-ng—l—T
— 2N, =2 / 2(t — jTy — iTy — Ab; — 1)dt = Ny NoFEj. (3.46)
2 s+]Tf
where, Eln(t)n(7)] = 0(t — 7) = 52 A(t — 7) and [0 B A(E - 7)dr = A,
Ni 7l Tt Ty+ s piTa T+ T
2 2 2 2
0%, = E[B= Z/ / E{{n ®} 1dtdr
7=0 iTs +ij I +ij
N "N ,
= Ny Odtdr = Ny | =22Wdt = N;N2WT; (3.47)
0 T;—t 2 0 2

where, the value of E [{nQ(t)}Q] = NTg is derived in equation A.2 of Appendix A. Parseval’s
theorem is used to solve equation 3.47. The total noise term Z,,;s._o has a total variance of
g g = 0]2\,1 + 012\,2 = NyNoEy + Ny NEWT,.

Similarly, the decision statistics Z; is obtained in equation 3.48 by replacing the value of

equation 3.41 in equation 3.43. This equation 3.48 holds true, in case of no IPL.

iTs+jTy+A+T; o L—1 2
/ (Z ag(t — jTy —iTs — Ab; — 1) + n(t))
1=0

Tt jTy+A

=

-1
Zl ==

(77

0

2 o
\" Il

LL- iTs+jTy+A+T; Ny—1
- Z / Pt~ 5Ty 1T, — Db =)t +2 3 Y
=0 =0

b‘
H

Il
o

Nj—1

iTs+jTr+A+T;
l/ (t—ij—ZT Ab—Tl dt‘l'z

iTs+jT+A+T;
/ n?(t)dt (3.48)

Q

The signal component (' is obtained from decision variable Z;.

Ny—1L-1 T+ jTy+A+T;

Cl = Z Za%/ 92(75 _]Tf - ZTS - Abl — ’Tl)dt

j=0 1=0 sHiTr+A
= 5= N;E; (3.49)
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fiTs +iTr+A+T;
3

oI Ti4A g*(t — jTy — iTy — Ab; — 7)dt denotes the received signal energy

where, £y =
component in 2.

Similarly, the noise variances C'; and C'3 obtained from Z; are as follows.

Ny—1 L 1 iTs4jTi+A+T;  piTs+jTi+A+T;
o, = =2 g Q; / / g(t — jTy —ily — Ab;
j 0 [=0 +ij +A QiTs +ij +A

—n)g(T — Ty — iTy, — Ab; — ) E[n(t)n(r)|dtdr

iTs+ij+A+Ti iTs+ij+A+Ti
= 2Nf/ / g(t — jTy —iTy — Ab; — 1) g(T — jT}
iTs+iTr+A iTs+5Tp+A

—zT Ab; — 1)0(t — T)dth

zTg—i-JTf—i-A—i-T

Ts+jTr+A
- NfNOEl (3.50)
Ni—1 T jTy+A+T;,  (iTo+Tr+A+T; ,
= ECl=3 | / [ {0} dudr
— iTs+jTr+A Ts+jTr+A
= N / / Odet Ny / 02Wdt Ny NGWT; (3.51)
T;—t

where, the value of E [{nz(t)}z} = NTOQ is solved in equation A.2 of Appendix A. Parseval’s

theorem is applied to solve equation 3.51. The noise term Z,,;s.—1 has a total variance of

. 2 2 o 2 . . . . . .
oy . =0n Ton, = NfNoEy + NyNgWT;. The decision statistics Z is represented as:
Bit0 Bitl

Z = ZO - Zl - ( So + Znoise—() ) - ( s1 + Znoise—l)

~—  —— ~—  ——

signal  noise—term signal  noise—term

rTotalSignal TotalNoise
= ( S0 — S1 ) + (Znoisefo - Znoisefl) (352)
H/_/ . ~ /
Sig Znoise

Therefore, the SNR of UWB ED—PPM system is expressed as:

, _ (st [Ny (Eo — E1)] (3.53)
ED—PPM o2 N¢No(Eo — Ey) + 2Ny NGWT; .

Znoise

Therefore, the BER of UWB ED—PPM system is expressed as:

2

(3.54)

—0.5
BERgp_ppy = QK< g )22NfWT> }

Nf(Eo—El)) + (Nf(EOO E1)
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Analyotical Vs Simulated BER Performance of IR-UWB TR Rxr in UWB CM1
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3.6 Simulation Results

The BER performance of non—coherent UWB systems were simulated in IEEE 802.15.4a

UWB environment and compared with the analytical results. The main parameters considergg
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Figure 3.5: Analytical Vs Simulated BER performance comparison of non—coherent UWB

receivers in CM1 channel for Ny = 1,2 namely(a) TR Rxr (b) DTR Rxr (¢) ED—OOK Rxr (d)
ED—PPM Rxr
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Perf%rmance Comparison of Non—-Coherent IR-UWB Rxrs in CM1 for Nf=1
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Figure 3.6: BER Performance Comparison of Non—Coherent UWB receivers in (a) CM1 chan-
nel for Ny = 1 (b) CM1 channel for Ny = 2 (¢) CM2 channel for Ny = 1 (d) CM2 channel for
Ny =2
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for simulations are Ny = 1,2, N = 200000, W = 2GHz,T; = 4nsand Fyy,,,, = 10GHz,
where N; represents the number of frames in one symbol, /N the number of bits, 11 the band-
width of bandpass filter, 7; the integration interval and F,,, the sampling frequency. A second
order Gaussian derivative pulse p(t) = (1 — 47w ((t)/T})?)exp(—27((t)/Ty)?) is used for trans-
mission, where ¢ denotes the time interval and 7}, = 0.15 ns the pulse width control factor. The
computer simulations are performed using Matlab tool.

Fig 3.5(a), (b), (c) and (d) illustrates the theoretical BER performance of UWB TR, DTR,
ED—OOK and ED—PPM systems respectively, in UWB CM1 environment for Ny = 1,2, and
compares it with the simulation results. The conclusion drawn from the Fig 3.5(a), (b), (c)
and (d) confirms that the theoretical BER performance of TR, DTR, ED—OOK and ED—PPM
systems in CM1 environment respectively, coincides with that of simulation results. It is also
inferred that increase in number of frames Ny from 1 to 2, leads to degradation in BER perfor-
mance.

Fig 3.6 shows the BER performance comparison of non—coherent UWB systems namely
TR, ATR, DTR, RTR, RATR, ED—OOK and ED—PPM, over IEEE 802.15.4a (a) UWB CM1
for Ny = 1, (b) UWB CMI1 for Ny = 2, (¢) UWB CM2 for Ny = 1 and (d) UWB CM2
for Ny = 2 environment, respectively. CM2, NLOS channel suffers a SNR loss of 3 — 4 dB,
compared to CM1, LOS environment, as observed in Fig 3.6(a) and (b) as well as Fig 3.6(c)
and (d). It is observed that BER performance degrades as N; changes from 1 to 2. It can
also be concluded from all the figures that as far as BER performance of non—coherent UWB
systems are concerned, DTR > RATR > RTR > ATR > ED—PPM > ED—-OOK > TR. TR
system gives the worst performance among all the non—coherent UWB systems, because it
wastes 3 dB of energy in transmitting a reference pulse. The problems faced by TR system is
overcome using ATR, RTR, RATR, DTR and ED systems. Among the ED systems considered,
ED—PPM system gives a SNR gain of 1 dB over ED—OOK system, at a BER of 10, This is
because ED—OOK system suffers from noise, as it does not transmit a pulse when information

bit 0 is transmitted.

3.7 Concluding Remarks

The analytical BER expression for various non—coherent UWB systems namely TR, DTR,
ED—OOK and ED—PPM, has been derived and compared with the simulation results for Ny =
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1, 2. In this chapter, a comparison between the various non—coherent UWB systems in IEEE
802.15.4a low data rate UWB channel, is presented. The non—coherent UWB systems con-
sidered for simulation are TR, ATR, RTR, RATR, DTR and ED. It is also observed that with
increase in number of frames Ny, the BER performance of the UWB system degrades. Also for
UWB simulated channels, CM1 being LOS gives better performance than CM2, NLOS chan-
nel. The simulation results prove that among the AC systems discussed, DTR gives the best
performance when compared to the other systems namely TR, ATR, RTR and RATR, in UWB
environment for Ny = 1,2. DTR system transmits differentially modulated information and
wastes no energy in transmitting a reference pulse, thereby saving 3 dB of energy, compared
to TR system. DTR system also outperforms RATR system, which uses the combined effect of
averaging and recursive estimation, by a SNR margin of 1 — 2 dB, at a BER of 107, It is also
inferred from the simulation results that among the UWB ED systems, ED—PPM outperforms
ED—OOK by a SNR margin of 1 dB, at a BER of 10~*. This is because OOK scheme wastes
energy when bit 0 is transmitted. As a result, no pulse signal is transmitted, thereby inducing
noise and leading to performance degradation. It is also observed that even though DTR and
RATR system shows performance superiority over ED (ED—PPM,ED—OOK) system in CM1
and CM2 channel for Ny = 1, 2, the ED system is preferred over AC system such as DTR and
RATR. This is because, AC system requires long analog DL’s for performing correlation oper-
ation. Furthermore, to correlate the received signal with its delayed version, a storage element
is required for storing the previous samples. This leads to hardware complexity. On the con-
trary, ED system requires less complexity and gives a comparable BER performance in IEEE

802.15.4a CM1 and CM2 environment, for Ny = 1, 2.

In this chapter, the BER performance of various non—coherent UWB systems are com-
pared both analytically and by simulation, in single—link scenario. The analytical results are

also validated with the simulation results.
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Chapter 4

Performance Analysis of Non-Coherent

UWB Cooperative AC System

In this chapter, we derive an analytical solution for the BER performance of non—coherent
UWB AC system, using cooperative dual—hop AF and DTF relay strategy for various combin-
ing schemes. In particular, we obtain the approximate BER expressions for AC systems namely
TR and DTR, for various diversity combining cases, such as optimum linear combining, linear
combining, and selective combining, based on autocorrelation principle. Section 4.1 presents
the basic introduction about UWB AC system using various cooperative dual—hop relay strate-
gies. Section 4.2 describes the system model comprising of signal model, channel model and
receiver structure. The detailed theoretical BER performance analysis of UWB AC system
is derived using cooperative dual—hop AF and DTF strategy for various diversity combining
schemes, in Section 4.3 and Section 4.4 respectively. The simulation results are outlined in

Section 4.5 while Section 4.6, concludes the paper.

4.1 Introduction

The low PSD value limits UWB system from achieving a wide coverage and achievable BER
performance in single—link scenario [5]. So, we resort to cooperative technology. The main
motive of cooperative transmission [70] is that the relay nodes share their antennas to create a
virtual MIMO system, thereby helping the source node in transmitting information to the desti-
nation node, leading to diversity gain. Relay technology [76, 77] forms the basis of cooperative

diversity in UWB communication, and improves QoS, BER performance and transmission re-
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liability of the system. Cooperative relay strategies are classified as AF, DF and DTF. The
other advantages associated with Cooperative communication are high data rate, less power
consumption, effective utilization of bandwidth and improvement in signal strength.

This chapter discusses BER performance of non—coherent UWB TR and DTR system us-
ing AF and DTF relay strategy, for a dual—hop cooperative scenario with various diversity

combining schemes, both from analytical and simulation point of view.

4.2 Cooperative System Model

The cooperative system model discussed in this section consists of three links, S—D (Link-
1), S—R (Link-2) and R—D (Link-3), as shown in Fig 1.3. In the 1* time slot, UWB signal
modulated by the information bit, is transmitted from the source node to relay node as well as
destination node. In case of AF scheme, the signal received at relay node in 1% time slot is
amplified by an amplifying factor and then forwarded to the destination node, in the 2" time
slot. However in case of DTF scheme, the signal received at the relay node in 1% time slot
is first demodulated using an AC receiver and forwarded to the destination node, in 2" time
slot. The received signal obtained at the destination node using either of the relaying schemes
in the 1°* and 2" time slots, are demodulated using an AC receiver namely TR and DTR. The
decision statistics obtained at the destination node due to autocorrelation of received signals
in 1%t and 2" time slots, are combined using various combining schemes, namely optimum
linear combining, linear combining and selective combining, to form the final decision statistic.
The final decision statistic is then compared to a threshold to recover the information bit. The
signal model, channel model and receiver model of the cooperative system is described in the

subsequent sections.

4.2.1 UWB Signal Model

The cooperative scheme discussed in this section uses a dual—hop AF and DTF relay strategy.
PAM modulation scheme is used for transmission in cooperative UWB TR and DTR system

[176].

(i) TR System: In a TR system, two pulses namely unmodulated reference pulse, followed
by data modulated pulse are transmitted per frame, where the former is separated from

the latter by a delay of 7}; [56]. A number of frames constitute a bit or a symbol. As seen
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in Fig 1.3, UWB TR signal is transmitted from the source node to relay node as well as
destination node, in 1% time slot. The signal sent from the source node to the relay node
is either amplified or detected at the relay node depending on the relay strategy and then
forwarded to the destination node, in the next time slot. The UWB TR signal transmitted

from the source node to the destination node, in 1% time slot is represented as:

N;—1

STRfSD(t) = Z [p(t — ij — QZTS) + blp(t — ij — QZTS — Td):| (41)

i
i=0 j=0
Similarly in the same time slot, the UWB TR signal transmitted from the source node to

relay node is represented as:

Ne—1

STRfSR(t) = Z lp(t — ij — 2ZTS) + bzp(t — ij — 2ZTS — Td):| (42)

=
=0 ;=0

<

where, srr_sp(t) and syg_sg(t) represents the UWB TR signal transmitted from the
source node to destination as well as relay node respectively, in 1% time slot. The other
terms such as b; € (1, —1) represent the information bit, p(¢) the gaussian second order
pulse, N the number of frames per symbol, 7' the frame duration and T, = N;T7% the
symbol duration. TR signal consists of two pulses wherein, unmodulated reference signal

is followed by a data modulated signal, both of which are separated by delay of 7.

(1) DTR System: In DTR system, instead of transmitting a separate bit, differentially modu-
lated bit is sent over the frame which is obtained by modulating the binary information bit
with the previously obtained differentially modulated bit, thereby saving energy. As illus-
trated in Fig 1.3, UWB DTR signal is transmitted from the source node to relay as well
as the destination node, in 1 time slot. The received signal obtained at the relay node is
either amplified or detected depending on the relay strategy used and then forwarded to
the destination node, in 2™ time slot. The UWB DTR signal transmitted from the source
node to the destination node in 1% time slot is represented as:

0o Np—1

spra—sp(t) = > bip(t — jT; — 2iT,) (4.3)

i=0 =0
Similarly in the same time slot, the UWB TR signal transmitted from the source node to

relay node is represented as:

oo Nj—1

sprr-sr(t) = Y Y bp(t—jTy — 2T,) (4.4)

i=0 j=0
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Figure 4.1: UWB TR system for Cooperative Communication

where, sprr_sp(t) and sprr_sgr(t) represents UWB DTR signal transmitted from the
source node to destination node and relay node respectively, in 1% time slot. Here, the
differentially modulated bit b; is transmitted over the frame, which is obtained by differ-
entially modulating the information bit a; € (—1, 1) with the previously obtained infor-

mation bit b;_1, by a differential encoding rule b; = a;b; 1 [171].

4.2.2 UWB Channel Model

For a signal to cross over from the transmitter to the receiver side, a wireless medium or channel
is required. The frequency selective nature of the wireless channel forces delay dispersion in
each multipath component of the UWB system. IEEE 802.15.4a, low data rate wireless UWB

channel, based on the modification of SV model [34] is represented as:

Ly—1

hk(t) = Z Oél7k5(t — T”f)
=0

= Y eyt ) 4.5)
7

where, hy(t) represents the impulse response of channel and L, the number of multipaths. Also,
oy (ay,) and 77, (7,) denotes the amplitude response and delay response of [ multipath in £
link, respectively. The indices k& € {1, 2,3} are used to denote S—D link, S—R link and R—D
link respectively. The channel gains «; ; follow Nakagami distribution, while J denotes Delta
function. In order to avoid IPI and IFI in UWB TR and DTR system, received pulses must
have frame duration 7y > (7,45 + 1},), Where T, represents the pulse duration and 7,45 the
multipath delay spread. The UWB channel models, chosen for simulation are CM1—-CM2,

which represent different UWB environments.
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4.2.3 TR Receiver Model

The received signal obtained at the receiver side is an attenuated and a dispersed form of the
transmitted signal, after it passes through the channel. The non—coherent UWB receivers de-
signed for TR and DTR system follow autocorrelation property, and hence are called AC re-

ceivers [162, 177].

(i) TR Receiver: As seen in Fig 4.1, the received TR signal rg(t) is first passed through a
BPF having a bandwidth W. The filtered received signal 775 (t) is then correlated with
its delayed version 7.,(t — Ty). The resultant signal is then integrated over time interval
followed by decision device, where it is compared to the threshold, in order to recover the
information bit b; [2, 68]. The received TR signal at the destination node in 1% time slot

is represented as:

rrr—sp(t) = srr—sp(t)*hi(t)
so Ny—1
= > Y {p(t — Ty — 20Ty) + bip(t — §Tp — 2T, — Ty)]
i=0 j=0

* Zah(s(t — Tll):| + nSD(t)

= Z Z [QSD(t — jTy = 2iT5) + bigsp(t — jTy — 215 — Ty) | +
i=0 j=0
ngp(t (4.6)

where, the aggregate signal response gsp(t) and gsg(t) for S—D and S—R link are ex-
pressed as gsp(t — j1 — 2iT,) = spr_gp(t) * (t — 1) and gsr(t — jTy — 2iT;) =
str-sr(t) * 6(t — 7.2), respectively. Similarly, the received signal obtained at the relay

node in 1% time slot is denoted as:

rrr—sr(t) = srr—sr(t) * ha(t)
0o Ns—1
= > > {p(t — Ty — 2T,) + bip(t — Ty — 2T, — Ty)]
i=0 j=0

* Z a,0(t — 7'12)} + ngp(t)
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Figure 4.2: UWB DTR system for Cooperative Communication

o Nj—1

XY {%p (t — §Ty — 20T — 71,) + apbip(t — 5Ty — 20T, —

i=0 j=0 s

Td — 7'12)} -+ nSR(t)
Ny—1
> [gSR (t — §Ty — 2Ty) + bigsr(t — jTy — 20T, — Ty)| +

J

(t 3 4.7)

i

(11) DTR Receiver: DTR receiver uses autocorrelation property to extract the information bit
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a;, as observed in Fig 4.2. The received signal rprg(t) is first filtered using a BPF to

obtain 7}, (t). The filtered received signal '}, (1) is then correlated with its delayed

. ’
version 7 g (t—

T) and the resulting correlated product is integrated over the integration

time interval to obtain the decision statistic, which is compared to the threshold, to recover

the information bit. The received DTR signal at the destination node in 1% time slot is

represented as:

rprr—sp(t)

= sprr-sp(t) * hi(t)
s Ny-1

(]
(7

{blp (t — jTy — 2iT5) Z ano(t — 1, } + nsp(t)

<.
I
o

0

3u
,_.

M

~
Il
o

|:al1 zp ij - QZTS - 7-l1):| + nSD<t)

Il
o

l1

Z .
|
L

o

~
Il
o
<.
Il
o

[bigSD(t — ij — QZTS)} —|— n5D<t) (48)
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where, the aggregate signal response gsp(t) and gsp(t) are expressed as gsp(t — jTf —
21T5) = 3DTR—SD<t> ES (5(25 — 7'171) and gSR(t — ]Tf — 2ZT5) = SDTR—SR(t) * 5(t — 7'172)
respectively. Similarly, the received signal obtained at the relay node in 1* time slot is

denoted as:
rprr-sr(t) = Sprr—sr(t) * ha(t)

- Z S {bip(t — jTy — 20T, % > au,6(t — 712)1 + nsp(t)

_ i 3 |:a12bip(t — Ty — 2T, — 712)} + ngr(t)

i=0 j=0 I

{biggR(t — ij — QZ'TS)} -+ nSR(t) 4.9)

4.3 Performance Analysis of a Cooperative AF AC System

The theoretical BER performance analysis of UWB AC system is explained vividly in this

section.

4.3.1 TR System

The theoretical BER performance analysis of UWB TR system using cooperative AF strategy
is illustrated in this section [178]. At the end of 1% time slot, the received signal obtained at the
destination and relay node is represented by equation 4.6 and 4.7, respectively. This received
signal obtained at the destination node in the end of 1% time slot, is detected using a TR receiver,

whose decision statistics Zrr_sp is expressed as:

Ne—l T 20T 4 Ty +T;
ZTR-SD = / rrr—sp(t)rrr—sp(t — Ty)dt
§=0 JTp+2iTs+Ty
= Zy(k)+ Zy(k) + Z3(k) + Zu(k) = Z1(1) + Zo(1) + Z3(1) + Z4(1) (4.10)
ignal ) ise—t ignal ) st
SZgTLCL notse—term S’Lgna notse—term

where, the index k& € {1,2, 3} refers to S—D, S—R and R—D link respectively, as mentioned
in equation 4.5 and T; = T, + T},,4s denotes the integration time interval. Also, 7, and 7,4,
denote pulse duration and multipath delay spread respectively. The signal term obtained from

S—D link is represented as:

Ny—1 G T +2iTs+Tg+T; . . '
Zl(l) = Z |:/ (Z Oéllp(t — ij — QZTS — Tll)) (Z am1b1p<t — ij
=0 ij+2iTS+Td Iy m1
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AT~ Ty 7))

JT s +2iTs+Ty+T;
-l

> ol p(t — jTy — 20T, — 7, )dt

li=m1

+ Z Zahaml Tll 7-7711):|

11¢m1

JTp+2iTs+Ty

~
value=0

= NfbiEP (Zal%)

15t
~—_——

value=v1

= NibEyy 4.11)
\‘,_/
$19SD

where, the pulse energy obtained from S—D link is defined as E, = |; T4l Tatts 2(t —

T +20Te+ T,
jTy — 2iTs — 7, )dt and autocorrelation function as R(7 f p(t)p(t — 7)dt. This constraint
min {(m, — 7m,)} > T, for l; # my is satisfied, to avoid IPL. Hence, Z Z Qg iy R(T, —
li#my

Tm, ) = 0. The channel gains oy, for IEEE 802.15.4a UWB multipath channels are assumed to
be independent and identically distributed (IID) Nakagami. Consequently, their squares will be
IID Gamma distributed [179]. Hence, by the use of the Central Limit Theorem, sz a%k = Y%
may be approximated as Gaussian distributed. In this case, the value is 7;.

The filtering of AWGN process having PSD % with a BPF W, results in noise terms n(t).
The index k € {1,2, 3} refers to S—D, S—R and R—D link respectively, as discussed in equa-

tion 4.5. The autocorrelation function of noise 0 (7) is given by [175]:-

Ou(r) — E[nk(t)nk(t—T)}:%%003(27#07) .12)

where, E|.] denotes the statistical expectation operator and f, carrier frequency of BPF. The
bandwidth is assumed to be sufficiently large so the frequency response of the received signal
gk (t) at destination node falls inside the PSD 6 (f) of ny(t). As PSD 6;(f) is sufficiently flat,
the autocorrelation function of noise can be simplified as 0;(7) = £25(7) [175]. Since Z5(1),

Z3(1) and Z,(1) denote the noise terms, their variances are solved as shown below.

Ny—1

) JT+2iTs+Tg+T;  pjTr+2iTs+T3+T;
vav) = B0 =Y | [ / (ot iy -
51

j=0 ij+2iTS +Td ij+2iTs+Td

2, nl>) (mz Q{7 — Ty — 2T, — Tm)) Elnsn(t - Tonsp(r — T
)]dth]
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]Tf+22TS+TZ .
where, [ T 4T, 0,(t — 1)

Var(Ns)

Ny—1 3Ty +20Ts+Ty+T;
> (Sauntt =1 =22~ ) (Z ample
=0 ij+2’iTs+Td I mi

Ty — 2iT, — Tml)) 01(t — T)dtd7:|

NfNO |:/ij+2iTs+Td+Ti
2

> ol p(t — jTy — 20T, — 7, )dt

li=mq

_Tml)]

4

JTp+2iTs+Ty

=+ Z ZallleR(Tll

l1#ma
A

~
value=0

NiNyE, 9
2 : (Z all)

Iy
———
value=v1

NfNQEp’)/l

: (4.13)

JTe+2iTs+T; N, N,
fanf+2sz POt —7)dr =

Ne—be T4 20T A Ty+ Ty G Tp+20TsATy+T;
l/ / (Zallbip(t — JTy
=0 JTp+2iTs+Ty JTp+2iTs+Ty I
—2ZT3 — Td — Th)) (Z amlbip<7- — ij — QZTS — Td — Tml))E[nSD(t)
m1

nSD(T)]dth}

Ny—1 FTp+20TATy+T; (i Tp+2iTo+Ta+T;
2 . .
E b; {/ / E app(t —jTy — 20T, — Ty
=0 JTp42iTs+Ty JTp+2iTs+Ty L

—Th) Z amlp(T - ij - 27/Ts - Td - Tml)) 91(?5 - T)dtd7j|

NfNobg { /ij+2iTs+Td+Ti

5 Z o p*(t — jTy — 24T,

l1=m1

Tll 7—m1) }

— Tll)dt

JTp+2iTs+Ty

+ 2D mamR

ll?’éml

~
value=0

NfNob?E
2 : ( Z al21)

NfNob?Ep’}/l

5 (4.14)
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Ny—1

JTp+20Ts+Tq+T; JTp+2iTs+1Tg+T;
2
varvy) = B0 = Y | [ /
jZO ij+2iTs+Td ij+2’L'TS+Td
2
E [{nsp(t)nSD(T — Td)} :|dtd7':|
Ny—Lr JTp+2iTs+Tq+T;  piTp+20Ts+Tq+T;
= g / / 02 (t — T)dth:|

jZO L ij+2’L'Ts+Td ij+2iTS+Td
Ny—1

JTy+2TATo+T; i Ty+20Ts+Tg+Ti
= g / / 63 (u)dtdu}
J

j=0 L ij+2’L'T5+Td Tf+2iTS+Td+T¢7t
Ny—1 - T 9
¢ N,
= > /)—ﬁmVﬁ]
2| ) 4
=0 =~
N NZWT,
9 .

(4.15)

2
where, E[n2(t)] = X2, The value of E[{n2(t)}’] = 22.
The decision statistic Z7r_gp at destination node in 1% time slot contains signal term

and the noise term. From the derivations, it is observed that the signal term sigsp has a

' ) ) ‘ ) 9 _ N;NoEym
value of N;b;F,y; while the noise term Z,,,;s.—sp has a variance of Oviesy = — 5

N¢Nob? Epmi
5 +

+

Ny NgQWTi. The SNR at the destination node from S—D link in the 1% time slot is

represented as:

8195
PTR-SD = —35

O-Znoisest
(*NfbiEp’Vl)2

N;Nob? Epyi
2

Ny NoEpmi
5 +

(Npr%)z
Ny NoE,y, + 20T
(My
_ 2 (4.16)

NoEpm1 + Ny NgWT;
2 2

NyN2WT;
+ =

where, energy per bit is given as Fj, = 2N¢T7.

In the 1% time slot, UWB TR signal is also transmitted from the source node to the relay
node, which is represented by equation 4.2. The signal received at the relay node in 1% time slot
is denoted by equation 4.7. The signal received at the relay node in 1% time slot is amplified by
an amplifying factor \/S4r, and then forwarded to the destination node in 2" time slot. The

amplified UWB TR signal transmitted from the relay node to the destination node is represented
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as:

str-rp(t) = rrr_sr(t)\/ Bar 4.17)

where, the amplifying gain is defined as /Bar = \/(E{h2 Esk ) Also, E, Egsg, ha(t)

z(t)l}ESR+NO

and o2 represent the expectation operator, signal energy, channel response and noise
4 SR

noise—

variance of S—R link respectively. The signal received at the destination node from R—D link

in 2" time slot is represented as:

o Nj—1

rre-gp(t) = (Z Z {\/ Bar me(f — Ty — (2t + 1)Ts — 1,) + \/Bar Zoﬂgbi
i—0 j=0 s Iy
p(t—ij—(2i+1)TS—Td—712)+ ﬁAFTLSR ] ZOQS — Tis >
+7LRD(t)
0o Nj—1
= Z Z {\/BAFZQIQZOQJDt—]Tf—(2Z—|—1)T Tl3)+ 5AF
=0 j5=0

@}:ahizww@—jﬂ“4%+iﬂE—ﬂrﬂb—WQ]+v5mmhﬂﬂ

la I3

+nrp(t) (4.18)

where, n’ () = ngg(t) * hs(t) = > 1, Qsnsr(t — 7,3) denote the aggregate noise response
after convolving the noise response of S—R link, with channel response of R—D link h3(t).
Also, ngp(t) represent the noise response of R—D link.

The received signal r7r_pp(t) obtained at the destination node in the 2" time slot is now

passed through a TR receiver, whose decision statistics Zpr_gp 1s expressed as:

Ne—l T+ (i 1) T+ Ta+T;
ZTR-RD = / rrr—rp(t)rrR—RD(t — Ty)dt
j:() ij+(2’L'+1)TS+Td
= Z1(3)+ 22(3) + Z5(3) + Zu(3) + Z5(3) + Zs(3) + Z1(3) + Zs(3) + Zy(3)

signal noiseterm

(4.19)

The signal term Z;(3) obtained from R—D link is expressed as:

71(3) - Zm[/

GT (204 1) T+ Ty

—7‘13)> (Z Qs Z U bip(t — jTp — (20 + 1)Ts — Ty — Ty — Tm3)>dt:|

Z (075 Z algp(t — ]Tf — (22 + 1)TS — Tly

JTp+(2i4+1)Ts+Tq+T; (
lo I3
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GTy+(2i+ 1) Ts+Ty+T;
= BarNgh; { / af, Y af, p*(t — Ty — (2 + VT, — m,
ij+(2i+1)TS+Td
S—— N~
lo=mo I3=ms3
Value=vy27y3
_Tls)dt + Z Z Ay Oy R(Tl2 - Tm2) Z Z Qg Qg R(Tls - Tm3)
lo mo l3 m3
lo#£mg I3#m3
Value=0
= BarNgbiE, ( > an> o, )
H2/—/H3/—/
lo=ms2 Iz=m3
Value=vy2vy3
= BarNgbiEyyays (4.20)
where, the pulse energy obtained from R—D link is defined as E, = [ Jgf fJ:r(;zfll))TTsrTTd s 2(t —
jTy — (2i + 1)Ty, — 7, — 7,)dt and autocorrelation function as R(7) = [ p(t)p(t — 7)dt.

This condition min {(7, — Tm,)} > T}, for ly # mgy or min {(m, — Tm3>} > T, for l3 # mg is
satisfied to avoid IPI. Hence, Z Z Qy Oy R(T1y — Tiny) Z Z QO R(T1 — Tiny) = 0.

lo#ma l3#ms3
As explained earlier in the same section, since a large number of UWB multipath channel

gains are considered, the channel gains can be approximated as Gaussian Distributed using the
Central Limit Theorem } of, = 72 and Do o, = 73. As described earlier, since the PSD
05 (f) of noise is sufficiently flat, the autocorrelation function of noise can be approximated as
01 (T) = £24(7)[175]. To solve the decision variables Z5(3), Z3(3), Zs(3), Z5(3), Zs(3), Z+(3),
Z3(3) and Zy(3) containing noise terms, variance is evaluated. The variance of noise terms are
as solved below.

Ny—1

ij+(2i+1)Ts+Td+Ti ij+(2i+1)Ts+Td+Ti
Var() = EIZGI=5r Y | / / (
7=0

D on )

JT+(2i4+1)Ts+Ty I s

JTp+(2i4+1)Ts+T,

Oélsp(t — ij — (22 + 1)T3 — T3 ) <Z Qg Zamgp ]Tf -

(20 + )Ty — Ty — ng)) E[npp(t — Ty)npp (T — Td)]dtch}

JTr+2i4+1)Ts+Tg+T;  piT+(2i+1)Ts+Ta+T;
/ / (X o X awnte - i1y
l

l3

= BE}FNf [

JTy+(2i41)Ts+Ty JTp+(2i4+1)Ts+Ty

_<2Z + 1)Ts — T, — 7—l3)) (Z Ay Z amap(T - ij - (22 + 1)Ts — Tmey
ma ms3

rm3)> Oy (t — T)dth}
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) v3Np T+ (24 1) Ts+ T +T; S >,
= BAFNf( 9 )|:/ Zalzzabp(t_]Tf_(ZZ—'—l)
I3

ij+(2i+1)TS+Td
—— ——
lo=mo lz3=m3
Value=v27v3
Ts — Ty — Tl3)dt + Z ZCKZQOémQ R(Tl2 — TmQ) Z Z&l3Oém3 R(Tlg — Tm3)
lo mso l3 m3
lo#ma Is#m3
Value=0
——N—
2 v3No
= BAFNf< ) (Zabzalg)
\\,_/\\,_/
lo=mo Iz3=m3
Value=~y27y3
2 NiNoE 2
BAF f 20 pf}/?fy?) (421)

JTf+(2i41)Ts+T; 0 (

where, the value of @;(t — 7) is obtained from Appendix B. Hence, f Ty + @i+ )T,

N,
T)dr = B30,

Ny—1

Ver(Ye) = EIZ®] = e 3 /

JTp+(2i+1)Ts+Ty

2 on )

ij+(27:+1)T5+Td+Ti /ij+(2i+1)T5+Td+Ti (
lo I3

FT (204 1) Ts 4Ty

Oél3bip(t — ij — <2Z + 1)Ts — Td — Ty — ’7'[3)) (Z Qg Z Oém3bip(7'
ma ms3

—2i4+1)Ts — Ty — Tny — Tm3)) E[anD(t)n;%D(T)]dth}

ij+(2i+1)T5+Td+Ti ij+(2i+1)TS+Td+T¢
2 2 .
= BarNyb; Zab Zalsp<t — Ty
l2

GTs+(2i+1)Ts+Ty GT+(2i41)Ts+ Ty s

—(2i+ V)T, — Ty — 7, — 713)) (Z Ay D Uy (7 — j T — (26 + )T, —
mo ms3

Ta— Ty — Tms)) Qé(t — T)dthl

N ij+(2i+1)T5+Td+Ti
BapNyb; 9

> al > af p(t— Ty — (2i + DT,

JTp+(2i+1)Ts+Ty & &
——
lo=mo I3=ms3
Value=~23
Ty —m, —7,)dt + E E Ay Uy, R(T1, — Tiny) g E Qs Uy R(T15 — Tony)
lo mo l3 m3
la#ma I3#ms
Value=0
_ 92 73 No
(25 (S5
R/—/W—/
lo=m2 I3=m3
Value=vy2v3
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2 N:Nyb’E 2
— 5AF fLvoY; Pr)/2’73 (422)
2
Ny—1 JTp+(2iA D) TsATy+T;  §T+(2i4+1)Ts+Ty+T;
Var(Ns) = E[Z;(3)] = Bar » [ / / (Z%Z
=0 JT+(2i4+1)Ts+ Ty JTr+(2i+1)Ts+Ty I I3

Oélg,p(t - ]Tf - (27’ + 1)T8 — Tl ) (Zamz Za’m3p ij -
(22 + 1)Ts — Tmgy — Tm3)> ]E[TLRD(t — Td)nRD(T — Td>]dtd7':|

Z au, Z ay,p(t — jTy

T+ i+ 1) Ts+Ta+ T i T+ (2i41)Ts+Ty+T;
= BarNy { / / (
! I3

JTi+ (24 1) T+ Ty JTi+ (24 1) T4 Ty

—2i+ )T — 7, — 1, ) (Zam2 Zamgp T— Ty — (20 4+ 1)Ts —

Tm3)> 05t — T)dth}

/BAFN N(] ij+(2i+1)T5+Td+T ‘ ‘
= Tf Z al2 Z 0415 — Ty — (20 4+ 1)Ts — 7,
JT§+(2i+1)Ts+Ty
la=m2 13=mg3
Value=vy373
_Tl3>dt + Z Z Ay AUy R(Tl2 - Tm2) Z Z Q3 Oy R(Tls - ng)
lo ma2 l3 m3
la#mo I3#ms3
Value=0
BarN fNoE
= Z o, Z i,
lo=m2 I3=m3
Value=~37v3
N NoE
_ 6AF f4vo0 p7273 (423)
2
JTp+(2i+1)Ts+T; JTp+(2i4+1)Ts+T; N, N,
where, fo+ cirnr, 03t —17) ijer @ity 20t —T)dr = 3.

JTp4+2i+1)Ts+Tq+T;  piTr+(2i4+1)Ts+Tq+T;
Var(Ny) = FE[Z2(3)] = Bar Z [/ / (Zal2
JTs+(2i4+1)Ts+Ty JTp+(2i+1)Ts+Ty ”

Z al3bip(t - .]Tf - (ZZ + 1)Ts - Td — Ty, — Tl3)) (Z Ay Z am3bip(T
mo ms

l3

ij — (22 + 1)Ts — Td — Ty — Tm3)> E[HRD(t)nRD(T)]dth]

ij+(2i+1)TS+Td+T¢ ij+(2i+1)Ts+Td+Ti
/ / ( E Qi E :O‘lsp(t -
lo l3

= BapN;b? [

JTr+(2i4+1)Ts+Ty JTf+(2i4+1)Ts+Ty
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Var(Ns)

Var(Ng)

]Tf - (2@ + ]-)Ts - Td - le - Tlg)) (Z Oém2 Z Oém3p(7' — ij — (2@ + 1>TS
mo ms3

—Tq— Ty — Tm3)) O5(t — T)dth]

BarNyNob? GTp+(2i+1)Ts+Ty+T; | |
% Z 0‘122 Z 0‘123 p?(t — jTy — (20 + )T —
3T+ (2i+1)Ts+Ty a -
S——
lo=my  lg=ms
Value=v27v3

Ty — T, —T,)dt + Z Z Ay Uy, R(T1y — Tiny) Z Z Ay Oy R(T15 — Ting)
la 2 3

I3

lo#Ema I3#m3
Value=0
BarNyNob?E, 9 2
2 Z A, Z Qg
I I
——
lo=mso lz=m3
Value=~273
NN’ E
Bar V0O Lp7Y273 (4.24)
2
) , Ny—1 JTp+2iA ) ToATy+Ti  piTi+(2i4+1) T+ Ta+T;
- Bz -4 Y | | /
w0 LT eis Tty FTs+(2i4+1)Ts+Ty
! I 2
Nyl Tt Qi ) TA TaA T, pd T+ QiA DToATaA s
2 !
— e / / 0y (t — 7)dtdr
0 ST )T AT, JT+(2i4+1)Ts+Ty
T; 2
: N,
= B2.N; / <73 0) oW dt
0
2 N N2WT; 2
_ BarNe Ny 73' (4.25)
2
, Ny-1 T+ (24 1) T4+ Tu+Ti  iTp+(2i4+1)Ts+Ty+T;
- mze1- Y | [ /
im0 LT+ @it )Ty FT+(2i41)Ts+Ty
E [{HRD(t)nRD(T — Td)}2:|dtd7':|
Ny—1 JTp+ (i D) TsATy+T;  §Tp+(2i4+1)Ts+Ty+T;
= Z [/ / 03(t — 7)dtdr
im0 LT+ Qi) T+ Ty FT+(2i41)Ts+Ty
T, A2
¢ N22W dt
= Ny / o=
0 4
N N2WT,;
= L= (4.26)

2
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JTp+(204+1)Ts+Ty+T; /ij+(2i+1)Ts+Td+Ti
J

Var(N;) = E[Z3(3)] = fBar Y { /]

T+ (2i4+1)Ts+Ty Tp+(2i4+1)Ts+Ty

E [n’RD(t)n;%D(T)nRD(t — Ty)ngp(T — Td)} dtdr

ij+(2’i+l)TS+Td+Ti ij+(2i+1)T5+Td+TZ‘ ,
= 5AFNf/ / O5(t — 7)05(t — 7)dtdr
J J

Ty+(2i+1)Ts+Ty Tp+(2i+1)Ts+Ty
T.
A N N
= BAFNf/ (73 ”) (—O)QWdt
0 2 2
N NZWT;
- Bar fgo kS (4.27)
N1 G4+ (2i4+ 1) T +Ty+T;  piTp+(2i+1)Ts+Ty+T;
Var(Ny) = E[Z3(3)] = far 3 { / /
§=0 JTe+(2i+1)T5+Ty JT+(2i+1)Ts+Ty

E {n/RD(t — T))npp(T — Td)nRD(t)nRD(T)} dtdr

ij+(2’L'+1)TS+Td+TZ' ij+(2i+1)Ts+Td+Ti ,
= 5AFNf/ / 05(t — 7)03(t — 7)dtdr
J J

Ty+(2i+1)Ts+Ty Ty+(2i+1)Ts+Ty
T.
i N, N,
= /BAFNf/ (73 O) (—O)QWdt
. U2 2
N NQWTi
_ BarlVy v s (4.28)

The decision statistic Zrz_pp obtained at the destination node in 2™ time slot contains
signal term sigrp and the noise term Z,,,;sc—rp. It is observed from the derivations that the
signal term sigrp has a value of 847N ;b; E, 273 while the noise term Z,,,;s.— rp has a variance
(14 8173 +28.47s). The SNR

evaluated at the destination node in 2" time slot is represented as:

_ BarNyNoEpv2v3(1+b2+Barv3+Barb?
noitse—RD - 2

Ny NEWT;
2

Of 0'% 73) +

c 2
St9RrD
PTR-RD = ~—5
noise—RD

(BarNsbi Eyyays)®
BarNyNoEpy2y3(1+b2+Barv3+Barb2v3) + Ny NEWT; (1482 pv3+2B84773)
2 2
(BarNsbi Epyanys)?

N NZWT; (1452 72
BarNgNoEpyoys(1 4+ Bapys) + =2 (HZAF’YSH[}AMB)

(ﬂAFEb’Y?.% )2
_ 2 . s 4.29)
BarNoEyy2y3(14+8AF73) + NyNgWT;(1+85 pv3+2Bar73)
2 2

where, b7 = 1 and E, = 2N;E, for TR—PAM system. The decision statistics obtained from
the destination node in the two time slots are combined using different combining strategies
such as optimum linear combining, linear combining and selective combining, to form the final

decision statistic. The derivations of the same are explained in subsequent section.
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A. Linear Combining

At the destination node, the decision statistics Zrr_sp and Zrr_gp obtained in 1% and 2"
time slots respectively, are linearly combined to form final decision statistic Z;tq; = Z7r—5D +
ZTR-RD = Stotal—signal + Znoise—total- The individual decision statistics obtained from S—D and

R—D links are as follows:

ZTR-SD = S19SD + Znoise—SD (4.30)

ZTR-RD = SUGRD + Znoise—RD (4.31)

The final decision statistic Z;; 1s represented as:

Ziotal = ZTR-SD + ZTR-RD
- §igSD —+ SigR[l_F\ZnoisefSD + ZnoisefRDl (432)
TV TV
Stotal—signal Znoise—total
The noise value Zoisc—total has a total variance of 03, =03, 40,  as

solved in equation 4.33. Here, sigsp and Z,.;sc_sp represents the signal and noise terms ob-
tained from S—D channel link, while sigrp and Z,,,;se— rp denotes the signal and noise terms

obtained from R—D channel link. The total noise variance is evaluated as:

= E [Znoise—total] 2

= E[(an‘se_SD + Znoise—RDﬂ2

Znoise—total

_ 2 2
- UZnoise—SD + UZ

(4.33)

noise—RD

2 — 2 2 — —
where, ]E[ZnoisefSD] = 0 Zpoise—sD° E[Znoise—RD] and E[Z”Oise*SDanlsefRD] =0,

2
O-ZnoisefRD

because the noise terms at S—D and R—D link are independent, their cross-correlation is 0.
Therefore, the SNR at the destination node due to linear combining is expressed as:

_ S%otal—signal _ (SigSD + SigRD)2 _ (U>2
PTR—AF-LC o2 (02 + o2 ) V+W

Znoise—total Znoise—SD
NEWT;

N
where, U — B Sarfios, v _ Sofin . N0

W = BarNoEyy2y3(1+8ar73) + Ny NZWT; (1483 p753+284F73)
- 2 2 °

) (4.34)

Znoise—RD

and

In order to extract the information bit b;, the final decision statistic Z;.;,; is compared to the
decision threshold. The decision threshold is decided on the basis of PAM modulation scheme.

The final decision criteria Z for linear combining is represented as:

0, Ho:Z = Zios = Zrn-sp + Zrrrp <0
0 total TR—SD TR—RD (435)

Q>
I

1, Hi:Z = Zitat = Zrr—5SD + Z7R—RD > 0
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The individual channel gains for S—D, S—R and R—D channel links may be assumed to
be IID Gaussian distributed by applying Central Limit Theorem, since a large number paths
are involved. Therefore, the sum of these channel gains will also have a Gaussian distribution
with its mean being the sum of individual means and variance being sum of the individual
variances. Therefore the joint PDF f,, (71,72, 73) of the channel in case of linear combining
is represented as:

1 1 1 exp {_(71 - NSD)Z +
\/(27(‘7%1))) \/(QW(J%R)) \/(27T<(712w)) 203

(e — 2 (e 2
(72 2MSR) 4 (73 2MRD) ] (4.36)
205 20kp

fPTR—AF (717 V2, 73)

where, 11, and o represent the mean and variance of channel links, while the index k € {1, 2,3}
refers to S—D, S—R and R—D link respectively, as mentioned in equation 4.5. Since the joint
PDF of channel link is IID distributed, it is given by f,,.. (71, 72:73) = forn_ar (V1) fornar
(¥2) fors_ar(73). Finally, we obtain the BER of UWB TR system using linear combining,

which is expressed as:

BERrp—aAr-Lc = / / / ( VPTR—AF-LC LC)prR ar (715,72, v3)dyrdryadrys

- / / / ( VPrR-ar-ic LC) wzwtazm)) ¢<2wta§R>>

(71 ,USD) n —(’Yz - ,USR)2 4 —(73 - ,LLRD)2
2 P 2 2 2 2 92 2
(ZW(URD)) 95D OSRr ORD

dyrdyadys (4.37)

/0°° /0°° /0°° Q( V Vq)i‘/) \/(2;0%]3)) \/(2W1(0§R)) x/(27r10?w))

e > 9 9
exp { (M 2MSD) n (72 2MSR) n (73 2,URD)
205p 205 205D

dy1dyadys (4.38)

B. Selective Combining

In selective combining, the SNR corresponding to the decision statistics Zrg_sp and Zrg_gp,
are compared and the one with the highest SNR is chosen. prr_sp and prr_grp refers to the
SNR mentioned in equation 4.16 and 4.29 respectively. The SNR at destination node due to
selective combining is expressed as prr_ar-sc = Max{prr_sp, prr—rp}. Therefore, the
BER of UWB TR system using cooperative dual—hop AF strategy with selective combining is

represented as:
BERrRr—ar-sc = / / / ( V/PTR-AF—SC SC)fPTR ar (71,72, 73) Ay dryadrys
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/ / / (p” VPrR-ar-5c SC) ¢<2wta§D>> ¢<2w1<a§3>>

_ _ 2 _ 2
(71 ,USD) + (72 MSR) i (’Ys MRD)

(QW(URD)) { 202 202, 20%,
dryidryadrys (4.39)

Since the joint PDF of channel link is IID distributed, it is given by f,.. .. (71,72,73) =

fPTR AF 71 fPTR AF 72)prR AF(73)

/ / / (“M““p” o RD}) ¢<2wta§D>> ¢<27r1<a%3>> ¢<2wio%w>>

— — 2 — — 2 - - 2
(1 —psp)® | —(2 —psr)® | —(93 — kgp) }dmd%d% (4.40)

+
208 i 208, 20%p

exp {

C. Optimum Linear Combining

At the destination node, the decision statistics obtained from S—D and R—D links in 1% and

2" time slots respectively, are optimally combined to form the final decision statistic Z;o;q =

2

o ED)
Znoise—SD ) grRD

)sigsp

Zrr-sp + KZrr—rp- The optimal combining factor k = is solved in equation

( Znoise—RD

C.4 of Appendix C. The final decision statistic Z;., obtained at the destination node using

optimum linear combining scheme is denoted by equation 4.42.

Ziotal = ZTR-SD + KZTR-RD

= §igSD + KSigR[)l+ ZnoisefSD + R(anlsefRD> (441)

Stotal—signal Znoisc—total

For solving the noise term, we evaluate its variance.

2 — 2
UZnoise—total - E [an;se*t()tal]

= E[(ZnOiSG—SD + '%Znoise—RD)]2

= o2 + K20, (4.42)

Znoise—SD noise—RD

where, 25 E[Z,,ise—sD Znoise—rp] = 0, because the cross correlation of two independent noise

terms are 0. Also, 0%

noise—total

and S;otq1—signal TEPresent the total noise variance and total signal
term respectively. The SNR at the destination node due to optimum linear combining is duly

expressed as:

PTR—AF—LOC (sgoml_‘gig"al) — (sigsp + rsigrp)” — ( (o)” )(4.43)
O-%noiseftotal (O-%noisest + KQO_%noisefRD) V + K/QW

NeNEWT;
where, U = E172’Yl + K/BAFEQWM:J,’ V= Nogb’h + 2 g  and
W = BaRNoEyy2ys(1+8arys) + Ny NgWT; (1483 pv5+2B4F73)

2 2 :
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The final decision statistic Z;.,; is compared to the decision threshold, in order to retrieve
the information bit b;,. The decision threshold is determined using PAM modulation scheme.

The decision criteria Z for optimum linear combining is represented as:

0, Ho:Z = Zitat = Zrr-sp + kZrr—gp < 0

Q>
I

(4.44)
1, Hi:Z = Zitast = Z1R-SD + KZTR—RD > 0

The joint PDF of channel links in case of optimum linear combining is expressed as:

1 1 1 exp {—(% — psp)? i
V(@r(ogp)) V(2m(k2o8g)) v/ (21 (K20%p)) 20%p
—(72 - MSR)2 i — (73 — NRD)2:|
2K%0% 2K%0%

fPTR—AF (71 y V25 73>

(4.45)

As the joint PDF of channel link is IID distributed, it is given by f,,.. .. (71,72:73) = forn_ ar

(71 ) fPTR—AF (72>fPTR—AF (73>'
Subsequently, the BER of UWB TR system using dual—hop cooperative AF strategy, with

optimum linear combining is denoted as:

BERrr-aAr-LoC = / / / ( V/PTR-AF-LOC LOC>fPTR (71,72, 73) A dryadrys

- / / / ( pri-ar LOM%L%D)) w%(;aéR»

p{ (”71 MSD) —(”Yz —MSR)2 i
(QW(“QURD)) 20 SD 2“20%1%
_ 2
L (4:46)
2K%0%p
- [ [ el tew) v : :
V+r2W )\ /(2r(0%))) /(2m(k202R)) /27 (k20%p))
—(v1 —psp)®  —(v2—psr)® | —(93 — krp)?
dyidrysd 4.47
GXP{ 202, 21202, 2w20%, Y1dy2dys (4.47)

4.3.2 DTR System

In this section, the theoretical BER performance of UWB DTR system is analysed using coop-
erative AF strategy. The received signal obtained at the destination and relay node in 1% time
slot is represented by equation 4.8 and 4.9, respectively. This received signal at the destination

node is detected using a DTR receiver, whose decision statistics Zprr_gp is expressed as:

Ni—l T4 2i T4 T,
ZpTR-SD = E / rorr—sp(t)rprr—sp(t — T)dt
‘o a2t
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—— o~ /

signal noise—term signal notse—term

where, the index k € {1, 2, 3} represents S—D, S—R and R—D link respectively, as mentioned
in equation 4.5 and 7; = T}, + T,,4, the integration time interval. Here, 7, and 7,,4, denotes
pulse duration and multipath delay spread, respectively. Replacing the value of equation 4.8 in

equation 4.49, the value of Zprr_gp is obtained in equation 4.50.

Ny71 T2t T,
= Z / ([Zallbip(t—ij—QiTS—Tll):| +nSD(t)) ([Zarmbi—l
J I -

=0 Ty+24Ts
p(t — ]Tf — 2T, — Tml):| + TLSD(t — TS)) (4.49)

The signal term obtained from S—D link is represented as:

Ny—1

JTp+2iTs+T;
Z1(1> = Z |i/ (Z Oéllbip(t — ]Tf — QZTS — Th)) <Z @mlbiflp(t — ij —
J I

=0 Ty+2iTs -

2T, — Tml)dt):|

ij+2iTS+T¢
= Nbibi1 {/ Z Ozipz(t — 3Ty — 20T — 7, )dt
J

Ty +2iTs I

+ 3> aamR(n, —Tml)}

l1#m1

J/

~
value=0

— Nybbi 1E, (Z a,21> . (4.50)

I
—_——

value=~1

where, the pulse energy obtained from S—D link is defined as F, = fj .jTTf f;zigﬁﬂ pA(t — jTy —

2iT, — 7, )dt and autocorrelation function as R(7) = [~ p(t)p(t — 7)dt. To avoid IPI, the

assumption used is min {(7, — 7,,)} > T, for [; # m,. Hence, Z ZallamlR(nl —

l1#ma
Tm,) = 0. As explained in Section 4.3.1, since a large number of UWB multipath channel

gains are considered, the channel gains may be approximated as Gaussian Distributed using the
Central Limit Theorem ), o, = 71. As described in Section 4.3.1, the PSD 6, ( f) of noise is
sufficiently flat, so the autocorrelation function of noise can be approximated as (1) = %5 (1)

[175]. Since Z5(1), Z3(1) and Z4(1) denote the noise terms, their variances are solved as

follows:
Ne7br Ty 42TA T, pfT+20Ta T

Var(N) = E[Z3(1)] = > [/ / (Zallbip(t—ij — 2T, —
im0 LT+t JT+2iTs L
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Tzl)) (Z O bip(T — § T — 20T, — Tml)) E[ngp(t — T,)nsp(T — TS)]dth]

mi

Ny—1

JTj+2ATA T, T +20Ts+T;
) 1 1 ' '
= E bl[/ ‘ / ( E allp(t—ij—QzTS—Tll))( E
1

=0 §T§+2iTs JTp+2iTs p—

Qm, p(T7 — J Ty — 20T — Tml)) 01(t — T)dthl

N Nab? JTp+2iTs+T;
— f_O[/ > afp(t — jTy — 20T, — 7, )dt

2 . . 1
]Tf+2zTS li=m1

+ Z Z allam1 7_11 7_7711):|

l1;£m1

TV
value=0

N;Nob2E
)

value=~1

_ Ny NobiEy 4.51)
5 .

JTp+2iTs+T; . IT+2Ts+Ts No (s — No
where, fT o, Ot —T) f]T i 20(t — 1)dT = 22,

Ny—1

JTp+2iTs+T;  pjT+2iTs+T;
Var(Ny) = E[Z;(1)] = ) U / (Zahb“p(t—ij—%Ts
I

=0 JT42iTs JT§+24Ts

—nl)) (Z O, b1 p(T — §Ty — 20T, — Tml)) E[{nSD(t)nSD(T)}]dth]

mi
Nj—1

JTg+2iTAT; i Tp+2iTs+T;
- (Seusti—imy -2 - 7)) (X
7=0 Iy

]Tf +2iTs ij +2iT mi

Qo p(T — JTp — 20T — Tm1)> 01(t — T)dth}
NfN0b2 L 3T +20Ts+T;

= T_[/ Z O‘ll 2(t — §Ty — 20T, — 7, )dt

JTy+2iTs —

+ Z Zah&?m Tll 7—77”01):|

l17#m

~
value=0

= — (4.52)
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Ni7lr Ty 42T A Ty Ty 20T T,
Varvy) = Bl = Y | [ /
‘mo L/ FT+24Ts
E {{ngp(t)ngp(r - TS)}Q}dth}
Ne7br Ty 42T T, pfTy+20Ta T
= > / / Hf(t—T)dth]
‘=0 LJjrpvair JT+2iTs
Ny br Ty 42T T, Ty +2Tat T
= > / / Hf(u)dtdu}
j=0 L ij+2’iTS ij+2iTS+T¢7t
S
° N,
- >/ —02Wdt}
_ . 4
j=0 =
N NZWT;
= o ; . (4.53)

where, E[n}(t)] = 22. Hence, the value of E[{n2(t)}?] = Nfg.

The decision statistic Zprpr_gp obtained at the destination node in 1% time slot contains
signal term and the noise term. It is noted from the above derivations that the signal term sigsp
has a value of N;b;b;_1 E),7,, while the noise term Z,,,;5.—sp has a variance of 0'% =

noise—SD
Ny Nob?_, Epmi
7,21 i4

Ny Nob2Epmi NyNEWT;
2 2

. Therefore, the SNR obtained at the destination node

from S—D link in the 1% time slot is represented as:

: 2
St9sp
PDTR-SD = —5

noise—SD

(Nybibi 1 Epyy)?

NfNOgZZEp’Yl i NfNobi,lEpm i NngQWTi

_ (Npr'Vl)Q

 NpNyEy + MW

= (Bi)” (4.54)
NoEyy + MW

where, b? = b? ; = 1 and energy per bit for a DTR-PAM system is £}, = N E,.

UWB DTR signal transmitted from the source node to the relay node, in 1% time slot is
represented by equation 4.4. At relay node, the signal received in 1% time slot, denoted by equa-
tion 4.9, is now amplified by an amplifying factor /545, and then forwarded to the destination
node in 2" time slot. This amplified UWB DTR signal transmitted from the relay node to the

destination node is represented as:

sprr-rp(t) = rprr—sr(t)\/ Bar (4.55)
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The amplifying gain is defined as /S = \/(E{h%ﬁ}q% +N ) where, Fggr, ho(t) and
2 SR 0

U%W,SE? <, fepresent the signal energy, channel response and noise variance of S—R link respec-
tively. Also, [E denotes the expectation operator. The received signal obtained at the destination
node from R—D link in 2" time slot, is represented as:

0o Nj—1

rore-rp(t) = Z Z K\/ Barbigsr(t — jT — 24T, )) + ngr(t ] 20613 — 1)
i=0 j=
TLRD(t

\/BTF( > abip(t — jTy — 20T, — 71,) + nSR(t)ﬂ

l2

k Z 04135@ — Tlg) + nRD(t)

0o Np—1
= Z Z |:\/ BAFZalzzalg zp ij_(2i+1)Ts—Tl2—Tl3)+

=0 j5=0

V Barngp(t } + nrp(t) (4.56)

where, n’ (1) = ngr(t) * hs(t) = > 1, Qusnsr(t — 7,3) denote the aggregate noise response
after convolving the noise response of S—R link with channel response of R—D link h3(t) and
ngp(t) represents the noise response of R—D link.
The received signal rprr_rp(t) obtained at the destination node in the 2" time slot is
passed through a DTR receiver, whose decision statistics Zprr_gp is expressed as:
Ny-1

ZDTR-RD = rprr—rp(t)TprR-RD(t — T5)dt

j=0 JTp+(2i4+1)Ts
S~ N

signal noiseterm

/ij+(2’L'+1)TS+Ti

(4.57)

The value of Zprr_gp is obtained in equation 4.59, by replacing the value of equation 4.57 in

equation 4.58.

Ny—1 /ij-+(2i+1)Ts+Ti

|:<Z 0412 ZO.%\/ /BAFbip(t — ]Tf — (22 + 1>T3 — 7'12 — Tl3) +
lo I3
vV ﬂAFnRD + nRD )) (Zamg Zamg V BAFbi—lp(t - .]Tf - (2Z + 1)Ts — T
mo ms

—Tony) + V Barninp(t — T) + ngp(t — Ts))dt] (4.58)
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The signal term Z;(3) obtained from R—D link is expressed as:

Nj—1

Z1(3) = Z 5AF|: (ZQZQZal3bip(t—ij - (2Z—|—1)T5 — Ty
=0 ij+(2i+l)Ts Is I3

_Tlg)) (Z Uy Y Oy biap(t = §Tp — (20 + )Ty = 7oy — Tm3)> dt}
mo ms3

/ij+(2i+1)TS+Ti

JTp+(2i+1)Ts+T;
= BarNbib; { / ap Y of pi(t — jTy — (20 + 1)1, — 7,
JT+(2i+1)Ts
S——
lo=mo I3=ms3
Value=y27y3
)it + 3 S i, B~ ) 303 v, Rl — 7o)
lo ma I3 m3
lo#mo I3#ms3
Value=0
= BarNgbibi1E, ( Z aj, Z o, )
2 3
lo=mo lz3=m3
Value=~373
= BarNgbibi_1E,v273 (4.59)
where, the pulse energy obtained from R—D link is represented as £, = [ ];; fj QZZTII);;SJFTZ 2(t —
jTy—(2i+1)T, — 7, — 7, )dt and autocorrelation function as R(7) = [ p(t)p(t —7)dt. If this

condition min {(7, — Tm,)} > T, for ly # my or min {(m, — TmS)} > T, for I3 # my is satis-

fied, then IPI becomes negligent. Hence, Z Z Yy iy, R(T1, — Tiny) Z Z QU Qs R(T7, —
laF#ma l3#ms3
Tms) = 0. As explained in Section 4.3.1, since a large number of UWB multipath channel gains

are considered, the channel gains can be approximated as Gaussian Distributed using the Cen-
tral Limit Theorem ), aj, = 7, and }_, af, = 3. Itis already described in Section 4.3.1
that, if the PSD 6, (f) of noise is sufficiently flat, the autocorrelation function of noise can be
approximated as (1) = 224(7)[175]. To solve the decision variables Z»(3), Z3(3), Z4(3),
Z5(3), Zs(3), Z7(3), Zs(3) and Zy(3) containing noise terms, we evaluate its variance, which
is solved below.

Nj—1

Var() = EZG] =540 X | [ (C oY ot
=0 GT4-(2i4+1) T A s
plt =Ty = 204 DT, =7, = 7)) (S s S by = 7 -
mo ms3

(2i+ 1)T5 — Ty — Tm3)> E[npp(t — To)npp (T — Td)]dth]

JTi+(2i+1)Ts+T; /ij-+(2i+1)Ts+Ti

FT+(2i+1)Ts
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T+ i+ D)Ts+T;  piTr+(2i4+1)Ts+T;
2 2 ‘
= BarNsb; E 04122 o, p(t — jTf —
l2

JT+(2i+1)Ts T+ (2i+1)Ts &
(2t + )Ty — 7, — 74 Z o, Z Ao P(T — JT5 — (20 + 1)Ts — Tiny — Tingy)
mo ms3

)(9;)(15 — 7)dtdr

2 o 13 No GT+(2i4+1) T+ T; - ~
) ﬁAFNfbi( 2 ) {/ Z% Z%P (t— 4T — (20 + 1)T;

GT+(2i+1)Ts 3
—— ——
lo=m2 Iz3=m3
Value=~y2y3
T, — 7_l3)dt + Z Z Ay Oy R(le - Tm2) Z Z Q3 Oy R<Tl3 - Tms)
lo  mo l3 m3
la#ma I37#m3
Value=0
2 73 No
= 5AFNf< ) (Zabzal:a)
W_/\,_/
Ia=mgy lz=mg
Value=vy273
_ BiFNfNOb?Ep%%Q (4.60)
5 .

where, the value of #;(t — 7) is obtained from Appendix B. Hence, JE Tyt RHDTAT g 3(t —

JTs+(2i4+1)Ts
_ 23No
T)dT = B30,

Np—1

, ) Z JTp+ A V)T T, T+ (2i4+ 1) T+ T, Z Z
Var() = EIZG] =50 X | [ / (T
§=0 JTp+(2i4+1)Ts JTp+(2i4+1)Ts Io ’ Is
apbiap(t — jTr — (20 + 1)Ts — 7, — 71, ) (Zam Zamd ip(T — jTf —

(2t + )Ty — Ty — Tm3)> ]E[n;w(t)n/RD(T)]dth]
) ) JTp+2i4+1)Ts+ T pjTp+(2i41)Ts+T;
= BarNsbi, {/ / (Z o, Z ayp(t — jTy —
JTp+(2i+1)Ts T +(2i+1)T,s L &

(22 + 1)Ts — Tly — Tlg) Zam Z@m3p<7 - ]Tf — (22 + 1)Ts — Tmg — Tms)

ma ms3

)9;,@ - T)dtd7:|

, . (N JTp+ (AN TAT ; ~ ' _
= 5AFNfbi—1( 9 ) {/T GI+DT, Z Ay Z ag, p~(t = jTy — (20 + 1)T,
j f+ i+ s

lo=m2 Iz=m3
Value=~373
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Ty — Tl3)dt + Z Z Ay Oy R(le - Tmz) Z Z A3 Omg R(Tl?, - Tm3)
lo m2 I3 m3

lo#ma I3#ms3
Value=0

= 5AFNf( 3N0>bz2 1 (Zalzzals)

lo=mo I3=ms3

Value=v273
_ BarNrNobi_ 1 Epye; (4.61)
2
Ny-1 JTp+2i4+1)To+T; T+ (2i+1)Ts+T;
Var(Ny) = B[Z{3)] = far [/ / (S
=0 JTp+(2i+1)Ts JTp+(2i+1)Ts Iy I

abip(t — Ty — (2i+ )T — 7, — 7, ) <Z Qs Zam3p —J1y —

(2Z + 1)TS — Tmo — ng)) E[TZRD(t — Td)nRD<T — Td>]dtd7':|

= BAFNbe |:/ / (Zalz Zalzsp(t_ij
l2 l3

JTF+(2i4+1)Ts §T+(2i+1)Ts

—(2i+ )Ty — 7, — 713)> (Z g Z U p(T — T — (20 + )T — Ty
m2 ms3

—ng)) 0s(t — T)dth}

BarN b?N T 420+ 1)Ts+T; 4 .
— DARSVfTCY0 Z al22 Z O‘l23 Pt — g1 — (2i 4+ 1)T;

2 ij+(2i+1)Ts
lo=mgo I3=m3
Value=~y273
—Tiy — Tls)dt + Z Z Qy Oy R(Tb - TmZ) Z Z Q3 W R<Tls - Tm3>
lo mo l3 m3
lo#£mg ls#ms
Value=0
BarN fNOb E,
- Z al2 Z ala
\ﬁf—/\\/—’
lo=mo Iz3=ms3
Value=~27v3
NNy’ E
BarNyNob; Eyyays (4.62)
2
JTp+(2i4+1)Ts+T; JTy+(2i4+1)Ts+T; N, N,
where, fT LT, Os(t — 1) ijf+(2z+1)Ts S06(t — 1)dT = 2.
) Ny-1 JTs+(2i4+V)TsAT;  piT+(2i+1)To+T;
Var(N) = BIZ3)] = Bar 3 [ / / (o
=0 JTs+(2i41)Ts JTy+(2i4+1)Ts Iy
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Zal3bz~_1p(t — Ty — (2i+1)Ts — 1, — 714 ) (Zam Z Qmybi_ap(T — JT

l3

—(22 + 1)TS — Ty — ng)) E[an(t)nRD(T)]dth}

(X o X e -
lo I3

JTy — (2i—|—1)Ts Tl3 ) (Zam22am3p T— 3T — (2@+1)T

) JT+(2i41)Ts+T;  pjTe+(2i41)Ts+T
= 6AFNfbi1[/ /

JTs+(2i+1)Ts 3T+ (2i+1)Ts

Ty — Tms)) Oyt — T)dth}

BarNyNob?_ T4+ (2i+1)Ts+T; | |
S / Zai Za?3p2<t_]Tf_(22+1)Ts

2 JTy+(2i+1)T,
S—— N~
lo=mo I3=mg3
Value=vy273
T, — 7-13)dt + Z Z Qg Oy R(le - Tmz) Z Z Q3 Qo R(Tlg - Tm:s)
la ma ls m3
lo#ma I3#m3
Value=0
BarN fNobZ E,
- : Z alz Z als
W—’W—’
lo=mo Iz3=m3
Value=vy27y3
NiNob? | E
_ BarNgNobi_ Epyays 4.63)
2
Ny—1 T . , . . ,
JTp+2i4+1)Ts+T;  pjTp+(2i41)Ts+T;
Var(vo) = EIZGI=5% Y | [ /
iz0 GT+(2i4+1)Ts GTp+(2i+1)Ts
/ ! 2
ij+(2i+1)Ts+Ti ij+(2i+1)Ts+Ti 1
= 53‘FNf/ / 05 (t — 7)dtdr
5T +(2i4+1)Ts JTp+(2i+1)Ts
T; 2
: N
= BN / (732 0> 2N dt
0
2 N NQW/IVZ 2
_ PapNeNoWTiys (4.64)
2
Ny—1 o ) ‘ . . _
JTp+QiAD)TAT; i Tr+(2i+ 1) T+ T
varv) = 2= X | [ /

B | {nan ol — ) ]
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GTp+2iAD)Te+T;  piTi+(2i+1) T+ T;
= Ny / 0z(t — 7)dtdr
JTs+(2i+1)Ty JTs+(2i+1)Ts
Ty AT2
P NE2Wdt
= Nf/ o=
0 4
N:N2WT,;
A ) (4.65)
2
Ny—1 JTs+ 2+ D)TAT; i Ty+(2i+1)Ts+Ts
Var(N;) = E[Z3(3)] = Bar Z {/ /
‘=0 L/ JTp+(2i+1)Ts
E {n;%D(t)nIRD(T)nRD(t — Td)nRD(T — Td):| dth:|
JTr+ 2+ DT+ Ty pjTy+(204+1)Ts+T; )
= BarNg / / O5(t — 7)05(t — T)dtdr
JTs+(2i+1)Ts JTp+(2i+1)Ts
T,
g N, N,
= BAFNf/ (73 0) (—O)QWdt
; 2 2
N:N2WT,;
_ /BAF f 20 73. (466)
Ny—1 JTp i+ )T Ti i Ty+(2i41)To+T,
Var(Ng) = E[Z5(3)] = Bar Z [/ /
=0 LT+ JTp+(2i+1)Ts
E [n;w(t — Td)anD(T — Td)nRD(t)nRD(T)] dth:|
JT+(2i4+1)Ts+T; T+ (2i4+1)Ts+T5 ,
= ParNy / / O5(t — 7)03(t — 7)dtdr
FTp+(2i+1)Ts JTp+(2i+1)Ts
T,
g N, N,
= BAFNf/ (73 0) (—O)QWdt
. 2 2
N:N2WT,;
_ Bar f 20 73. (4.67)

The decision statistic Zprr_pp obtained at the destination node in 2" time slot contains
signal term sigrp and the noise term Z,,.;sc— gp. From the derivations, it is inferred that the

signal term sigrp has a value of SapNy¢b;b,—1E,72v3 while the noise term Z,,sc—rp has a

: BarNgNoEpv2v3(b2+b? | +Bapbiy3+Barbi_ 73
variance of 02 — 1 NoEpy2rs (b7 +b7_, i ? 173)
noise—RD 2

Ny N2WT;
(1 4 B3p73 +

284r73). The SNR at the destination node in 27 time slot due to R—D link, is represented as:

c 2
StYRrD
PDTR-RD = —5
ZnoisefRD

(BarN¢Eyy27y3)?

BarNgNoEpv2v3(b2+b2 | +Bapb2y3+Barbi_,¥3) NeNEZWT; (
2

2 + 1+ 52575 + 2B8ar73)
(BarEpy27y3)?

= 4.68)
BarNoEpy2v3(b2+b?_ | +Barb2y3+Barb2_;73) Ny N2WT; 9 9 N
2 + 3 (1+ B3 + 2Bar73)
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where, b7 = b7 | = (bibi-1)> = 1 and E, = N;E, for DTR—PAM system. The decision
statistics obtained at the destination node in the two time slots are combined using different
combining strategies such as optimum linear combining, linear combining and selective com-
bining, to form the final decision statistic. The derivations of the same are explained in the

subsequent section.

A. Linear Combining

At the destination node, the decision statistics Zprr_sp and Zprr_gp obtained in 1% and 2
time slots respectively, are linearly combined to form final decision statistic Z;otq; = Zprr—sp+
ZDTR-RD = Stotal—signal T “noise—total- 1he individual decision statistics obtained from S—D

and R—D links are as follows:

ZpTR-SD = 819D + Znoise—SD (4.69)

ZprR-RD = Si9RD + Znoise—RD (4.70)

The final decision statistic Z;,,; is evaluated in equation 4.72.

Ziotal = ZpTR-SD + ZDTR-RD
- SigSD + SigRD + Znoise—SD + Znoise—RD (471)
A ~~ 7 N -~ >
Stotal—signal Znoise—total
. . 2 . 2 2 . .
The total noise varianceo =0y +0z  corresponding to the noise term

Znoise—total 18 already solved in equation 4.33. Therefore, the SNR evaluated at the destination

node due to linear combining is expressed as:

PDTR-AF—LC <8t20tal—signal) _ (SigSD + S?:gRD)2 _ ( (Ul>2 ) (472)
%noiseftotal (a%noise—SD + U%noise—RD) ‘/1 + Wl

where, Uy = Eyy1 + BarEvy27y3, Vi = NoEyy + and
2 A
Wi = BarNoEyy2y3(1 + Barys) + w(l + B3 + 2Bar73).-

In order to extract the information bit, the final decision statistic Z;.,; is compared to the

NeNEWT;
2

decision threshold. The decision threshold is decided on the basis of PAM modulation scheme.

The final decision criteria 2 for linear combining is represented as:

0, Hy:Z = Ziotal = ZprR-SD + ZDTR-ED < 0

Q>
I

4.73)
1, Hi:Z = Zita = ZprR-5D + ZDTR—RD > 0
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As explained in the Section 4.3.1, the individual channel gains for S—D, S—R and R—D
channel links may be assumed to be IID Gaussian distributed by applying Central Limit The-
orem, since a large number paths are involved. Therefore, the sum of these channel gains will
also have a Gaussian distribution with its mean being the sum of individual means and variance
being sum of the individual variances. The joint PDF f,, . (71, 72,73) of the channel in case of

linear combining is also gaussian and is represented as:

1 1 1 —(71 — psp)?
PDTR—AF\ I15 12 X — +
Joomnar Ot 28) = e o) V@) p[ 202
—(72 _Q,USR>2 —(73 _QNRD)2:| (4.74)
205 20%p

where, p, and o} represent the mean and variance of channel links while the index k €

{1, 2, 3} refers to S—D, S—R and R—D link respectively, as mentioned in equation 4.5. Since
the joint PDF of channel link is IID distributed, it is represented as f,,,, . (71,72,73) =
Fonrnar ) forrnar(V2) fonrnar(73). Thus, the BER of UWB DTR system using linear

combining is expressed as:

BERprr—ar—rc = / / / ( VPDTR—AF—LC LC)prTR ar (71,72, 73) Ay dryadrys

- / / / ( Vpprn-ar-ie LC) ¢<2wta§@>) ¢<2w1<o§3>>

exp { (= MSD) + —(72 — MSR)2 + — (73 — MRD)2
(ZW(URD)) QUg‘D 20%1% 2012'%D

dryydyadrys 4.75)

/ / / ( / )? ) 1 1 1
Vi + Wi \/(277(‘7?91))) \/<2W(U§R>) \/(ZW(UIQ%D>)
_ _ _ _ 2 . 2

exp [ (71 2MSD) X (72 2MSR) X (73 2,MRD) drdradys (4.76)

205 205R 20%p

B. Selective Combining

In selective combining, the SNR obtained from S—D and R—D links respectively, are compared
and the one with the highest SNR is chosen. The SNR at destination node due to selective com-
bining is expressed as pprr-ar-sc = Mar{pprr-sp, pprrR-RD}- PDTR-5D and PpTR-RD
refers to the SNR mentioned in equation 4.55 and 4.69 respectively. Therefore, the BER of
UWB DTR system using cooperative dual—hop AF strategy with selective combining is repre-

sented as:

BERprr—ar-sc / / / < VPDTR-AF—5C SC) Jovrnar (V15 V2, ¥3)dy1dry2dys
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/ / / (p” VPrR-s0-AF ) ¢<2wta§D>> ¢<2wta§R>>

_ _ 2
exp{ (’Yl MSD) + (72 Q,USR) +
(QW(URD)) 2USD 205R
_ _ 2
s~ o). }d%dwdvg .77
ORD

Since the joint PDF of channel link is IID distributed, it can be denoted as f,,, .., (71,72,73) =

fPDTR AF (71 prTR AF 72)f,0DTR AF (73>

/ / / (\/Max{pDTR—SDaPDTR—RD}> \/(27&0%13)) \/(27T1(U%R))

_ _ 2 _ 2 . 2
exp { (’Yl 2MSD) i (72 2MSR) . (’73 QMRD>
(QW(URD)) 205p 205R 20%p

dry1dyadys (4.78)

C. Optimum Linear Combining

The decision statistics at the destination node from S—D and R—D links in 1% and 2" time slots

respectively, are optimally combined to form the final decision statistic Zyo10; = Zprr-sp +
(U%noisefs‘D )$igRD
(U%noisefRD )SigSD
Appendix C. The final decision statistic Z;,;,; obtained at the destination node using optimum

kZprr—grp- The optimal combining factor k = is solved in equation C.4 of

linear combining scheme, is denoted by equation 4.81.

Ziotal = ZLpTR-SD + KZDTR-RD
= §igSD + KSZ.gRDJ—f_\Znoise—SD + /{(Znoise—RD> (479)
Stotal—signal Znoise—total
. . 2 . 2 2 2 . . .
The total noise varianceo =0y  _ +r°0y . issolvedinequation 4.43. The

SNR at the destination node due to optimum linear combining is duly expressed as:

ODTR-AF—LOC = (Sfotal—signal> _ (SigSD +l€8igRD>2
%noiseftotal (U%noisest + R20_%noisefRD)
U 2
- (A (4.80)
‘/1 -+ f§2W1
2 :
where, U; = By + KBarBer Vi = NoBy + MR8 and

Wi = BarNoEyy2ys(1 + Bar7ys) + M(l + 85573 + 284r73).

In order to extract the transmitted bit, the final decision statistic Z;,:,; 1S compared to the

decision threshold. The decision threshold is determined from PAM modulation scheme. The
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decision criteria Z for optimum linear combining is represented as:

0, Ho:Z = Zitas = Zprr-sp + kZprr—rp < 0
s 0: total = 4DTR-SD DTR—RD 4.81)

1, Hi:Z = Zistas = ZprR-SD + KZDTR—RD > 0

The joint PDF of channel links for optimum linear combining is expressed as:

f (’Yl 2 ”YS) ! ! ! exp {_(% — MSD)Q
pors-ar (105 Vm(080)) v @r (%) v 2r (2 75g) 2%
—(v2 — pusr)*  —(v3 — prp)?
+ 2K%0% 5 2K%0% } (*82)

Since the joint PDF of channel link is IID distributed, it is represented as f, ., (71,72, 73) =

fPDTR—AF (71)prTR7AF (VQ)fPDTR—AF (/73)'
Subsequently, the BER of UWB DTR system using dual—hop cooperative AF strategy with

optimum linear combining is denoted as:

BERprr-ar—-roc = / / / < pDTR AF— LOC>prTR AF(’717’727’73)d’Yld’Y2d’73

- / / / ( prTHAL LOW(%L%D» ¢<2w<;a§R>)

exp { (n = psp)* | —(h2 —psr)”
<27r</~: ) 20%p 26203,
_ _ 2
%} dryydyadnys (4.83)
RD

- / / /OO ( U;Wl)\/( taép))\/(%(;aéze)) \/(27T(F1620?w))

exp _(’Yl - MSD) X —(72 - MSR) —(’Ys - MRD)2
20% ), 2Kk%20%, 2K%0%

drydyedys (4.84)

4.4 Performance Analysis of a Cooperative DTF AC System

The theoretical BER performance of UWB AC system using cooperative DTF strategy with

diversity combining is explained vividly in this section.

4.4.1 TR System

The BER performance analysis of UWB TR system using cooperative DTF strategy is derived

analytically in this section. The received signal obtained at the destination node and relay node
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in 1% time slot, is represented by equation 4.6 and 4.7, respectively. The received signal at

the relay node rrr_sr(t) is passed through a TR receiver, whose decision statistics Zsp is as

follows:
Ny=1 T+ 24T+ Ty + T
ZTR-SR = / rrr—sr(t)rrr_sr(t — Ty)dt
j=0 JIiT+2iTs+ Ty
= Zi(k)+ Zo(k) + Z3(k) + Zy(k) = Z1(2) + Z2(2) + Z3(2) + Z4(2) (4.85)
. l . Vt - . l . Vt -
S’Lgna noitse—term Slgna noitse—term

where, the index k € {1, 2, 3} refers to the S—D, S—R and R—D link respectively, as mentioned
in equation 4.5. Here, T; = T,,,45+1}, represents the integration time interval, 7},,45 the multipath
delay spread and 7, the pulse duration. The signal term obtained from S—R link is expressed

as:

Nj—1

T +2iTs+Ty+T;
72 = > { / (Z ap(t — T — 20Ts —71,) Y Gy bipl(t — §Tf —
l

jZO _ij +2iTs +Td R ma

22719 - Td — Tm2))dt:|

JTp4+2iTs+Ty+T;

= Nyb; { / > app?(t — jTy — 20T, — 7, )dt

JTp+2iTs+Ty lo=ms

+ Z Z Oél2Oém2 le ng) }

laF#ma

~
value=0

— NibE, (Z o@)

lo
—_——

value=-ys

= NibEyy (4.86)
\H,_/
SigSR

where, the energy of pulse obtained from S—D link is represented asE, = [ T2t latTi 2 (t—

ST 20T+ Ty
jTy — 2iTs — 7, )dt and autocorrelation function as R(7 f p(t)p(t — 7)dt. This condition
min {(m, — Tm,)} > T,for ly # ma is satisfied, in order to avoid IPI. Hence, Z Z Ay Oy RT3, —
laF#ma

Tm,) = 0. As explained in section 4.3.1, since a large number of UWB multipath channel gains
are considered, channel gains may be approximated as Gaussian Distributed using the Central
Limit Theorem ), «j = 7. As described in Section 4.3.1, the PSD of noise (f) is suf-
ficiently flat, so its autocorrelation function can be simplified as 6;(7) = £26(7) [175]. The
index k € {1,2, 3} refers to S—D, S—R and R—D link respectively, as discussed in equation

4.5. The decision variables Z(2), Z3(2) and Z4(2) denote the noise terms, so their variances
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are evaluated as shown below.

Var(Ny)

Var(Ns)

Ny—1

) ij+2iTs+Td+Ti ij+(2i+1)TS+Td+TZ'
Bze- Y | [ / (X vt~ i1y -
‘oo LJimprar 4T, FT+ 2+ 1) To+ T, &
2T, —7,) > m,p(T — jTy — 20T, — Tm2)> Elngg(t — Ty)ngr(t — Ty)]
ma2
dth}
Ny—1 JTp+20To+Ty+T;
Z {/ (Zo%p(t—ij—2iTS—772)Zam2p(T—ij—
‘oo LJirpreimeT, 5 o

2T, — ng)) O (t — T)dtd’/':|

N I No { /ij +2iTs+Ty+T;
J

> app?(t — jTy — 20T, — m,)dt +

l2 =m2a

2

Tf +2iT +Td

> anam,R(n, - TmQ)}

la7#ma ,
vzzl;;:(]
NiNyE, 9
NN (50
lo
value=~y2
N¢NyE.
fHVoLp2 (4.87)
2
where, E[ngp(t)nsp(r)] = 02(t — 7) = 226(t — 7) and f;g;;%fjjzﬁT Do§(t — 1)dr = 2.
Nyl JTs+2iTs+Ta+T;  piTr+2iTs+Ty+T;
E[Z;(2)] = ) { / / (Z apbip(t — 5Ty —
‘mo LJiTpairerty JTp+2iTs+Ty 5
2T, — Ty —7,) > Ay bip(r — Ty — 27T, — Ty — Tm2)> E[nsr(t)nsg(7)]
ma
dth}
Nyl JTp+2TATAT; T +2TATa+T,
> 53{/ / (Z%p(t—ij—QiTs—Td—
=0 JT+2iTs+ Ty JT+2iTs+ Ty I

) Z QppP(T — JTp — 2iTs — Ty — TmQ)) O (t — T)dtd7:|
m2

Z ozin(t — jTy — 2iTy — 7, )dt +

la=mg

NfN0b2 [/ij+2iTs+Td+Ti
i
J

2 Tf +2iTs +Td

> aam,R(m, - Tm)}

la#Ema

TV
value=0
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NfNob?E
2 : ( Z ozi)

lo

—_——
value=-y2
N;Nyb’E
Ne L Tyt 2TATo+ Ty i Tp+2iT+Ta+T;
Vavy) = BZ2CI= Y | [ /
=0 ij+2iTs+Td ij+2’L'Ts+Td
E {{nSR(t)ngR(T - Td)}2:|dtd7':|
Ne L Ty 2TA Ty Ty G Ty +20T+ Ty + T,
= > / / Qg(t—T)dth}
j=0 L ij+2’L'T3+Td ij+2iTS+Td
Ne 7l r T2 TA T Ts Ty + 20T+ Tat T
= > / / Qg(u)dtdu}
j=0 LJiTs+2iTs+Ty JTp+20Ts+Tq+T;—t
e
N,
- >/ _OQWdt]
: , 4
=0 =~
N N2WT,;
- f+ (4.89)

The value of E[{n2(t)}’] = E[{n2,(t)}?] = NTOQ. The variance of [n2(t)] tends to a Dirac Delta
function, where the integral vanishes outside the range [—¢, T; — t|. Parsevals theorem is applied
to solve equation 4.91.

The decision statistic Zrr_gr obtained at the destination node in the 1% time slot contains

signal term and the noise term. From the derivations, it is inferred that the signal term sigsp has

. . . Ny NoE
a value of Nyb; E,,, while the noise term Z,,o;sc—sr has a variance of 0, = =512 4
N;Nob?Eyy2 | NyNZWT,

2 LA

To extract the information bit b;, the decision statistic Zpr_sr obtained at the relay node is
compared to the decision threshold, which is 0 in case of PAM signalling. The decision criteria

Z can be expressed as:

, 0, Ho:Z = Zrnsn <0
b= %= 0 Th-sk (4.90)
1, H :Z=Zrr_sr>0

Finally the information bit b; is extracted. The received signal obtained at the destina-
tion node rrr_sp(t) in 1% time slot is detected using a TR receiver, whose decision statistics

Zrr—sp 1s as follows:
Np—1

rrr—sp(t)rrr—sp(t — Ty)dt

JTp+2iTs+Tg+T;
ZTR-SD = /
J

j:0 Tf+2iTs+Td
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= Zi(k) + Zy(k) + Z3(k) + Zs(k) = Z1(1) + Zo(1) + Z3(1) + Z4(1) (4.91)
—_ RGN 2

signal noise—term signal noise—term

where, the index k € {1, 2, 3} denotes S—D, S—R and R—D link respectively, as mentioned in
equation 4.5. The integration time interval is denoted by T; = T}, + T},4s where, T}, and T,,,45
denote pulse duration and multipath delay spread respectively. The signal term obtained from

S—D link is expressed as:

Ny—1

JTp+2iTs+Tq+T;
Z(1) = > [/ (Z anp(t — Ty = 20T, = 7,) Y o, bip(t — §Tf —
l mi

§=0 JTp+2iTs+Ty K

2ZTS - Td - Tml)) dt:|

JTp+2Ts+Tq+T;
/ Z of p*(t — jTy — 20T, — 7, )dt

l1:m1

+ Z Za/ha/?m Tll Tml):|

l17'5m1

=

ST 42T, 4Ty

TV
value=0

= N;bE, (Z ai)

I
—_——

value=y1

w_/
S19sD

]Tf+21TS+T1 2(t N

where, the pulse energy obtained from S—D link is represented as b, = f )42,

jTy—2iT,—7, )dt and autocorrelation function as R(7 f p(t)p(t—7)dt. If the assumption

min {(m, — Tm,)} > T forl; # m, is satisfied, then IPI is avoided. Hence, Z Z Qg R(T, —

li#my
Tm,) = 0. As explained in Section 4.3.1, since a large number of UWB multipath channel gains

are considered, the channel gains can be approximated as Gaussian Distributed using Central
Limit Theorem ), aj = 1. As described in the Section 4.3.1, the autocorrelation function of
noise can be approximated as 0;,(7) = 526(7) [175]. The index k € {1,2, 3} refers to S—D,
S—R and R—D link respectively, as discussed in equation 4.5. To solve the decision variables

Z5(1), Z5(1) and Z,(1) containing noise terms, we evaluate its variances as shown below.

Nj—1

) JTp+2iTs+Tq+T;  pgTp+21Ts+T4+T;
Var(Ny) = EZ1) =Y [ / / (Zallp@—m—
l1

j=0 ij+2iTs+Td ij+2iTS+Td

2T, — 1) Z Qo p(T — T — 20T — Tml)) E[nsr(t — Ty)nsr(t — Ty)]
dth}
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Ne 1 T 20T T+ T,
- Z |:/ (Zallp(t_ij_2iTS_Tl1)Zam1p(T
=0 ij+2iTs+Td I -

Ty — 2iT, — Tml)) 01(t — T)dtd7:|

NfNO |:/]Tf+21Ts+Td+Ti

> ol p(t — jTy — 20T, — 7, )dt

2 T +2iTs 4Ty L=y
- Y o )|
il?éml )
val;,ezo
NiNyE, 5
- 9 Z ay,
Iy
value=vy1
N NyE
. ; AL (4.93)
where, E[ngp(t)nsp(7)] = 61(t — 7) = 226(t — 7) and f;ﬁ;ﬁgffgﬁT 2§t —1)dr = 2.
Ny GTp 20T AT+ Ty piTy+2iTs+Ta+T;
varv) = BlZI= Y | [ / (3wt~ 7 -
=0 JTp+2iTs+Ty JTp+2iTs+Ty I
ZZTS — Td — Tll) Z Oémlbip(T — ij — 2’ZTS — Td — Tm1>> E[nsp(t)nSD
mi
(T)]dth]
Ng—1 T+ 20T ATy +T; i Ti+2iTs+Ty+T;
- xuf / (X cuple = i1y~ 27~ 73 -
=0 JTp+2iTs+Ty JTp+2iTs+Ty L
Tll) Z amlp(T - JTf - QZTS - Td - Tml))el(t — T)dth‘|
N Nab2 JTp+2iTs+Tg+T;
= —f2° - {/ Z o p*(t — jTy — 20T, — 7, )dt
JTp+2iTs+T, T,
+ Z Z Ay, o, (7, — Tml)]
1175m1
val;g—[)
NNRE, (<
B PO
5
value=v1
N;Nyb’E
SIS, (4.94)
2
Ni—b o Ty 2T+ Ty+ Ty pjTyp+2iTsATa+Ts
varv) = B0 =Y | [ /
=0 JT+2iTs+Ty JTp+21Ts+Ty
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E |:{nSD<t)nSD<T —T)¥ } dth}

Ne b e Ty 2T+ Tt Ty Ty +2iT+Ta+ T
= g / / Hf(t—T)dth]
j=0 L ij+2iTs+Td ij+2iTS+Td
Ni7br Ty 2T A Tyt Ty Ty 20T Tyt T,
= E / / Gf(u)dtdu}
j=0 L ij+2’iTs+Td ij+2iTS+Td+Tift
Np—1 - o1y N2
= / TOQWdt}
j=0 L0
N NZWT;
_ i (4.95)
2

The value of E[{n2(t)}’] = E[{n2,(t)}’] = NTg. As discussed earlier, the variance of [n? (t)]

tends to a Dirac Delta function, where the integral vanishes outside the range [—t,7T; — t].
Parsevals theorem is then applied to solve equation 4.97.
The SNR obtained at the relay node is denoted as:
SigeR

PTR-SR—-DTF =
noise—SR

_ (NfbiEp72)2

NngEp'yQ 4 NfNog?Ep’yg 4 NngQWTi
. (Npr72)2
o NeNEZWT;

Ny NoEyys + —=—

E
(B2

= (4.96)

NOEb'YQ + NngWTZ‘
2 2

where, information bit b; = 1 is transmitted from source node to relay node and energy per bit
is denoted as F, = 2N;E,. At the relay node, if information bit b; = 0 is received, then an

error is said to occur. Hence, the probability of error obtained at the relay node is expressed as:

P = Q(\/ﬂTR—SR—DTF) Jovre (V2)dY2 (4.97)

e _ 1 —(y2—psr)? _
where, the PDF of S—R link is expressed as f,,,.(72) = ot exp [ 20%,) } . Further
more, psr and 0%, denotes the mean and variance of S—R link of UWB channel respectively.

After extraction of information bit b, at the relay node, the UWB signal transmitted from the
relay node to the destination node in 2™ time slot is represented as:

Ny—1

stnnn(®) = Y 3 |ple— 3Ty = (20 + DE) +bplt = JT; - 20+ DT, - 7o)

=0 j5=0
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(4.98)

where, b; represents the information bit detected at the relay node. The received signal ryp_gp (1)

obtained at the destination node in 2" time slot is represented as:

rrr-rp(t) = srr_rp(l) * hs(t)
= Z Z {P(t — jTy — (2i + D)T) + bp(t — Ty — (2i + 1)T, — Ty))]

* Z 04135(t - Tl3):| + nRD(t)
{Oélgp(t — jTy — (2i + )Ty — 7,) + cu,byp(t — jTy — (20 + 1)

Ty —1Tq— Tlg)} +nrp(t)

oo Nj-1

=2 [QRD@ — §Ty — (2 + DT,) + bigrp(t — Ty — (2i + )T, — Ty)
i=0 =0
+nap(t) (4.99)

The aggregate signal response grp(t) is expressed as grp(t) = >, cu,p(t — 7). The
noise (AWGN) obtained from R—D link is denoted by ngrp(t). The received signal rrr_rp(t)
obtained at the destination node is demodulated using a TR receiver. In case of correct detection

at relay node, the decision statistics Zrr_rp at destination node is expressed as:

rrr—rD(t)rrR-RD(t — Ty)dt

Ne—1 (it ) To 44T +Ts
ZTR-RD = /
(

im0 Y Qi) TeHTy

= Z1(3)+ Z5(3) + Z5(3) + Zu(3) (4.100)

TV
signal noise—term

Using the same procedure as used for S—R link, we obtain the decision statistics for R—D link.

The signal term sigrp for R—D link is represented as:

Ne=b e T (204 ) T AT+ T,
2 - 2|/ (X
0 J l

ap(t — Ty — (2i+ )T — 7,) Z iy Dp(t —
- Ty+(2i+1)Ts+Ty —

3

ij — (22 -+ 1)TS — Td — ng)) dt:|

, JTp+(2i41)Ts+Tg+T;
—  Nyb, {/ > app(t— jTy — (2i+ VT, — 7,)dt
J

Tf+(2i+1)Ts+Td l3:m3

+ )Y o am,R(m, — ng)}

l3#m3

TV
value=0
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= N, (ot

I3
—_———

value=~3
= Nib,E,vs (4.101)
——

SIgRD

Ty +(2i4 1) Ts+ T+ : :
where, E, fj ijfJ:r(szl)T de” p2(t — ij — (2i + 1)Ty — 7, )dt represents the pulse energy
obtained from S—D link and R(7 f p(t)p(t — 7)dt the autocorrelation function of pulse
signal. The constraint min { (7, — Tm3)} > Tp for I3 # mg is satisfied, to avoid IPI. Hence,

Z Z Qs R(T1, — Tiny) = 0. As explained in Section 4.3.1, since a large number of

l3#ms
UWB multipath channel gains are considered, channel gains may be approximated as Gaussian

Distributed using Central Limit Theorem le oz123 = ~3. As described in Section 4.3.1, the
autocorrelation function of noise can be simplified as 6(7) = 224(7) [175]. The decision
variables Z5(3), Z3(3) and Z,(3) denote the noise terms, so their variances are evaluated as

shown below.

Ny—1 T+ 24+ V) TsATa+T; i T+(2i+1)Ts+Ty+T;
varv) = 6= X | [ / (X ot~ i1y
!

=0 GTf+(2i41)Ts+Ty JTf+(2i4+1)Ts+Ty S

(2Z + 1 — Tl Zame ij — (22 + 1)TS — Tm3)>E[nRD(t — Td)

nrp(T — Td)]dtdr]

Ny—1

:;{

—2iT, — ng)) O5(t — T)dtd7:|

/'ij+(2i+1)TS +Td+T¢

GTp+(2i4+1)Ts+Ta+T;
/ (Z%p(t —JTy = 2T, =7,) ) (T
I3 m

JTy+(2i41)Ts+Ty

> app(t— jTy — (2i + DT, — 7,)dt

l3=ms

Nt N,
2

FT (204 1) Ts 4Ty

+ Z Z alsams 7_13 Tms):|

13¢m3

~~
value=0

N¢NoE. 9
- 2 : (Zals)

l3
—_———

value=~y3

_ NyNoByys 4.102)
; .
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(264 1)Ts+5T 5 +Ty+T;
where, E[npp (t)nrp(7)] = 03(t—7) = 52(t—7) and f21+1)Ts+J]Tff+Tdd ot —T)dr = 2.
Ny—1 G240 Ts4+Ta+T; i T+ (2i+1)Ts+Ty+T;
varv) = Bzl X | [ / (X cwtnt -
im0 JT+(2i+1)Ts+Ty FT+(2i+1)Ts+Ty &

JTp = (20 + DTy = Ty = 1,) >y bip(r — Ty — (20 + V)T, — Ty — ng))

m3

E[nRD(t)nRD (T)]dtd7:|

Ni—1 GTp+(2i4A1V)Ts+Ta+T; T+ (2i+1)Ts+Ty+T;
-yl / (X avnte — i1y - i+ 1)
!

=0 JT§+(2i+1)Ts+Ty GTp+H(2i41) T+ Ty

—Ty— ) Z Qo p(T — Ty — (20 + )T, — Ty — Tm3)>93(t — T)dth:|

NN b2 JTp+(2i4+1)Ts+Ty+T;
= 0% U > ol p(t — jTy — 20T, — 7, )dt
2 FTy+(2i4+1)Ts+Ty '

l3=ms3
+ Z Zalsaﬂm Tls ng)‘|
l375m3
Val;;—o
NiNE, [
- 92 Zala
I3
value=~3
NN E
_ 02, P73 (4.103)
Ni—1 G2+ V) Ts+Ta+ Ty piTy+(2i+1)Ts+Ty+T;
var(vy) = 20 = X | [ /
=0 JTp+(2i4+1)Ts+Ty JTp+(2i4+1)Ts+Ty
E [{RRD(t)nRD(T —Td)}2:|dtd7':|
Ne—1 o Ty QA DTt Ty+Ty i Ty+(2i4+1) T4 Ty+T;
= Z / / Qg(t—T)dth}
oo LT+t )T+, GT+(2i4+1)Ts+Ty
Nf—1 o T Qi) T T+ Ty piTp+(2i+1)Ts+Ta+T;
= Z / / 9§(u)dtdu]
oo LT+t )T+, GT+(2i4+1) Ts+Ty+Ti—t
Ne=1 o om0
¢ N,
- >/ —02Wdt]
- o 4
Jj=0 =
NN2WT,
= f+ (4.104)

The value of E[{n2(t)}?] = E[{n2,(1)}’] = N—Oz. As discussed earlier, the variance of [n2 (¢
k RD 1 k

tends to a Dirac Delta function, where the integral vanishes outside the range [—t,7; — t|.
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Parsevals theorem is applied to solve equation 4.106.
At the destination node, the decision statistic Zrg_gp contains signal term sigsp = Z1(1) =
N;E,b?v; and noise term Z,pise—sp = Zo(1) + Z3(1) + Z4(1) in 1% time slot. The noise term

_ 2 2 2 _ NyNoEpmi | NyNob?Epm
=oy, ton, +on, = 3 + 5

Znoise—sp has a total variance of o% +

noise—SD
NyNEWT;
5 .

term sigpp = Z1(3) = Nprb;2’}/3 and noise term Z,isc_pp = Z2(3) + Z3(3) + Z4(3) in 21

Similarly, the decision statistic Zrr_rp obtained from R—D link contains signal

. : . 2 _ 2 2 2 _
time slot. The noise term Z,,,;..—rp has a total variance of 0% i pp = 0N, T ON, T 0N, =

12
N¢NoEpys 4 N¢Nob, Epys + NyNEWT;
2 2 2 :

In case of correct detection, the SNR obtained at the destination node from S—D and R—D

links in 1% and 2" time slots respectively, are represented as:

B (N¢E,biy )2
PSD-DTF = N N B 4 Ny Nob? Epyi
2 2

(Npr'Vl)Q
N NZWT;
NyNoEy + MMWT

Eyn\2
= ( 2 ) (4.105)

NoEpv1 + Ny NGWT;
2 2

N¢NZWT;
+ 2

(Nprb/ﬂZ%)g

2
NiNoByys | N;Nob; Epys I N;yNEWT;
2 2 2

(V. B3 ) §
2 :
Ny NoEyy; + MV
( Eps )2

_ 2 (4.106)

NoEpys3 + Ny NGgWT;
2 2

PRD-DTF =

where, b; = b; = 1 1n case of correct detection. Hence, information bit b; = 1 is forwarded from
the relay to destination node in 2" time slot. The decision statistics obtained at the destination
node in the end of two time slots are combined using linear diversity combining, selective
diversity combining and optimum linear diversity combining to form the final decision statistic.

The derivatives of the same are explained below in the subsequent sections.

A. Linear Combining

i) Correct Detection at Relay Node: At the destination node, the decision statistics Zrr_sp
and Zpp_pp obtained from S—D and R—D links in the 1% and 2" time slots respectively,

arc lineaﬂy combined to form Ztotal = ZTR—SD + ZTR—RD = Stotal—signal + Znoise—totala
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as mentioned in equation 4.32. The individual decision statistics obtained from S—D and
R—D links are mentioned in equation 4.30 and 4.31 respectively. The total noise variance
oy o =0y 40y corresponding to the noise term Zoisc—toral is solved in
equation 4.33.

In case of correct detection, we obtain b; = 1 at the relay node when information bit 1
(b; = 1) is transmitted from the source node to the relay node. The same detected bit is then

forwarded to the destination node. Hence, the SNR obtained at destination node due to correct

detection is represented as:

2 . . 2
Stotzzl—signal o (SZQSD + SZgRD)
PDTF—-LC—-CD = (

%noiseftotal O-%noise—SD + 0—2 )
(NyEpy + Ny Eyys)®
NfNoEp’)/l + NfNoEp’73 + NfNOZWT;
Evm Epv3\2
o/l _|_ Zo /s
= NE (]\%E 2 2 (4.107)
0 2b"}’l + 0 2b’YS _|_ NfNO WE

anlse—RD

In order to extract the information bit, the final decision statistic is compared to a threshold.
The threshold is taken to be 0, since PAM modulation scheme is used. Therefore, the final

decision criteria Z can be expressed as:

0, Hy:Z = Ziotal = Z1r-5D + Z1R—ED < 0
1

N>
I

(4.108)
, Hy:Z = Ziptal = Zrr—sp + Zrr—rp > 0

ii) Incorrect Detection at Relay Node: In case of incorrect detection, information bit b; = 0
is detected at relay node when b; = 1 is transmitted from source node to relay node. The
incorrect bit b; = 0 is then forwarded to the destination node. Therefore, the SNR obtained at

the destination node due to incorrect detection is represented as:

) . B (sigsp)®
DIF—-LC—-ID —
(O-%noise—SD + O-%noisﬁ—RD)
(NyEpm)?

NngEp’Yl + NfNoEp’}/;g + NngWE
(M)Z

2
= (4.109)
NoEp71 NoE
02b’Y + o 2b’Y3 + Nng”’Ti

Using probability theory, the generalized BER in case of incorrect detection is expressed as:

R Nl — si
BER = / / Q ( Jsb JhRD ) fPDTF ('717 73)d71 d"}/g (4.1 10)
0 0

[ +2
2 O-Znoiseftotal

Due to incorrect detection at relay node, information bit received at destination node (R—D

link) is O when information bit 1 is transmitted from source node to relay node. Therefore,
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SigRD = 0.

/ ) / ) Q( . )prTF (. s)dmdys (@111
0 o N2 (03t Y )

As explained in Section 4.3.1, the individual channel gains for S—D, S—R and R—D channel
links may be assumed to be IID Gaussian distributed by applying Central Limit Theorem, since
a large number paths are involved. Therefore, the sum of these channel gains will also have a
Gaussian distribution with its mean being the sum of individual means and variance being sum

of the individual variances. The joint PDF f,, .(71y3) of the channel in case of linear combining

is therefore, represented as:

fopre(11,73) . ! exp {—(% —psp)* | —(33— ,URD)2:|
S V(2r(03p)) v 2r(0%p)) 20%p 20%0
dydys 4.112)

Subsequently, the final BER of UWB TR system using linear combining is expressed as:

BERLC—DTF = / / ( ( pDTF LC— CD)prTF(’YlafYB)d’Yld’YB)( P€>+

/ / ( ( VPDTF-L0—ID m>prTF(% ’Ys)d%d’yg)(P)

= [ [ (VoD ) oo (i) Gl (1= P+
/ / ( ( VPDTF-LC-1D m)prTF(%)prTF(vz)d%dw) (P.) (4.113)

Since the joint PDF is IID distributed, it can be represented as f,,,...(71,73) = foprr (71)
foprr(73). Replacing the value of equation 4.114 in equation 4.115, we obtain the value of
BER in equation 4.116. Therefore, the BER of UWB TR system using cooperative dual—hop

DTF strategy with linear combining is expressed as:

1 —(n — 2 (e — 2
/ / ( < VPDTF-LC-CD CD) 3 exp{ n ZMSD) + 0 2MRD)
2m\/(05p0Hp) 205 205D

1
d%d%) / / ( ( PDTF LC— ID) €xp
2m (USDU?%D)

—(n —psp)® | = 2MRD) dyrds ) (P.) (4.114)
QO'SD 2 RD

Selective Combining

(1) Correct Detection at Relay Node: In selective combining, the SNR obtained from S—D and

R—D links in 1*t and 2™ time slots respectively are compared, and the one with the highest SNR
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is chosen. The probability of selecting the channel link based on the highest SNR is evaluated
after integrating the joint PDF of the channel links with proper limits. The joint PDF of channel

links S—D and R—D is represented as:

1
27TO'SDO'RD

(x — psp)* + (y — 1rp)?
205pORD

flx,y) =

exp — [ (4.115)

where, x and y represent independent gaussian random variables with means usp, ptrp and
variances o%p,, 0% of S—D and R—D channel links respectively. Hence, the probability that

S—D link is selected is represented as:

P = f(:z:):/oo /Oof(a:,y)dxdy (4.116)
—o Jy

Therefore, the probability of selecting R—D linkis P; =1 — P;.

i1) Incorrect Detection at relay node: In case of incorrect detection, information bit b; =0
is detected at the relay node, when information bit b; = 1 is transmitted from source node to
relay node. In the next time slot, the incorrectly detected bit b, = 0 is transmitted from the relay
node to the destination node.

Therefore, the final BER of UWB TR system using cooperative dual—hop DTF strategy

with selective combining is expressed as:

BERsc_prr = (Pl /°° Q <\/pSDDTF) fopre(M)dyi + Ps /OO Q (\/pRDDTF)
0 0
fuoreltdrs ) (1= 2+ (P [ Q( V57577 ) fpr ()
+P3 /OOO (1 - Q <%\/ pRD—DTF))fPDTF (73)6573) P, (4.117)

_ _ 2 [e%s)
exp ~n — psp)” 2MSD) dy1 + Ps /
205p 0

- (o[ o)

(27(0%p))
1

Q (\/pRD—DTF) \/WW exp {_(’Y?’Q;—%;:%D)Q} d73> (1-P)+ (P1 /Ooo

Q (\/psp_mp) \/ﬁm exp [_W;;—W} dyi + Py /0 h
(1 - Q(m)) L {_”32;2“”)2}@3) (P) (4118

(27 (okp)) D

_ _ 2
where, f,, (1) = m exXp [%0—2:5]3)

represent the PDF of S—D and R—D channel links respectively.

_ _ 2
} and f,, . (73) = \/(27;02 ) exp [ W;Jgga) }

RD)
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C. Optimum Linear Combining

(i) Correct Detection at Relay Node: The decision statistics obtained at the destination node
from S—D and R—D links in 1*' and 2" time slots respectively, are optimally combined to

give final decision statistic Zytq; = Z7R-SD + KZTR—RD- The Optimal combining factor x has
2

(Uznoise—SD)SRD

(Uznoise—RD)SSD

statistic Z;., Obtained at the destination node using optimum linear combining is represented

a value of Kk = as solved in equation C.4 of Appendix C. The final decision
by equation 4.42. The total noise variance is evaluated in equation 4.43.
The SNR obtained at the destination node due to optimum linear combining is represented

as:

52
o total—signal
PDTF-LOC-CD = B E—

Znoise—total
. . 2
_ ( (sigsp + KSigrD) >

2 2.+2
O-Znoisest + k O-ZnoisefRD

(NyEpm + "'i]\[pr’VB)2

(NyNoEpy + M) + K2(NyNoEyys + w)

_ (552 + n52) ..
N (N()gb’)’l + NfN(;WTi) +H2<N0,§b’y3 + NfN;QWTz) :

Eym Epy3\2
_+ =075

_ G (4.120)
(X1 + kY1)

NoEpm1 NyNGWT; _ NoEyvs NyNgWT;
5+ and Y} = —05HE +

g 5. Also, b; = b, = 1 in case of

where, X; =
correct detection.
The final decision statistic is compared to the decision threshold, in order to extract the

information bit. The final decision criteria Z can be expressed as:

0, Ho:Z = Ziotat = Zrr-5p + KZ1rR-RD < 0

Q>
I

(4.121)
L, Hiy:Z = Zota = ZTR-5D + KZTR-RD > 0
ii) Incorrect Detection at Relay Node: In case of incorrect detection, b, = 0 is detected at
the relay node, when b; = 1 is transmitted from source to relay node. Further, this erroneously
detected bit is forwarded to destination node leading to BER degradation. The SNR at the
destination node due to incorrect detection is represented as:

(sigsp)?

22
+ k UZnoise—RD)

PDTF-LOC—-ID = 5
(
noise—SD
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(Npr71)2
(N NoEpm + w) + K2 (N NoEyrys + M)

Epy1\2
= (%) (4.122)

NOEb'Yl NngWT'L 2 NoEb'Y3 NngWTZ
(5P + 0= ) + R 4 =)

Using probability theory, the generalized BER in case of incorrect detection is expressed as:

R i — KS?
PER = / / Q( =7 gRD>fPDTF(71773)d%d73 (4.123)
0 0

[ ~2
2 O—Znoise—total

When information bit 1 is transmitted from source node to relay node, due to incorrect detection

at relay node information bit received at destination node (from R—D link) is 0. Therefore,

SigRD = 0.

/ / Q( 2195D )prTFm,w)dmdw (4.124)
0 0

2 2
2 \/(Uznoise—SD + H2O’Znoise—RD)
Thus, the BER evaluated at the destination node using optimum linear combining is repre-

sented as:

BERioc-prr = (\/pDTFLOC’C’D> Joprr (71, 73)d71d73> (1-P.)+

A
" (@ Vemremoei ) e s i ) (2
( (\/ PDTF—LOC—CD> foorr (V1) foprr (73)d71d73)

+/0 ( (\/M) Soore (1) fopre ()

dvldvg) (P) (4.125)

where, f,,.-(v1,73) = foprr (V1) foprr(73) because the channel gains are IID and gaussian

distributed.

4.4.2 DTR System

In this section, the theoretical BER performance analysis of UWB DTR system using coopera-
tive DTF strategy, is presented. In 1% time slot, the received signal obtained at the destination
as well as relay node, is represented by equation 4.8 and 4.9 respectively. This received sig-
nal 7prr_sr(t) obtained at the relay node is passed through a DTR receiver, whose decision

statistics Zprr_sr 1S solved below.

Ne—l T4 20T+ T
ZDTR-SR = E / rprr-sr(t)rpre—sr(t — Ts)dt
‘o Jirpvair,
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—— Z

signal noise—term
= Z1(2)+ Z2(2) + Z5(2) + Zu(2) (4.126)
signa noise—term

where, the index k € {1, 2, 3} refers to the S—D, S—R and R—D link respectively, as mentioned
in equation 4.5. Here, T; = T},,4,+ 1, represents the integration time interval. Also, 7;,,q4s and 7T},
denote multipath delay spread and pulse duration respectively. Replacing the value of equation

4.9 in equation 4.129, we obtain the value of Zprr_sgr in equation 4.130.

Ni—1 T 42T +T;
= Z / <|:Z Oqzbip(t — ]Tf — QZTS — 7'12):| + nSR(t)> (|:Z Oémzbi—l
lo ma

=0 JTs+2iTs

p(t — Ty — 2iT, — TmQ)} + ngp(t — Ts)> (4.127)

The signal term obtained from S—R link is expressed as:

Ny—1

- ¥

> apbip(t — jTr — 2Ty — 71,) Y mybi_ap(t — Ty —
§=0 JTp+2iTs

JTp+2iTs+T; (
lo ma

2T — Tm2)> dt}

JTp+2iTs+T;
= Nfbibil[/ > app?(t — jTy — 20T, — 7, )dt

JTy+2iTs

lo=mo
+ Z Zal2am2 le Tmz):|
l2¢m2
valZ;—O
— NfbibiflEp ( Z Oéi)
l2
value=-y2
—_——
SIgSR
where, I, f] ]}Z T;ZTT“LT’ 2(t — jTy — 2iTs — 7, )dt represents the pulse energy obtained from
S—D link and R(7 f p(t)p(t — 7)dt as autocorrelation function. Under this assumption,

man { (1, — Tm2)} > T, for [ ;é mo, IPI is avoided. Hence, Z Z Qy Oy R(T1y — Ty ) = 0.

la7#mo
As explained in Section 4.3.1, since a large number of UWB multipath channel gains are con-

sidered, channel gains can be approximated as Gaussian Distributed using the Central Limit
Theorem ), aj = 7,. As described in Section 4.3.1, since the PSD 6,,(f) of noise is suffi-

ciently flat, the autocorrelation function of noise can be approximated as 6y, (7) = 226(7)[175].
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To solve the decision variables Z5(2), Z3(2) and Z,(2) containing noise terms, we evaluate its

variances, which is solved below.

Np—b e Ty 2Tt T, g Ty+20Ts+ T
Var(Ny) E[Z;(2)] = ) [ / / < > apbip(t — jTy — 2T,
0 l2

i JTy+2iTs JT+2iTs

—T,) Z Ay bip(T — T — 20T — Tmz)) E[nsr(t — Ts)nsr(T — Ts)]dtdr]

m2

Ny—1 JTe+2iTs+T;  piTp42iTs+T;
[ T S st it - ot - ) e,
=0 "

JT+2iTs JTy+2iTs 5

p(1 — jTf — 2iTy — 7y, )02(t — T)dth:|

N:N. bQ 3T +2iTs+T;
= 0% [/ > app(t — jTy — 2T, — 7, )dt

2 §Tp+2iTs J—.
+ Z Z alzaﬂwR(le - Tmz):|
laF#ma
val?;:()
Ny Nob2E ,
- P Z a,
l2
value=~y2
NfNoszp’}/Q
—_ 4.129
5 ( )

where, fjgf:;;TTﬁT’ Or(t — 7)dr = fj;;fj;gﬁT 2§t — 1)dr = 2.

Ny—1 JTp+2iTs+T; /ij+2¢Ts+Ti (
!

Var(N,) = E[Z3(2)] = ) { / > apbioap(t — §Ty — 24T,

. JTy+2iTs X

—T1,) Z Oy bimap(T — jTp — 20T, — Tm2)> ]E[{nSR(t)nSR(T)}]dth}

ma2

JTy+2iTs

Ny—1

ij+2iTS+Ti ij+2iTS+TZ‘
= Z b?l[/ / (Za12p(t—ij —QiTs _Tl2)zam2
j=0 lo mo

GT+24Ts JTy+2iTs

p(T — jTf — 20T, — Tm2))6’2(t — T)dth:|

NfNObZ,I 3T +24Ts+T, 5 o . '
= Tl / | Z agp (t — g1y — 2iTs — 1, )dt
ij+2zTS lo=msg
+ Z Z Uy Oty I le Tmz):|
lg;émg
val;gfo
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NfNObf_ E
- 2 — (Zai)

l2

——
value=-y2
N;Nyb? . E
_ D00 By (4.130)
2
Ny-1 JTs+2iT+T; T +2iTs+T;
varv) = elzzl= > | [
= FTy+2iTs §T5+2iTs
E [{nSR(t)nSR(T —T,)¥ } dtdr}
Ne—1 o T4 2T+ Ty piTy+2iTo+Ts
-y / / Gg(t—r)dtdr]
‘mo LJimprar GTf+2iTs
Ne—L o T4 20TAT;  pjTy+2iTo+T;
- ¥ / / eg(u)dtdul
‘mo LJimp+ar JTy+2iTs+Ti—t
Ne=1 o o oo
‘N,
= Z / —02Wdt1
’ o 4
Jj=0 *
N:N2WT,
_ f ; ‘ (4.131)

where, E[n?(t)] = Yo, Hence, the value of E[{n}(t)}’] = Nyg.

The decision statistic Zprr_gr obtained at destination node in the 1% time slot contains
signal term and the noise term. From the derivations, it is noted that the signal term sigsr
has a value of N;b;b;_1E),, while the noise term Z,,,s.—sr has a variance of O'% =

noise—SR
Ny Nob? Epys n NyNob? | Epv2 n Ny NZWT;
2 2 2

To extract the information bit b;, the decision statistic Zprr—sgr obtained at the relay node
is compared to the decision threshold. The decision threshold is taken to be 0 because PAM
modulation scheme is used. The decision criteria Z can be expressed as:

, 0, Ho:Z=Zprr-sr <0
b, =2 = ’ (4.132)
1, Hy:Z=Zprr-sgr >0

where, b, represents the extracted information bit at the relay node. The received signal

obtained at the destination node rprr_sp(t) in 1% time slot is detected using a DTR receiver,

whose decision statistics Zprr_gp is as follows:

Ny—1

Ty +2iTo+T;
ZpTR-SD = / rprr-sp(t)rprr—sp(t — Ts)dt
‘o a2t
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—— z

signal noise—term

= Z1(1)+ Zo(1) + Z3(1) + Z4(1) (4.133)
ol o ’
signa notse—term

where, the index k € {1, 2, 3} refers to the S—D, S—R and R—D link respectively, as mentioned
in equation 4.5. Here, T; represents the integration time interval. The value of Zprr_gp is

obtained in the equation below, by replacing the value of equation 4.8 in equation 4.136.

Ne L jTp 20T+,

= Z/ ([Zall Zpt—]Tf—2ZT—Tll):|+TLSD )({Zamlz 1
=0 JiTs+2iTs I
p(t — jTy — 2iTs — Tml)} +ngp(t — Ts)) (4.134)

The signal term obtained from S—D link is as follows.

Ny—1 JT+2iTs+T;
Z(1) = Z {/ (Zall ip(t — Ty — 21T, — 7, Zaml i1p(t — Ty —

im0 LJiTptair

2T, — Tm1)> dt}

m1

JTr+2iTs+T,
= Nybibi_ { / > ol p(t — jTy — 20T, — 7, )dt +

JTp+2iTs li—my

> aamR(n, - Tml)}

l1#my

~
value=0

= Nfbibz;lEp ( Z 04121)

1
—_———

value=y1

~—_——

$19SD

where, the pulse energy is represented as b, f] ]TTff:;lTTSJrTZ p*(t — jTy — 2iTs — 7, )dt and

autocorrelation function as R(7 f p(t)p(t — 7)dt. To overcome IPI, the assumption taken
ismin{(m, — 7, )} > T, forly ;é my. Hence, 37, . > ai aug,

R(m, — Tm,) = 0. As explained in Section 4.3.1, since a large number of UWB multipath
channel gains are considered, the channel gains may be approximated as Gaussian Distributed
using the Central Limit Theorem Ezl ai = 7. As described in Section 4.3.1, since the PSD
0, (f) of noise is sufficiently flat, the autocorrelation function of noise can be simplified as

O () = 226(7)[175]. Since Z5(1), Z3(1) and Z4(1) denote the noise terms, their variances are
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solved as shown below.
Ni—l e Ty 4+2iT4 T, /ij+2z‘Ts+Ti

Var(Ny) = E[Z;(1)] =) [/

(Z ay, bip(t — jTy — 20T,
=0 T +2iTs I

§Ty+2iTs

—11,) Z Qo bip(T — T — 2iT — Tml)) E[nsp(t — Ts)ngp(T — TS)]dth}

Ny—1

ij+2iT5+Ti ij+2’L'T5+TZ'

2 . .

= E b; [/ . / A < E ayp(t — jTy — 20T, — 7,) g foT
=0 ]Tf—i-QZTS ij+2sz I m1

p(r —jTy — 2T, — Tml)) 61 (t — T)dthl

N Nab2 JTp+2iTs+T;
— fTO[/ Z oy p*(t — jTy — 20T, — 7, )dt

JT+2iTs Li=m1
+ Z Zal1am1R<Tl1 - Tml):|
li#my
Val;g:O
Ny Nob2E ,
= = i Zall
1
value=~y1
NfNob?Ep’}/l
= — 4.136
5 (4.136)
JTs4+2iTs+T; JTs+2iTs+T; N, N,
where, foJr%T 0,(t — 1) fJTff+2sz 2§t — 7)dr = L.

Ny—1 JT+2iTs+T; / JT+2iTs+T;

Var(No) = EZ2U)] = Y [ /

=0 JTp+2iTs

( > aybiap(t — jTy — 2T,
§Tp+2iTs A

—711,) Y A biap(T — jTy — 20T, — Tml)) E[{nSD(t)nSD(T)}]dth]

mi
Nyl JT+2iTs+T;  pjT+2iTs+T;
= 2 b U / (Z on,p(t — jT — 2T, —7,) Y i,
7=0 ij+2iTs ij—i—QiTs I —
p(r — §Ty — 24T, — Tml)) 0 (t — T)dth:|
N Nyb? JTy+2iTs+T;
- [ / N aFpR(t — Ty — 2T, —m,)dt
JT42iTs [—
- Z Zallaml (7, — Tml):|
l17£ml
V(Il:l,gf(]
Ny Nob? |, ;
I S > ai
5
value=y1
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NfNobg—lEp’Yl

= 5 (4.137)
Ny—1 JTs 20T+ Ty piTy+2iTs+T;
varv) = Ezi= Y | | /
§=0 JTy+2iTs JT¢+2iTs
E [{nsp(t)nSD(T ~-T,)} } dth}
Ni—l o Ty 20T+ Ts Ty +2iTs+T,
= Z / / 07 (t — T)dtd7:|
‘oo LTyt Ty +2iT,
Ni—1 o T4 2T 4Ty pfTy+2 T+ T,
= Z / / Hf(u)dtdu]
‘oo LTy STy +2iTo+Ti—t
e
"N,
= > / —02Wdt}
: o 4
Jj=0 =
N NEWT;
_ A (4.138)
2
where, E[n}(t)] = Y. Hence, the value of E[{n}(t)}’] = Nfg. The variance of [n7(t)] tends

to a Dirac Delta function, where the integral vanishes outside the range [—t, T; — t|. Parsevals
theorem is applied to solve equation 4.141.

The SNR obtained at the relay node in 1* time slot is denoted as:

(Nybibi 1 Eyy2)?

PDTR-SR-DTF = N¢NoEpb2ys | NyNob? 1Epya | NyNZWT;
2 + 2 T 2

_ (NyEpy2)®
- NyNEWT;

Ny NoEyy, + MMWT
B (Ep2) (4.139)
T NE N;NZWT, '

oy y2 + ——5—

where, b7 = b? ; = (b;b;—1)* = 1 and energy per bit is denoted as £, = N;T}. An error
occurs at the relay node if it detects an information bit b; = 0, when information bit b; = 1 is
transmitted from source node to relay node. Hence, the probability of error obtained at the relay

node is expressed as:
Fe = @ <\/pDTR—SR—DTF) foprr(12)d72 (4.140)

where, the PDF of S—R link is expressed as f,,,,(72) = (72—“5“*)2} . Further-

N S
Ve P { 2(0%5)

more, psr and 0% denote the mean and variance of S—R link of UWB channel respectively.
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After extraction of information bit b; at the relay node, the signal transmitted from the relay
node to the destination node in 2™ time slot is represented as:

o Nj—1

SDTR—RD Z Z |: t—ij — (27, + 1)T) 4.141)

=0 j5=0

where, b; represents the information bit detected at the relay node. The received signal rprr_rp (%)

obtained at the destination node in 2" time slot is represented as:

rprr—rp(t) = Sprr—rp(t) * hs(t)

[b;p(t — g1y — (2i 4+ 1)T)] * Z ay,0(t — 7'13)1 + ngrp(t)

i=0 j= ls
0o Np—1
= Z Z |:Oélsb;p<t — ij - (22 -+ 1)TS — Tlg):| + nRD(t)
i=0 j=0 I3
0o Nj—1
- >, {b;gRD@—ij — (2i+ 1>Ts>} +ngp () (4.142)
i=0 j=0

The aggregate signal response grp(t) obtained from R—D link is expressed as grp(t) =
> 1, Qusp(t — 7,) whereas, the noise (AWGN) term is denoted by npp(t). The received sig-
nal rprr_pgp(t) obtained at the destination node is demodulated using a DTR receiver, whose

decision statistics Zprr—grp 1s expressed as:

rprr—rp(E)TprR-RD(t — T5)dt

Ne—1 Qi ) To 44T +Ts
ZDTR-RD = /
(

§=0 2i+1)TS+ij
N N\ v

signal notse—term

where, it is assumed that correct detection has taken place at relay node. Replacing the value of

equation 4.145 in equation 4.146, we obtain the value of Zprr_grp in equation 4.147.

([Zalab;p(t — Ty — (20 + )T, — ng)} + nRD(t)) ({Z

Ny—1 /ij+(2i+1)Ts+E
ij+(2i+1)Ts I3 m3

J=0

by p(t — 5Ty — (20 + )T, — ng)} + npp(t — TS)) (4.144)

The signal term sigrp obtained from R—D link is represented as:

Ny—1 JTf+(2i+1)Ts+T;
Z1(3) = Z [/ (ZalS zpt—ij—(22+1 — Ty Zami” p(t
‘mo LJiT+@itTs

—jTy — (2i + DT, — Tm3)> dt}
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/ij+(2i+1)TS+TZ~

= N;bb, 4 [ > ol p?(t — jTy — 20T, — 7,)dt

I3=m3

+ Z Z Uy Oy R Tls ng) :|

lsséms

JTf+(2i4+1)Ts

~
value=0

— Nybb, | E, (Zai)

I3
—_———

value=~3

Eys. (4.145)

i7i—1

= Nbb,

SIgRD

where, the energy of pulse is represented as B, = f ARl JTy — 21T, — 7,)dt

3T +24Ts
and autocorrelation function as R(7 f p(t)p(t — 7)dt. To avoid IPI, this condition
min {(m, — Tm,)} > T, for I3 # ms, is satisfied. Hence, Z Zal3am3R(Tl3 — Tms) = 0.
l3#m3

As explained in Section 4.3.1, since a large number of UWB multipath channel gains are con-
sidered, channel gains can be approximated as Gaussian Distributed using the Central Limit
Theorem } ;. 04123 = 73. As described in Section 4.3.1, the PSD of noise 6(f) is sufficiently
flat so the autocorrelation function can be simplified as 0x(7) = 2246(7) [175]. The index
k € {1,2,3} represents S—D, S—R and R—D link respectively, as discussed in equation 4.5.
To solve the decision variables Z(3), Z5(3) and Z,(3) containing the noise terms, variances is

evaluated as shown below.

Var(Ny)

) Ni7l e T Qe )TA Ty piTp+(2i4 1) Tu A T,
- Y | [ /

=0

(Z au,byp(t — j Ty —
I3

(2i + )T, — 7, Zamd (T — 3Ty — (20 4+ 1T, — Tm3)>E[nRD(t ~T)

GTf+(2i4+1)Ts GTf+(2i4+1)Ts

npp(T — TS)]dth}

Ng—1 JT+(2i+1)Ts+T; , /
= Z |:/ (Zalgbz’p(t_ij_ (2Z+ 1)T5 _Tls)zarmbip(T
l m

—jTy — (20 + )T, — ng))ﬁg(t — T)dth}

12
N:Nob. 3T+ (2i+1)Te+ T,
= {/ Y ai it =Ty — (2 + )T, —m,)dt
2 ITp+QIANT.
* T Tenawttn, 1w
13757713
val?;gfo
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Ny Nob, E )
- - P Zals

l3
value==y3
N;Nob, E
= il (4.146)
2
where, E[ngp(t)ngrp(7)] = 03(t — 7) = 225(t — 7) and fgiffTT;ggf*T Nog(t — r)dr = Mo,

Var(Ns)

) Ny—1 JTp+(2i4+1)Te+T;  piTy+(2i+1)Ts+Ti /
- mze- Y | [ / (X ontioapte — i, -
0 l3

j= JTp+(2i41)Ts JTp+(2i4+1)Ts

(26 + DTs = 7,) > by p(7 = Ty — (20 + 1T, — rm3)) Engrp(t)nep(T)]

m3
dth}
Ng—1 . T+ (24 ) To+T;  iTi+(2i+1)Ts+T;
- i / (X aunte - i1y - i+ 11
=0 JTy+(2i4+1)Ts JTp+(2i4+1)Ts Is
—71,) Y iy p(7 — § Ty — (20 + )T, — ng)) O(t — T)dth}
m3
N Nob;i T+ (2i+1)Ts+T, ' .
= %{/ Z oz?3p2(t—]Tf—(22+1)TS—7‘Z3)dt
JT+(2i+1)Ts lammms
+ Z Z alsams Tls Tms):|
ls#ms
val:;_o
NfNObf—lEp 2
- 9 Z Ay
&,_/
value=~y3
12
N:Nyb, E
AP o P73 (4.147)
Ny—1 T2+ V)T AT T +(2i4+1) T+ T;
Varvy) = BZGI= Y | [ /
=0 JTs+(2i4+1)Ts JTp+(2i41)Ts

E [{TLRD(t)nRD(T — Ty} ] dth}

Ny—1 JTs+(2i4AV)TsAT;  piTi4(2i+1)To+T;

= / / 03 (t — T)dtd7:|
=0 JTy+(2i4+1)Ts JTy+(2i4+1)Ts
Ne—1 o T Qi) To4Th i Ty+(2i+1)Ts+T;

= / / 03 (u)dtdu]
=0 JTy+(2i4+1)Ts JTy+(2i4+1)Ts+T5—t
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Nfl

[ Yo

_ NfN3WTi (4.148)
o .

The value of E[{n2(t)}’] = E[{nZ,()}’] = NT(?. As discussed before in Section 4.3.1, the
variance of [n} ()] tends to a Dirac Delta function, where the integral vanishes outside the range
[—t,T; — t]. Parsevals theorem is then applied to solve equation 4.151.

The decision statistic Zprr—sp obtained from destination node contains signal term sigsp =

Z1(1) = NyE,b;b;_17y: and noise term Z,,pisc—sp = Za(1) + Z3(1) + Z4(1) in 1% time slot. The

: : 2 _ 2 2 2 __ NyNob?Epm
noise term Z,,.;sc—sp has a total variance of g o op = 0N, TON, T ON, = 75— +
Ny Nob?_, Epy N¢N2WT; .. .. .. . .

= o 2L+ L g—. Similarly, the decision statistic Zprrgrp obtained from destina-

tion node contains signal term siggp = Z1(3) = N prb;b;_l’)/g and noise term Z,,p;5c—rD =

Z5(3) + Z3(3) + Z4(3) in 2" time slot. The noise term Z,,;sc_rp has a total variance of

2 72
NyNob, Epvs | NyNob,_Epys | NyNZWT;

2 _ 2 2 2
=oy, oy, T oy, = 5 + 5 + 9

o
ZnoisefRD

In case of correct detection, the SNR obtained at the destination node from S—D and R—D

links in 1°* and 2™ time slots respectively, are represented as:

2
St9sp
PSD-DTF = —5

noise—SD

(NyEpbibi171)

NfNoz;ZZEpyl i NfNobi,lEpm X NngQWTi
_ (NfE bz 71)
- NN2WT;
NyNoEpb? i + ==5—
- N¢N2WT; )
NoEyy + =—=5—
. 51'912%D
PRD-DTF = —5
Znoise—RD
147 2
- (Nprbibi—173)
- 12 12
NfN()E bi Y3 NfNObi_lEp'YS NfNQWTi
2,, + 2 + S

(Nprb;b; 173)2
N NoEys + NfN WT;

NoEyys + —NfN k.

where, b; = b; = 1 in case of correct detection. For a DTR—PAM system, b? = b? | =

(bibi1)?* = b2 = b2, = (b;b; ,)*> = 1 and E, = N;E,. Hence, information bit b; = 1 is

(2
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forwarded from the relay to destination node in 2™ time slot. The decision statistics obtained at
the destination node in the end of two time slots are combined using linear diversity combining,
selective diversity combining and optimum linear diversity combining to form the final decision

statistic. The derivations of the same are explained in subsequent sections.

A. Linear Combining

1) Correct Detection at Relay Node: The decision statistics Zprr_sp and Zprr_grp obtained
at the destination node in the 1** and 2" time slots respectively, are linearly combined to give
Zitotal = ZDTR-SD + ZDTR-RD = Stotal—signal T Znoise—totals S Mentioned in equation 4.72.
The individual decision statistics obtained from S—D and R—D links are mentioned in equation

2

4.70 and 4.71, respectively. The total noise variance 0% =0 + o

noise—total Znoise—SD

2
Znoise—RD

corresponding to the noise term Z,,,;sc_1ota; 1S SOlved in equation 4.33.

In case of correct detection, the relay node correctly detects the information bit transmitted
from the source node. Thus, b; = 1 is received at the relay node, when information bit (b; = 1)
is transmitted from the source node to the relay node. The correctly detected bit b; = 1 is then
forwarded to the destination node. Subsequently, the SNR at destination node due to correct

detection is represented as:

2 . . 2
Stomlfsignobl (SZgSD + SZgRD)
PDTF-LC-CD = = (

o-%noise—total O-%noisest + 0-2 )
(NrEpy1 + NyEpys)®
NfNoEp’)/l + NfNoEp’}/g + ]Vf]\IOQVVCTZ

E Eyys)?
_ (B + Boys)” (4.151)
NoEyy1 + NoEyyz + Ny NgW'T;

ZnoisefRD

The final decision statistic is compared to a threshold, to obtain the information bit. The
decision threshold is 0, because PAM modulation scheme is used. Hence, the final decision

criteria Z can be expressed as:

0, Hy:Z = Ziota = ZpTR-SD + ZDTR—ED < 0
1

(4.152)

Q>
Il

., Hy: Z = Zitat = ZprR-SD + ZDTR-RD > 0

i1) Incorrect Detection at Relay Node: In case of incorrect detection, the relay node detects
information bit b; = 0, when information bit (b; = 1) is transmitted from the source node
to the relay node. The erroneously detected bit b, = 0 is forwarded to the destination node.

Following the same procedure as mentioned in the previous subsection, the SNR obtained at the
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destination node due to incorrect detection is represented as:

PDTF-LC—ID = 5 <SigSD)22
(Uznoise—SD + UZnoise—RD)
_ (N EPVI)Q
NngEp’Yl + NfNOEp’}/g + NngWTl
(Eym)?

— 4.153
NoEyy1 + NoEyys + Ny NEWT, ( )

Using probability theory, the generalized BER in case of incorrect detection is calculated

as:

St — S
BER / / ( gsp gRD> Foner (V12 73)dy1d73 (4.154)

Due to incorrect detection at relay node, information bit received at destination node through
(R—D) link is 0, when information bit 1 is transmitted from source node to relay node. There-

fore, sigrp = 0.

/ / Q( 2195D )prTF(m,w)dwdw (4.155)
0 0

2 2
2 \/(UZnoi.se—SD + JZnoise—RD)

As explained in Section 4.3.1, The individual channel gains for S—D, S—R and R—D chan-

nel links may be assumed to be IID Gaussian distributed by applying Central Limit Theorem,
since a large number paths are involved. Therefore, the sum of these channel gains will also
have a Gaussian distribution with its mean being the sum of individual means and variance be-
ing sum of the individual variances. The joint PDF f, . (71, 7v3) of the channel in case of linear

combining is represented as:

1 1 —(m - psp)? —(v3 — MRD)z}
N e IV ey T
dyidrys (4.156)

Therefore, the final BER of UWB DTR system using linear combining is expressed as:

BERLC’—DTF = / / ( ( PDTF LC— CD)fPDTF(leaf)/?))d’yld,Y?))( P6)+

oo oo

V4 PDTFLCID) fPDTF (’Yb 73)(171 d’YS) (Pe)

oo o0

I
c\c\go\é
Nc\go\»

(a(
(VPP ) oo () slincrs ) (1~ P +
(Q(VPmme ) fones (1) (s ) ) 4150
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Since the joint PDF is IID distributed, it can be represented as f,, .. (71,73) = foprr (71)

f PDTF (73>'
Replacing the value of equation 4.159 in equation 4.160, we obtain the BER in equation

4.161. Therefore, the BER of UWB DTR system using cooperative dual—hop DTF strategy

with linear combining is represented as:

1 —(n —msp)® | —(y3 — prp)?
VPDTF-LC—CD —— exp 552 T o2
2m\/(0%p0Hp) 95D 9RrD

1
d’Yld’YS) / / ( ( VPDTF—LC—ID ID) —— exp
27 (USDURD)

—(m —usp)® . —(v3— prp)?
dvyid P, 4.158
[ 20%[) - 20%213 ndvs | (Fe) ( )

B. Selective Combining

(i) Correct Detection at Relay Node: In selective combining, the SNR obtained at the destination
node from S—D and R—D links in 1% and 2™ time slots respectively are compared, and the one
with the highest SNR is chosen. The probability of selecting the channel link based on the
highest SNR is evaluated after integrating the joint PDF of the channel links with proper limits.
The joint PDF of channel links S—D and R—D is represented as:

1 _ 2 _ 2
fla,y) = ——exp— {(x sp)” + (y = firp) (4.159)
2TOSDORD 205pORD

where, x and y represent independent gaussian random variables with means psp, ptgrp and
variances 0%y, 0% of S—D and R—D channel links respectively. Hence, the probability that

S—D channel link is selected is represented as:

R N e (4.160)

Therefore, the probability of selecting R—D channel link is Ps =1 — P;.

i1)Incorrect Detection at relay node: In case of incorrect detection, information bit b; =0is
detected at the relay node, when information bit b; = 1 is transmitted from source node to relay
node. In the next time slot, this erroneously detected bit b; = 0 is forwarded to the destination
node from the relay node. The final BER of UWB DTR system using cooperative dual—hop

DTF strategy with selective combining is represented as:
BERsc-prr = <P1 / Q <\/ IOSDDTF> Joprr (y1)dy + P3/ Q (\/ﬂRDDTF)
0 0
fPDTF (73)d73) (1 - Pe) + (Pl / Q (\/ pSD—DTF)) fPDTF (71)d'71
0
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+P3 /00 (1 _ Q(%1 /pRD—DTF))prTF (’}/3)d’)/3) Pe (4161)
0

_ _ 2 o)
exp (%—2”81)) d71+P3/
205p 0

- (o[ o)

(27T(J§‘D))

Q(m> \/Wm b [_(’YZ;—W] d%) (1-P)+ (Pl /OOO

QC&E:EG)VE%E;ﬁQW{:Qi%fggkw*“%ﬂm
O—Q(ﬂﬁ:ﬁ@) em[*%}M”TmQG@ (4.162)

(27 (0%p)) 205D
2
— (v — 1
where, f,, ., (m) = @n(02,,)) eXp [%] and f, ;. (v3) = 2r(0%,))

exp {_(VZ;—W] represent the PDF of S—D and R—D channel links respectively.
RD

C. Optimum Linear Combining

(1) Correct Detection at Relay Node: The decision statistics obtained at the destination node
from S—D and R—D links in 1% and 2™ time slots respectively, are optimally combined to give

final decision statistic Z;o;qi = Zprr-sp + KZprr—rp- The optimal combining factor x has
(U%noisest)SRD
( ZnoisefRD)SSD

statistic Z;,, Obtained at the destination node using optimum linear combining is represented

a value of Kk = as solved in equation C.4 of Appendix C. The final decision

by equation 4.81.
The SNR evaluated at the destination node due to optimum linear combining is represented

as:

o Stotal signal
PDTF-LOC-CD =

nozse total)
B (sigsp + kSigrp)*
o 2 245 2
UZnoise—SD + K°g nozse RD
. (Npr% + IiNpr’}/;g)
— 2 ] 2 )
(NpNoEyys + M52 + 12(Ny NoEpys + ~L547)
(Eyni + KEyy3)? _ (Byn + wEy)?
 (NoEyn + —NfNOWT ) + K2 (NoEyys + —Nngwﬂ) X1+ w0

(4.163)

v 2 . / .
where, X; = NoEpyy1 + w and Y7 = NoEyys + w Also, b; = b, = 1 in case of
correct detection.
The final decision statistic is compared to the decision threshold 0, in order to extract the

information bit. The final decision criteria Z can be expressed as:
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0, Hy:Z = "Zipta) = 2 _sp + K2 _rp <0
0 total DTR-SD DTR—-RD (4.164)

Q>
I

l, Hi:Z = Ziota = ZprR-5D + KZDTR-RD > 0
i1) Incorrect Detection at Relay Node: In case of incorrect detection, the relay node detects
information bit b; = 0 when b; = 1 is transmitted from source to relay node. Further, this
incorrectly detected bit is forwarded to destination node, leading to BER degradation. The SNR

obtained at the destination node due to incorrect detection is represented as:

(sigsp)®
2
+ K/2O-Znoise—RD)

(Npr71)2
(N NoEyyy + HNWTy 4 2(N; Ny Eyys + 20T
(Eyy1)?

- I (4.165)
(NoEyy1 + M) + K2(NoEyys + N0VTy

PDTF-LOC—-ID = (o2
Znoise—SD

Using probability theory, the generalized BER in case of incorrect detection is expressed as:

<[ [ sigsp — Ksi
BER = / / Q ( 9sb grD ) foore (71, 73)dy1drys (4.166)
0 0

[ ~+2
2 O-Znoiseftotal

Due to incorrect detection at relay node, information bit received at destination node (R—D

link) is 0, when information bit 1 is transmitted from source node to relay node. Therefore,

SigRD = 0.

I St
/ / Q ( 2 L 2 ) prTF (’717 73)6171 d’73 (4 167)
‘ 0 2\/(0Znoisest + H;2O-Znoise—RD)

Finally, the BER obtained at the destination node using optimum linear combining is repre-

sented as:

BERpoc-prr = (\/pDTF LOC— CD) prTF(%,VS)d%dWs)( Pe)+

(\/pDTF LOC— CD) prTF(71)prTF(73)d%d73)

(1—P) / /000

(Q (\/ pDTF—LOC—ID> Soorr (V1) foprr (Vs)d%d%) (FP) (4.168)

(e

" [ (@ Vrpizoen ) foore Grsndnna ) 22
(e

A

where, f,,.0(71:73) = foprr (V1) foprr(73) because the channel gains are IID and gaussian

distributed.
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4.5 Simulation Results

The BER performance of non—coherent UWB cooperative systems namely TR and DTR, were
obtained using regenerative and non—regenerative relay strategies for various diversity combin-
ing schemes, over IEEE 802.15.4a UWB CM1 and CM2 channels respectively. The analytical
BER expressions for UWB TR and DTR communication system, using cooperative dual-hop re-
lay techniques for various diversity combining schemes, is plotted using numerical integration,
and then compared with the simulation results. The main parameters considered for simulations
are Ny = 1,2, N = 200000, W = 2GHz, 1T, = 4nsand Fy,,, = 10 GHz, where Ny
represents the number of frames in one symbol, /N the number of bits, W the bandwidth of
bandpass filter, 7; the integration interval and Fy,,,, the sampling frequency. A second order
Gaussian derivative pulse p(t) = 1 x (1 —4n((t)/Tx)*)exp(—2m((t)/Tk)?) is used for transmis-
sion, where t denotes the time interval and 7;, = 0.15 ns the pulse width control factor. The
values of means i, and variances 0,3 obtained from UWB CM1 channel are noted to be 12.5
dB and 3.5 dB respectively. Here, the index k& € {1,2, 3} refers to the S—D, S—R and R—D
link respectively.

Fig 4.3(a) and (b) represents the BER performance of UWB TR system, using coopera-
tive dual—hop AF strategy, with various diversity combining schemes namely, optimum linear
combining, linear combining and selective combining, in IEEE 802.15.4a UWB CMI envi-
ronment, for Ny = 1 and 2 respectively. It can be observed from both the BER plots in the
Figures that using cooperative AF scheme gives a much better BER performance, compared to
non—cooperative or single—link. Among the diversity combining schemes, Optimum Linear
Combining gives the best BER performance followed by Linear Combining and then Selective
Combining, for any SNR. It is also inferred from Fig 4.3(a) and (b) that SNR falls by a margin
of 3 —4 dB, as Ny increases from 1 to 2. This leads to degradation in BER performance.

The variation in BER vs SNR plot of UWB TR system using cooperative dual—hop AF
strategy with various combining schemes, over IEEE 802.15.4a UWB CM2 environment for
Ny =1 and 2, can be inferred from Fig 4.4(a) and (b) respectively. At a BER of 10~%, a NLOS
channel (CM2), suffers a SNR loss of 3 — 4 dB, compared to LOS environment (CM1), as
observed in Fig 4.3(a) and (b). It can also be concluded from both the BER plots in Figures that
as far as combining schemes are concerned, Optimum Linear Combining > Linear Combining
> Selective Combining > Single—Link. The BER performance degrades, as SNR falls by a

margin of 3 — 4 dB for increase in Ny from 1 to 2, as observed in Fig 4.4(a) and (b).
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The analytical and simulated BER performance of UWB TR system using dual—hop co-
operative AF strategy in UWB CM1 environment, for three diversity combining schemes, (a)
optimum linear diversity combining (b) linear diversity combining and (c) selective diversity
combining is compared, and the results are as shown in Fig 4.5. The approximate analytical
BER expressions for these three diversity combining cases are plotted using numerical integra-
tion, and compared with the simulation results for Ny = 1, 2. It can be inferred from Fig 4.5(a),
(b) and (c) that the simulation plots nearly coincide with the plot of analytical results, at all

BER.

The BER performance of UWB DTR system using cooperative dual—hop AF strategy with
various diversity combining schemes namely, optimum linear combining, linear combining and
selective combining, in IEEE 802.15.4a UWB CMI1 environment, for Ny = 1 and 2 respec-
tively, is as shown in Fig 4.6(a) and (b). It is observed that the performance of DTR system
improves by a SNR margin of 4 d3 for Ny = 1,2, at all BER levels. This is because, TR sys-
tem wastes its energy in transmitting a reference pulse which carries no information whereas,
DTR system transmits a differentially modulated signal over the present frame, saving energy.
Among the diversity combining schemes, Optimum Linear Combining gives the best BER per-
formance followed by Linear Combining and then Selective Combining, for any SNR. It is also
inferred from Fig 4.6(a) and (b) that SNR falls by a margin of 3 dB, as Ny increases from 1 to

2. This leads to degradation in BER performance.
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BER Performance of TR Rxr using AF strategy in UWB CM1 for Nf=1
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Figure 4.3: BER performance of UWB TR system using cooperative AF strategy with various
combining schemes in CM1 channel for (a) Ny = 1 (b) Ny = 2
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B(I)ER Performance of TR Rxr using AF strategy in UWB CM2 for Nf=1
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Figure 4.4: BER performance of UWB TR system using cooperative AF strategy with various
combining schemes in CM2 channel for (a) Ny = 1 (b) Ny = 2
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Anglly Vs Sim BER of TR Rxr using AF with selective combining in CM1
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Figure 4.5: Analytic vs Simulated BER performance comparison of UWB TR system using
AF strategy having Ny = 1,2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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BEOR Performance of DTR Rxr using AF strategy in UWB CM1 for Nf=1
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Figure 4.6: BER performance of UWB DTR system using cooperative AF strategy with various
combining schemes in CM1 channel for (a) Ny = 1 (b) Ny = 2
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BEOR Performance of DTR Rxr using AF strategy in UWB CM2 for Nf=1
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Figure 4.7: BER performance of UWB DTR system using cooperative AF strategy with various
combining schemes in CM2 channel for (a) Ny = 1 (b) Ny = 2
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Anacljy Vs Sim BER of DTR Rxr using AF with selective combining in CM1
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Figure 4.8: Analytic vs Simulated BER performance comparison of UWB DTR system using
AF strategy having Ny = 1,2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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BER Performance of TR Rxr using DTF in UWB CML1 for Nf=1
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Figure 4.9: BER performance of UWB TR system using cooperative DTF strategy with various

combining schemes in CM1 channel for (a) Ny = 1 (b) Ny = 2
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BER Performance of TR Rxr using DTF in UWB CM2 for Nf=1
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Figure 4.10: BER performance of UWB TR system using cooperative DTF strategy with vari-
ous combining schemes in CM2 channel for (a) Ny = 1 (b) Ny = 2
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An%ly Vs Sim BER of TR Rxr using DTF with selective combining in CM1
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Figure 4.11: Analytic vs Simulated BER performance comparison of UWB TR system using
DTF strategy having Ny = 1,2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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BER Performance of DTR Rxr usmg DTF strategy in UWB CML1 for Nf=1
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Figure 4.12: BER performance of UWB DTR system using cooperative DTF strategy with

various combining schemes in CM1 channel for (a) Ny = 1 (b) Ny = 2
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BEOR Performance of DTR Rxr using DTF strategy in UWB CM2 for Nf=1
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Figure 4.13: BER performance of UWB DTR system using cooperative DTF strategy with

various combining schemes in CM2 channel for (a) Ny = 1 (b) Ny = 2
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@nal Vs Sim BER of DTR Rxr Using DTF with selective comb. in CM1
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Figure 4.14: Analytic vs Simulated BER performance comparison of UWB DTR system using
DTF strategy having Ny = 1,2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.

It is observed from Fig 4.7(a) and (b) that the BER performance of UWB DTR system
degrades as we move from CM1 to CM2 environment. This is because, CM2 being a NLOS
channel performs worse than CM1, LOS channel. It is also noted that the BER performance
falls, as Ny increases from 1 to 2. It is also inferred from the Figures that DTR system gives a
SNR gain of 3 dB over TR system in CM2 environment, for N; = 1,2. In CM2 environment,
as far as BER performance of combining schemes are concerned, Optimum Linear Combining

> Linear Combining > Selective Combining > Single—Link.

Fig 4.8(a), (b) and (c) illustrates the analytical vs simulated BER performance comparison
of UWB DTR system using cooperative AF strategy, for optimum diversity combining, linear
combining and selective combining respectively, in UWB CM1 environment. It can be inferred
from the results that the simulation plots nearly coincide with the plot of analytical results, at

all BER for Ny =1, 2.

Fig 4.9(a) and (b) illustrates the BER performance of UWB TR system using dual-hop coop-
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erative DTF relay strategy for various diversity combining schemes, in UWB CM1 environment
having Ny = 1 and 2 respectively. It is also observed that increase in number of frames N from
1 to 2, leads to degradation in BER performance. At a BER of 10~%, optimum linear diversity
combining scheme gives a SNR improvement of 1 dB and 2 d B over linear diversity combining
and selective diversity combining, respectively. It is also noted that DTF relay scheme depicts

a SNR gain of 1 — 1.5 dB over AF scheme, at all BER.

The BER performance of UWB TR system using cooperative dual—hop DTF strategy for
various diversity combining schemes namely optimum linear diversity combining, linear com-
bining and selective combining, in UWB CM2 environment having Ny = 1 and 2 respectively
are studied from the results predicted in Fig 4.10(a) and (b). CM2, NLOS channel, suffers a
performance loss of 3 dB, compared to LOS, CM1 channel. The BER performance degrades
with increase in number of frames V. It is also be inferred from the BER plots in all the Fig-
ures that DTF relay scheme supersedes AF relay scheme by a margin of 1 — 1.5 dB, at a BER
of 1072,

The analytical and simulated BER performance of UWB TR system has been compared
using dual—hop cooperative DTF relay strategy, for these three diversity combining schemes
namely (a) optimum linear diversity combining (b) linear diversity combining and (c) selective
diversity combining, and the results are depicted in Fig 4.11. It is also observed that the plot
of simulation results for all the diversity combining cases exactly coincide with the analytical

results at all BER levels, for Ny=1, 2.

Fig 4.12(a) and (b) shows the variation in BER versus SNR plot of UWB DTR system
using dual—hop cooperative DTF relay strategy, for various diversity combining techniques in
presence of IEEE 802.15.4a UWB CM1 LOS environment, having N; = 1 and 2 respectively.
It is also observed that the increase in number of frames /N from 1 to 2, leads to degradation
in BER performance. Ata BER of 10~, optimum linear diversity combining scheme, gives a
SNR improvement of 1 dB and 2 dB over linear diversity combining and selective combining
respectively. It is also noted from both the Figures that DTR system using DTF relay strategy
with diversity combining gives a SNR gain of 4 dB over TR system, in both cooperative and

non—cooperative scenario.

The BER performance of UWB DTR system using dual—hop cooperative DTF relay strat-
egy for various diversity combining schemes, in UWB CM2 environment having Ny = 1 and

2 respectively. CM2, being a NLOS channel, gives poor BER performance compared to LOS,
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CM1 channel is observed from Fig 4.13(a) and (b). Using CM2 channel, the SNR of UWB DTR
system using both cooperative and non—cooperative strategy, falls by a margin of 4 dB when
compared to CM1 channel, at a BER of 10~*. The BER performance degrades, as the number
of frames /Ny increases from 1 to 2, as observed from the BER plots in Figures. Thus, it can be
concluded that using cooperative DTF strategy gives a better BER performance than using AF
strategy. Among diversity combining techniques, optimum linear diversity combining is found
to give the best BER performance followed by linear combining and then selective combining,

for UWB CM1 and CM2 channels having Ny = 1, 2.

The analytical and simulated BER performance of UWB DTR system has been compared
using dual—hop cooperative DTF protocol in UWB CMI1 environment for the three diversity
combining strategies, and the results are as depicted in Fig 4.14. We have obtained the approxi-
mate analytical BER expressions for these three diversity combining cases and compared them
with the simulation results, for Ny = 1, 2. It is observed that for all the three diversity combin-
ing strategies, the plot of simulation results exactly coincide with the plot of analytical results,

at all BER levels, for Ny = 1, 2.

4.6 Concluding Remarks

In this chapter, we have derived the BER expression for non—coherent UWB TR and DTR (AC)
systems using cooperative dual—hop relay strategies for various diversity schemes namely opti-
mum linear combining, linear combining and selective combining over, IEEE 802.15.4a UWB
CM1 and CM2 environment. The analytical BER expression derived for TR and DTR systems,
based on autocorrelation principle are validated with the simulation results, employing IEEE
802.15.4a UWB standard between the relay nodes and links. The overlapping or the conver-
gence of the simulation results with the analytical results confirm the accuracy and perfectness
of approximation used in evaluation of BER. Numerical results depict improvement in BER
with increase in number of relay paths L. It is also observed that with increase in number
of frames V¢, the BER performance of the UWB system degrades. Also for UWB simulated
channels, CM1 being LOS, gives better performance than CM2, NLOS channel. It can also be
inferred from the results that among the AC systems discussed, DTR gives a better BER per-
formance compared to TR, in UWB environment for Ny = 1, 2. This is because DTR system

transmits differentially modulated information and wastes no energy in transmitting a reference
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pulse, thereby saving 3 — 4 dB of energy compared to TR system. Furthermore, DTF relay
strategy gives a SNR gain of 1 dB over AF relay strategy, at a BER of 1074

In this chapter, we present an analytical approach to evaluate the BER performance of
non—coherent UWB AC systems namely TR and DTR, using cooperative dual—hop AF and
DTF relay strategies with various diversity combining schemes, over IEEE 802.15.4a environ-

ment.
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Chapter 5

Performance Analysis of Non-Coherent

UWB Cooperative ED—OOK System

The BER performance of UWB ED—OOK system using cooperative dual—hop AF and DTF
strategy, with various diversity combining schemes over IEEE 802.15.4a environment, is pre-
sented in this chapter. Here, the approximate BER expressions derived for various diversity
combining cases, namely optimum linear combining, linear combining, and selective combin-
ing is based on Energy detection principle. Section 5.1 presents the basic introduction about
UWB ED—-OOK system, using various cooperative dual—hop relay strategies. Section 5.2 il-
lustrates the system model comprising of signal model, channel model and receiver structure.
The detailed theoretical BER performance analysis of UWB ED—OOK system, is derived using
cooperative dual—hop AF and DTF strategy for various diversity combining schemes, in Sec-
tion 5.3 and Section 5.4 respectively. The simulation results are outlined in Section 5.5 while

Section 5.6, concludes the paper.

5.1 Introduction

Non—Coherent UWB systems are preferred over its coherent counterpart, because of smaller
complexity and non—requirement of channel estimation. The importance of cooperative diver-
sity in UWB systems was outlined in the following literature [43, 96]. The authors [43, 45, 44]
have extended the use of AF and DF relay strategies in UWB systems. The previous contri-
butions [157, 155, 48] analysed the BER performance of UWB differential system using coop-

erative dual—hop relay strategy. Inspite of such contributions, research for cooperative trans-

143



5.2 System Model

mission in multipath scenario using non—coherent UWB system, is largely unexplored. The
limitation of AC system lies in its hardware complexity because it requires a storage element
to store the past samples of the received signal, needed for performing correlation operation
[68, 178, 180]. To overcome this problem, low complexity and low cost ED systems are in-
troduced, which works by passing the received signal through a square law detector, followed
by integrator and decision device [181, 150]. Furthermore, ED receiver works as an optimal
detector in non—coherent detection scenario, as channel estimation is not known. If there is
a trade—off between performance and complexity and complexity is preferred, then ED re-
ceiver acts as the best choice because of its simplicity and less hardware complexity. Among
non—coherent UWB receivers, ED employed with OOK modulation scheme is one of the sim-
plest and least complex detector.

The objective of this chapter is to evaluate the BER performance of UWB ED—OOK sys-
tem, using dual—hop cooperative AF and DTF protocol with diversity combining schemes, over
IEEE 802.15.4a UWB environment. Approximate BER Expressions are analytically evaluated
based on energy detection principle for various diversity combining cases, namely optimum
linear combining, linear combining and selective combining in UWB ED—OOK system using

cooperative dual—hop AF and DTF relay protocol.

5.2 System Model

The cooperative system model has three links S—D, S—R and R—D, as seen in Fig 1.3. In the
1* time slot, information bit modulated by UWB signal is transmitted from the source node to
relay as well as destination node. The signal received at relay node in 1° time slot is either
amplified by an amplifying factor or detected using a ED—OOK receiver, depending on the
relaying protocol used. The amplified or the detected signal is then forwarded to the destination
node in the 2" time slot. The received signal obtained at the destination node using either of
the relaying schemes, at the end of 1% and 2" time slots, are demodulated using an ED—OOK
receiver. The decision statistics obtained at the destination node due to energy detection of
received signals from S—D and R—D links, are combined using various combining strategies,
namely optimum linear combining, linear combining and selective combining, to form the final
decision statistic. The final decision statistic is then compared to a threshold to recover the

information bit.
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5.2.1 Signal Model

This section focuses on UWB ED system using OOK modulation scheme for signalling. The
symbol duration 7§ consists of N; frames of 7Ty duration. A second order Gaussian Deriva-
tive UWB pulse p(t) of ultra—short duration 7,, modulated by information bit (or symbol) b;,
is transmitted in each frame duration 7. As illustrated in Fig 1.3, cooperation protocol for
dual—hop strategy is such that Source (S) transmits, while Relay (R) and Destination (D) lis-
tens in 1% time slot. However, in 2" time slot, S is silent while R and D communicate with each
other. The UWB signal transmitted from the source node to the destination node in 1% time slot

is represented as:

o Ny—1

sspt) =VE Y > bip(t — jTy — 2iT) (5.1)

i=—o0 j=0

where, £/ = ffooo p?(t)dt represents the pulse energy at each link. Similarly in the same time

slot, the UWB signal transmitted from the source node to relay node is represented as:

o Nyj—1

ssr(t) =VE Y > bplt — jT; — 2iT) (5.2)

i=—o0 j=0

where, p(t) denotes the second order Gaussian derivative pulse, b; € (0, 1) the information bit,
T, = NyT} the symbol duration, N the number of frames in one symbol and 7T the frame

duration.

5.2.2 Channel Model

A multipath channel model specified by IEEE 802.15.4a group, is employed for performance
evaluation of UWB [30] system. The impulse response of IEEE 802.15.4a UWB channel, based

on the modification of SV [34] model is expressed as:

Li—1

hi(t) = Z b (t — T ) (5.3)
1=0

where, the index k € (1,2, 3) represents the S—D, S—R and R—D link respectively, h(t) the
channel model and L the number of multipaths. Also, o, and 7;;, denote the amplitude and
delay of the I path in k™ link respectively. IEEE 802.15.4a channel models CM1 and CM2

considered for simulation, have different parameters and correspond to different usage scenario.
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Figure 5.1: UWB ED—OOK Receiver for Cooperative Communication

5.2.3 ED Receiver

ED receiver consists of a BPF, squarer, integrator, and decision device [177], as shown in
Fig 5.1. At the destination node, the received signal is first passed through a BPF, where it
is filtered. The filtered signal is then squared and the resultant is passed through an integrator.
The integrated output obtained from both the time slots is passed through a decision device to

obtain a decision statistic, that is compared to a threshold to yield the extracted information bit.

The received signal obtained at the destination node in the 1% time slot is represented as:

oo Ng—1 Li—1
’I“SD(t) = \/E Z Z bip(t — ]Tf — 21T5) * Z (1171(5(15 — 7'1,1) + TLSD(t)
i=—o0 j=0 =0
Li—1
= Z 041,1951)(75 — ij — 2ZTS — Tl,l) + TLSD<t) (54)

=0

Similarly, the received signal obtained at the relay node in 1% time slot is denoted as:

e o] fol Lo—1
rse(t) = VE Y > bp(t— T — 2T,) % Y cupd(t — 712) + nsr(t)
i=—o0 j=0 =0
Lo—1
= Z czlvggSR(t — ij — ZiTS — 7772) + nSR(t) (55)

=0

where, the aggregate signal response gsp(t) and gsp(t) is represented as gsp(t — j1 — 2iTs —
711) = ssp(t) x 0(t — 71) and gsgr(t — jT; — 2iT, — 712) = ssr(t) * 5(t — 71.9) respectively.
Here, * denotes the convolution operator. The noise (AWGN) terms at S—D and S—R link
are expressed as ngp(t) and ngg(t) respectively. It may also be noted that the multipath delay

spread 7,,,4s > T, to avoid any interference among the symbols at the receiver end.
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5.3 Performance Analysis of a Cooperative AF ED-OOK sys-

tem

The theoretical BER performance analysis of UWB ED—OOK system, using cooperative dual—hop
AF strategy is explained vividly in this section. The received signal obtained at the destination
and relay node at the end of 1% slot, is represented by equation 5.4 and 5.5 respectively. In the
1% time slot, the signal received at the destination node is detected using an ED—OOK receiver,

whose decision statistics Zgp is expressed as:

Ny—1

2iTs+5 T +T;
Zsp = Z / rgp(t)dt
=0 Y 2T +jTy
= Zi(k)+ Zo(k) + Z3(k) = Z1(1) + Z2(1) + Z5(1) (5.6)
szgna notse—term szgna notse—term

where, the index k& € {1,2, 3} refers to S—D, S—R and R—D link respectively, as mentioned
in equation 5.3. Also, 1; = T}, + T,,4, represents the integration time interval. Here, 7;, and
T'nas denotes pulse duration and multipath delay spread, respectively. Replacing the value of
equation 5.4 in equation 5.6, we obtain the value of Zgp in equation 5.7. The equation 5.7 holds

true only under the constraint, that there is no IPI at the receiver end.

Ny=1 i j T4, L=l 2
Zsp = Y / < > apagsp(t — jT; — 20T, — 711) + nSD(t)>
j=0 V2Ts+iTy 1=0
Ny=1p,-1 2Ts+5Ty+T; Ni=1p,-1
= Z Z 0412,1 g%D(t — g1y — 21T — 71 )dt + 2 Z Z o
j=0 =0 2iTs+Ty j=0 1=0
2 Ts+5Ti+T; Ne—1 T4 Ty+T;
/ gSD(t — ij — ZZTS — lel)nSD(t)dt + /
2iTs+j Ty im0 ATy
ngp(t)dt (5.7)
The signal term obtained from S—D link is represented as:
Ny1Li-1 2T +jTy+T;
Z(1) = > Y af g2 p(t — 5Ty — 20T, — 7p4)dt
j=0 =0 2T+ Ty
= SigSD = Zl(l) = NfESD'Yl (58)
2Ts+jTe+T;

where, Egp = gip(t — jTy — 2iT, — 71)dt denotes the received signal energy

2Ts+5T
obtained from S—D link, due to transmission of information bit b; € {0, 1} in 1% time slot. The
channel gains o, for IEEE 802.15.4a UWB multipath channels are assumed to be IID Nak-

agami. Consequently, their squares will be IID Gamma distributed [179]. Hence, by invoking
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the Central Limit Theorem Zlk ozl?k = 7, may be approximated as Gaussian distributed. The
decision variables Z5(1) and Z5(1) denote the noise terms, so their variances are evaluated as
shown below.

The filtering of AWGN process having PSD £ with a BPF W, results in noise terms 7, (¢).
Here, the index k& € {1,2,3} refers to S—D, S—R and R—D link respectively, as discussed in

equation 5.3. The autocorrelation function of noise 6, (7) is given by [175]:-

O(7) = Elnp(t)ng(t — 7)) = %%COS(ZT(}%T) (5.9)

where, E[.| denotes the statistical expectation operator and f, carrier frequency of BPF. Since
the Bandwidth is assumed to be sufficiently large, the frequency response of the received signal
gk(t) at destination node falls inside the PSD 6, (f) of ny(t). As PSD of noise 0(f) is suffi-
ciently flat, its autocorrelation function can be simplified as 0;.(7) = %5 (1) [175]. The noise

variances calculated for S—D link is as follows.

Ny—1Ly—1 AT +jTi+T;  20Ts+jTy+T;
2 _ 2 _ 2 . .
ONny, = E[Z5(1)] =2 E E az,l/ / gsp(t — 3Ty — 2iTs — 11)
=0 1=0 2%Ts+5Ty 2Ts+5Ty

gSD(T — ij — 2ZTS — Tl71) E[nSD<t)n5D<T>]dth

20T +5T+T;
= 2Nf’h/ gsp(t — jTy — 20T — 111)gsp(T — jT5 — 20T — 711)
2Ts+jTy
01(t — 7)dtdr
NO 2iT5+ij+Tl‘
= 2ny17 gap(t — Ty — 20T, — 71)dt
2iTs+5Ty
= NyNoEspm (5.10)

where, E[nsp(t)nsp(r)] = 01(t — 7) = 226(t — ) and [ "7 Mg(t — 7)dr = B

2iTs+5T¢ 2

Ny—1

) ) 2iTs+5Ts+T; 2iTs+5Tp+T; ) 9
oy, = E[Z(1)] = Z/ / E[{nw(z&)} }dth
=0 2iTs+iTy 2iTs+5Ty
T, rT; N2 T; N2
= Nf/ / —Odetsz/ —DoWdt = NyN;WT,; (5.11)
0 T,—t 2 0 2

where, the value of E [ {n%,(t) }2 } = N7§ is solved in equation A.2 of Appendix A. As the vari-
ance of [n} ()] tends to Dirac-Delta function, the integral vanishes outside the range [—¢, T} —t].
Parsevals Theorem is applied to solve equation 5.11.

The signal received at the relay node in 1% time slot, is amplified by an amplifying factor

v/Bar and forwarded to the destination node in 2" time slot. The amplified signal transmitted
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from the relay node to the destination node is represented as:

srp(t) = rsr(t)v/Bar (5.12)

E{|h3(t)| } Esr+No
= N;yNoEsgvy2 + Ny NEWT; repre-

where, the amplifying gain is defined as \/Bar = \/ ( Ben ) and [E denotes

the expectation operator. Here, Fsg, ho(t) and J%msef <n

sent signal energy, channel response and noise variance of S—R link respectively. The signal

received at the destination node from R—D link in 2™ time slot is represented as:

Lo—1 L3—1
TRD(t) = (\/ﬁAF Z 04172933@ — ij — (22 + 1)T3 — 7'172) + nSR(t)) * Z 061735@ —
=0

7,3) + nrp(t)
Lo—1 Li—1

= VBar Y 2 Y ausgsalt — Ty — (2 + DTy — 712 — 118) + v/ Barnigp (1)
1=0 =0
—i—nRD(t) (5.13)

where, njpp(t) = ngr(t) * ha(t) = 1% " ausnsr(t — 7.3) represents the aggregate noise
response after convolving the noise response of S—R link with channel response of R—D link
hs(t) and nrp(t) denotes the noise response of R—D link.

The received signal rzp(t) obtained at the destination node in the 2™ time slot, is passed
through a ED—OOK receiver, whose decision statistics Zpp 1s expressed as:

Zpp = rhp(t)dt

2i+1)Ts+5Ty

= Z1(3)+ Z2(3) + Z3(3) + Zu(3) + Z5(3) + Zs(3) (5.14)
——

/

Ny—1 /(2z‘+1)Ts Ty +T;
=0 (

-—
signal noiseterm

Replacing the value of equation 5.13 in equation 5.14, we obtain the value of Zyp in equation

5.15.

Ni—1 Qi D)o+ Ty+T, Ly—1Ls—1
= Z / ( Bar Z ai20039sr(t — 3T — (20 + )T — 10 — 71,3)
(2i+1)Ts+4T}

j=0 1=0 =0
2
+v/ BAFTLIRD@) + nRD(t)) dt (515)
The signal term obtained from R—D link is represented as:
Ny=1L5-1 L3—1 (2i4+V)Ts+§T+T;
Z1(3) = PBar Z Z ajy Z aﬁ3/ G2p(t — Ty — (20 + )T, — 11
j=0 =0 1=0 (24 1)Ts+jTy
—Tl,g)dt
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= Z1(3) = BarNyErp273 (5.16)
where, Epp = f(;:ll);;i]TTff i 2ot —3Ty — (2i+1)Ts — 710 — 71.3)dt represents the received

signal energy obtained from R—D link. As explained earlier, since a large number of UWB
multipath channel gains are considered, the channel gains can be approximated as Gaussian
Distributed using the Central Limit Theorem le a122 = 75 and 213 04123 = ~3. As described
earlier, since the PSD 6, (f) of noise is sufficiently flat, the autocorrelation function of noise
can be approximated as 0;(7) = 2246(7)[175]. As the decision variables Z5(3), Z5(3), Zu(3),
Z5(3) and Z4(3) contain noise terms, their variances are evaluated as shown below.

Ni—1[y-1 Li—1

(2i4+1)Ts+5Ty+T;
ok = BIZAB) =20 Y zamzalg / gsnlt — Ty — (2 + DT,
7=0 I=

2i+1)Ts +3Ty

—Ti2 — T13)9sr(T — 7T — (20 + 1)T5 — Tio — Tl,g)E[anD(t)anD(T)]dtdﬂ

, N, GHVTHTHT . .
= 284pNpy2s (%7) / gsr(t = JTy = Qi+ 1Ts =7
(2i+1)Ts 45Ty
—Tl73)dt
= BirNNoErpr27; (5.17)
(2i+1) Ty 4+ T5+T; Qi+ 1) To+§ Ty +T;
where, me TSﬂ]Tff Or(t — 7)dr = f(mﬂ))Tsﬂijf 205(t — 7)dr = H°. The value of

E[ngp, (t)nsp(7)] is solved in Appendix B.

G NI Le-l Ls—l (2i41)Ts+5Ty+Ti  p(2i4+1)Ts+5 T+
ol = =2+/f a?
Ny — - AF 2 1,3

‘oo =0 = (2i4+1)Ts+4T (2i+1)Ts+4Ty

0
gSR(t — ]Tf — (2@ + 1)T — T 2 Tlg)QSR(T — ]Tf — (2Z + 1)T5 — Tl72 — 7'173)

E[nRD(t)nRD dth
(2i+)Ts+5Ty+T;

= Z/BAFNf7273_ gSR(t — ij — (22 + 1)T5 — 7772 — Tl,3)dt
(204+1)Ts+5Ty
= ParNyNoErpY273 (5.18)
shre, () = B O (7) = (0 7)and [0 20— ) =

) ) ) Ne—1 Qi V)45 Ty+T;  p(2i+1)Ts+iTy+T; 9 2
on, = ElZiB3)] = bar Z/( /( E{{” RD(t>} }

2i+1)Ts+5Ty 2i+1)Ts+j T

j=0
dtdr
2 i No ’
0
= BArNENGW T3 (5.19)

where, E |:{n/§%D<t>}2:| = 3(73%)2 - (73%)2 =2<73%)2
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Ni—1 Qi V) T4 T +T5 /(2i+1)Ts+ij+Ti
(

A = EAE= Y e [ (o0} dtir

2i+1)Ts+jT} 2i+1)Ts+j T

T; N2
= N / oWt
0 2
— NNPWT, (5.20)

where, the value of E [ {n%, (t)}2 } = NTOQ is obtained from equation A.2 of Appendix A.

Ng—1 (204+1)Ts+5T+T; /(2i+1)T5+ij+Ti
(

Ao = B =2 s |

2i+1) T+ T 2i+1)Ts+jTs

Elnrp(t)ngp(t)nrp(r)ngp (7)]dtdr

= 225AF/(

(2i4+1)Ts+jT+T; /(2i+1)Ts+ij+Ti
2i+1)Ts+5T (

2i+1)Ts+5 T

E[ngp(t)nrp(T)] Elngp (t)ngp (7)|didr
(2i+1)Ts+5T+T; /(2i+1)Ts+ij+Ti
(

= 2BarNy /
(2i+1)Ts+5Tf 2i+1)Ts+4Ty

TN, N,
0

= BarNpNGW Ty (5.21)

O5(t — 7)04(t — 7)dtdr

where, E[ngp(t)nmp(t)nrp (T)npp(T)] = Engp (t)ngp(7)] E[ngp(t)nkp ()] since the noise
terms corresponding to different links are independent in nature.

The decision statistic Zsp contains signal term sigsp = Z1(1) = NyEgp7y: and noise term
noise—sp = Z2(1) + Z3(1). The noise term Z,,,;s._sp has a total variance of J%noise*SD =
N¢NoEspy1 + N ngWTl-. Similarly, the decision statistic Zrp contains signal term sigrp =
Z1(3) = BarNyEgrpy2ys and noise term Z,pise—pp = Z2(3) + Z3(3) + Z4(3) + Z5(3) +
Zg(3). The noise term Z,,,;s._gp has a total variance of a%m_se_RD = (4Nt NoErpyovs +
BarNiNoErpyoys + Bar Ny NEW TG + Ny NeWT; + Bap Ny NGW Tiys.

The SNR obtained at the destination node from S—D and R—D links in 1% and 2" time slot

respectively, is represented as follows:

(NtEspy)?
B 522
PsD-AF NiNoEspyi + N;NZWT, (5.22)
(D)?
Cap = 523
PRD—AF (E+F (5.23)
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where, D = BarNtErpv2ys, E = BarNtNoErpy2y3[l + Barys) and F = Ny NGWT;[1 +
B% 773 + Barys)- The decision statistics obtained at the destination node in the two time slots,
are combined using different combining strategies such as optimum linear combining, linear
combining and selective combining, to form the final decision statistic, as explained below in

the subsequent sections.

5.3.1 Linear Combining

The decision statistics Zgp and Zpp obtained at the destination node in 1% and 2™ time slots
respectively, are linearly combined to form final decision statistic Zy0y = Zsp + Zrp =
Stotal—signal T Znoise—total- Lhe individual decision statistics obtained from S—D and R—D links

are as follows:

ZSD = SigSD—f_Znoise—SD (524)

Zrp = SU9RD + Znoise—RD (5.25)

The final decision statistic Z;; 1S represented as:

Ztotal - ZSD+ZRD

= 519D + SiYRD,+ Znoise—SD + Lnoise—RD, (5.26)

-~

Stotal—signal Znoiseftotal

The noise term Z,,,;s0—totq; has a total variance of O'% =02 +o

noise—total Znoise—SD

2

7 as solved
noise—RD

in equation 5.27. Here, sigsp and Z,,,;s.—sp represents the signal and noise terms obtained from
S—D channel link while, sigrp and Z,,,;sc— rp denotes the signal and noise terms obtained from

R—D channel link. The total noise variance is evaluated as:

0'2 - ]E[Znoiseftoml]2

Znoise—total

= ]E[(Znoise—SD + Znoise—RD)]2

_ 2 2
o O-ZnoisefSD + O-ZnoisefRD

(5.27)

where, E[Z ;.._spl = 0% L E[Z2 e rpl = 0% and E[Zyeise—5DZnoise—rp] = 0
as the noise terms from S—D and R—D link are independent, their cross—correlation is 0.
Subsequently, the SNR at the destination node due to linear combining is expressed as:

S?otal—signal _ (SigSD + siQRD)2 _ (C>2
2 (0% + 0 ) A+ B

Znoise—total Znoise—SD

PAF—LC

) (5.28)

Znoise—RD
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where, A = NyNo(Espy1 + WT;No), B = BarNiNoErpy2y3[l + Barvs) + Ny NEWT;[1 +
Bar7; + Barys] and C = NyEspy1 + Bar Ny Erpy27s.

The information bit is extracted by comparing the final decision statistic Z; ., to a decision
threshold, which is calculated using OOK modulation scheme. The final decision criteria Z for

linear combining is represented as:

0, Hy:Z = Zipyas < 7 Ny Esp+nS;84r Ny Erp
Y . otat —=

2k 7 7 nSNE D+n?ﬁ14pN Erp ( ’ )
1: total = == 223 !

IS
Il

1

?

where, 7t = E[y1] and 15, = E[y273]. Also, ¢ € {C'M1} represents UWB CM1 channel.

By applying the Central Limit Theorem, the individual channel gains for S—D, S—R and
R—D channel links may be assumed to be IID Gaussian distributed since a large number paths
are involved. Therefore, the sum of these channel gains will also have a Gaussian distribution
with its mean being the sum of individual means and variance being sum of the individual
variances. The joint PDF f,, . (71, 72,73) of the channel in case of linear combining is also

gaussian and is represented as:

) 1 1 —(11 — psp)?
par\ 115 [25 i E '
Joar (172 %5) \/(QW(UZVD» \/(%r(a%g,)) \/(QW(UJQ%D)) o [ 2950
—( _QMSR)Z —(s _2/~LRD>2] (5.30)
205 20%p

where, 111, and o7 represent the mean and variance of channel links. The index k € {1,2,3}
refers to S—D, S—R and R—D link respectively, as mentioned in equation 5.3. Since the joint

PDF of channel link is IID distributed, it is given by f,, . (71,72, 73) = four (V1) four (72) four (73)-
Finally, the BER of UWB ED—OOK system using linear combining is expressed as:

BERpc—ar = / / / ( VPAF-LC Lc)prF(%,72,73)d71d72d73

- / / / ( Vpar-io ) wzwtazD» ¢<2WEJ§R>> wzwia%w»

(. o 2 2
exp{ (712 QMSD) n (72 QMSR) n (73 2MRD) ]d%d%d%(ssl)
Osp 205p 20%p
V A + BJ\/(2r(0dp)) /(2n(0dR)) V/ (27 (0%p))
—(71 - ,USD) —(72 - ,USR)2 —(73 - MRD)2
dydyod 5.32
exp [ 202, + 202, + 202, Y1dy2d3 (5.32)
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5.3.2 Selective Combining

In selective combining, the SNR corresponding to the decision variables Zsp and Zzp obtained
from S—D and R—D link respectively are compared, and the one with the highest SNR is
chosen. psp_ar and prp—_ar denotes the SNR obtained from S—D and R—D links respectively,
as mentioned in equation 5.22 and 5.23 respectively.

The SNR at destination node due to selective combining is expressed as par_sc =
Mazx{psp_ar, prpo—ar}- Therefore, the BER of UWB ED—OOK system using cooperative

dual—hop AF strategy with selective combining is represented as:

BERgc_ar = / / / < PAF SC)prF(71772773)d71d72d73

- / / / ( Vpar-se ) ¢<2wta§D>> ¢<2wto§R>> ¢<2wéaéD>>

exp —(71 - MSD) I —(72 - MSR)2 —(’73 - ,MRD)2
208 2085 20%p

dy1dry2dy3 (5.33)

The joint PDF of channel link is IID distributed, hence it can be represented as f,, . (71, V2, 73) =
Jour (1) four(72) four (73). Replacing the value of pap_sc in equation 5.34, we obtain the final

BER expression of UWB ED—OOK system using selective combining, in equation 5.35.

[ ] [e (%“M“‘T \psp-ar pRD““F}) ¢<zwta§D>> ¢<2vrta§R>> ¢<2wiazD>>

exp { (712 2MSD) " (72 2#33) 4 (73 QNRD> ] dyrdryadrys (5.34)

5.3.3 Optimum Linear Combining

The decision statistics obtained at the destination node from S—D and R—D links in 1% and

2" time slots respectively, are optimally combined to form the final decision statistic Z;,;,; =
(U%noisest)SigRD
(U%noisefRD)SigSD
Appendix C. The final decision statistic Z;,;,; obtained at the destination node using optimum

Zsp + kZgrp. The optimal combining factor xk =

is solved in equation C.4 of

linear combining scheme, is denoted by equation 5.36.

Ztotal - ZSD—’_’%ZRD

= :SigSD + HSigRQ+ ZnoisefSD + K(ZnoisefRD> (535)

Stotal—signal Znoise—total

For solving the noise term, we evaluate its variance which is solved below.

- IE:[Znoise—total]2

Znoise—totul
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= E[(ZnoisefSD + I%ZnoisefRD)]2

— 2 2 _2
- UZnoise—SD + K O_Znoise—RD

(5.36)

where, 2k E[Z,,vise—sD Znoise—rp] = 0, because the cross correlation of two independent noise

terms are 0. Also, 02

noise—total

and 5441 signal TEPresent the total noise variance and total signal
term respectively. Therefore, the SNR at the destination node due to optimum linear combining
is duly expressed as:

820 al—signa st + KS1 2 X 2
PAF—LOC = (O-tZtl g l) — ( 2( gsp gQRD) ) — ( ( ) ) (537)

2 2
O-Znoisest + ko A + k B

Znoise—total ZnoisefRD
where, X = NyEspyi + KBarNiErpy2ys, A = NyNo(Espyi + WT;Ny) and
B = BapNiNoErpv2y3[l + Barys) + Ny NGW T + BApv3 + Barys].

In order to recover the transmitted bit, the final decision statistic Z;,,; is compared to the

decision threshold, which depends on OOK signalling. The decision criteria Z for optimum

linear combining is represented as:

0 Ho:7 =2 < ﬁngESD"‘m?ggﬁAFNfERD
~ ) 0 - total > 2
= (5.38)

¢ ¢
. _ M NyEsp+kns384r Ny ERrD
1, Hy:Z = Ziw > ;

where, 1} = E[y] and 55 = E[y27s]. Also, ¢ € {CM1} represents UWB CM1 channel. The

joint PDF of channel links in case of optimum linear combining is expressed as:

P 1 1 1 oxp {—Wl——ﬂw)? n
par T2 V@r(o)) @r(r20%y) v/ 2n(r2ohp)) 205
—(v2 = psr)® | —(vs — prp)*
2k20%p i 2K%0p, } o

Since the joint PDF of channel link is IID distributed, it is represented as f,,,. (71, V2, 73) =

fPAF (Pyl)fPAF (VQ)prF (73)'
Finally, the BER of UWB ED—OOK system using dual—hop cooperative AF strategy with

optimum linear combining is denoted as:

1
BERpoc—ar = / / / (5 VPAF-LOC LOC) Jour (71,72, 73)dy1dryadrys

- / / / < par- ”W(zwtozw ¢<2w<f1e2a:éR>>

[ (71 ,USD) —(72 - MSR)2 i —(73 - ,URD)2
(277("020317)) 205 2r20%R 2K%0%p
dyrdryzdys (5.40)
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/ / / < V A+;B) \/(2;0?91:))) \/(27r(f1€20§R)) \/(QW(iQU?w))

—(’Yl - MSD) + —(72 - MSR)2 —(73 - MRD)2
20%, 2r%20%, 2K%0%

exXp [ dyrdyedys (5.41)

5.4 Performance Analysis of a Cooperative DTF ED-OOK

System

The theoretical BER performance analysis of UWB ED—OOK system, using dual—hop coop-
erative DTF relay strategy is presented in this section [182]. At the end of 1% time slot, the
signal received at the destination node and relay node is represented by equation 5.4 and 5.5

respectively. It can be simplified as:

L1—1

rsp(t) = Z a;1b;gsp(t — g1y — 21T — 111) + ngp(t) (5.42)
=0
Lo—1

rsa(t) = > auabigsr(t — jTy — 20T, — 1) + nsg(t) (5.43)

1=0
where, the aggregate signal response gsp(t) and gsgr(t) at S—D link and S—R link respectively
are expressed as gsp(t —jTf — 2iTs —11) = VE S Z] 0 p(t — Ty —2iT,) % 6(t — 1)
and gsp(t — jTy — 21T — 112) = \/_ZF_OO Z] o p(t — JTy — 21T5) % 0(t — 712).

The received signal obtained at the relay node rsg(t) is passed through a ED—OOK receiver,

whose decision statistics Zgp is as follows:

Ne—1 T Ty+T;

Zsp = Y /2 r2p(t)dt

im0 JAT+ITy
~—_—— —
signal noise—term
= Z1(2)+ Z2(2) + Z5(2) (5.44)
~——— —,
signal notse—term
where, the index k € {1,2, 3} denotes S—D, S—R and R—D link respectively, as mentioned in
equation 5.3. Here, T; = T,,+T,,,4, represents the integration time interval, 7, the pulse duration
and 7,45 the multipath delay spread. Further, multipath delay spread should be 75,,4; > T, to

avoid any interference among the symbols. Replacing the value of equation 5.44 in equation

5.45, we obtain the value of Zgp in equation 5.46. The equation 5.46 holds true only when there
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is no IPI at the receiver end.

Ny—1

/2z‘Ts+ij+Ti
Z 2Ts+j Ty

J=0

Lo—1 2
ayobigsr(t — jTF — 21T, — 112) + TLSR(t))

7~ N\

1=0
Ny—1

2Ts+4Tp+T; L2—1 Ni—b i jTi 4T,
2 12 2 - .
= / ap9b; gsp(t — jTF — 20T, — 12)dt + 2 g /

Lo—1 Ny—1

2Ts+jTy+T;
Z al,QbigSR(t — ]Tf — 21T5 — Tl72)n5’R(t)dt —|— Z / H%R(t)dt (545)
=0 §=0 20Ts+5Ty

o

J=0

Therefore, the signal component siggsp is represented as:

Ny=1Lo—1 2iTs+5Ts+T;

2@ = 33 al / Rt — Ty — 2T, — 1)t

j=0 1=0 2iTs+5Ty
= sigsp = NyEspbiva (5.46)

where, Fgp = ffooo gfq r(t — jTy — 20T, — 7,2)dt denotes the received signal energy obtained
from S—R link. As explained in Section 5.3, since a large number of UWB multipath channel
gains are considered, the channel gains can be approximated as Gaussian Distributed using the
Central Limit Theorem.

As described in Section 5.3, since the PSD 6, (f) of noise is sufficiently flat, the autocorre-
lation function can be approximated as 6 (7) = Z26(7) [175]: The noise variances 0%, and 0%,

are obtained by solving the decision variables Z,(k) and Z3(k), containing the noise terms.

of, = E[Zi(k)] =E[Z;(2)]

Ny—1Ly-1 2Ts+jTi+T;  2iTs+5Ts+T;
2 12 2 . -
= 2 E E a2b; / / 9sr(t — Ty — 2iTs — 710)
=0 =0 2iTs+5T 2iTs+5T¢

E[TZSR<t)nSR(T)]dth

2iTs+3Tr+T; 20Ts+3Tr+T;
= 2Nf72b?/ / gsr(t — jTy — 20T — 112)gsr(T — 5T
2iTs+5Ty 2iTs 44T
—2iTS — 7’172)92(15 — T)dth
Ny 2Ts+jTy+T;
= 2Ny _bzg/ gg‘R(t — Ty — 2iTs — 1 9)dt
2 2iTs+5T¢
= NNoEsrbiya (5.47)

where, Elngr(t)nsn(7)] = 05(t = 7) = 528(¢ — 7) and [0 Aps(e — 7)dr = .

of, = ElZi(k)] =E[Z;(2)]
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Ny—1

AT AjTf+T;  20Ta+jTi+T, )
S / / E[{n2p(t)}|dtdr
2 2

iTs +ij i 1s +ij

7=0
T, pT; N2 T; N2
= Ny / / —Vdrdt = N¢ / —DoWadt
0 T;—t 2 0 2

— NNZWT; (5.48)

As discussed in Section 5.3, the variance of [nZ(t)] tends to a Dirac Delta function, where the
integral vanishes outside the range [—t, T; — t]. Further, we apply Parsevals theorem to solve
Equation 5.49. The value of E[{n%(t)}?] is evaluated in Appendix A. Similarly, the value of
E[{n%,,(t)}’] and E[{n%(t)}’] are also obtained from Appendix A.

In order to extract the information bit b;, the decision statistic Zgr obtained at the relay node
is compared to the decision threshold. The decision threshold is taken to be "’&Vf#, for OOK

modulation scheme. The decision criteria Z can be expressed as:

¢
' 0, Hy:Z = Zgp < Wlhilsn
b, =2 = 0 SR > 5 (549)

1, Hy:Z = Zgp > "lsn

’ 2

where, 7t = E {7} = E {7} for S—R link. Here, ¢ € {C'M1} denotes UWB CMI channel.
The received signal obtained at the destination node rsp(t) at the end of 1% time slot, is

detected using a ED—OOK receiver, whose decision statistics Zgp is as follows:

Ny—1

2T+ Ty+T;
Zsp = Z/ 2 (t)dt
2

=0 iTs+5Ty

= Zi(1)+ Z>(1) + Z5(1) (5.50)
~ ——~
stgna notse—term

The value of Zgp is obtained in equation 5.52, by replacing the value of equation 5.43 in

equation 5.51. The equation 5.52 holds true only if IPI is avoided.

Ni—b iy jTy+1T; s L1—1 Ny—1 9
= Y / ( > Y bigsp(t — jTy — 20T, — 710) + nSD(t))
=0 QiTS—i-ij 1=0 j=0
N7 b iy Ty +1; L1 N7l it j Ty +T;
= > / > a0 blgip(t — jTy — 24T, — ma)dt +2 ) /
im0 Y 2Te+jTy —o =0 Y 2Ts+jTy
Li—1 Ni—b il j Ty 4T,
> anabigsp(t — jTy — 20T, — ma)nsp(t)dt + / nZ,(t)dt (5.51)
=0 j=0 v 2Ts+jTy

Using the same procedure as used for S—R link, we obtain the decision statistics for S—D link.
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The signal term siggp for S—D link is represented as:

Nyg=1p,-1 ) 2iTs+5 T +T; ) . .
Z(1) = > Zaubi/ gip(t — Ty — 20T, — 7)dt

=0 1=0 2Ts+jTy

= sigsp = NyEspbim (5.52)

where, Esp = [ fooo g% p(t — §Ty — 2iT, — 7,1 )dt represents the received signal energy obtained
from S—D link. As explained in Section 5.3, since a large number of UWB multipath channel
gains are considered, the channel gains can be approximated as Gaussian Distributed using the
Central Limit Theorem ), of = 71. As described in Section 5.3, since the PSD 6(f) of
noise is sufficiently flat, the autocorrelation function of noise can be approximated as 0y (7) =
Lo 5(7)[175].

The variances are evaluated for noise terms Z5(1) and Z3(1) as solved below.

of, = E[Z (k)] =E[Z;(1)]

Ny—1p7,-1

20Ts+3T+T; 20T +5Ty+T;
2 2 . .
= 2 g g o 1b /2 /2 gep(t — Ty — 21T — 71)
Jj=0 I=

E[nsp (t)nSD( )]dtdr

21T5+ij+T 21T5+]Tf+T
= 2Nf72b?/ / gsp(t — jTy — 2iTs — 711)gsp(T — jT
2 2

iTs+5Ty iTs+jTs
—21Ts — 711)01(t — 7)dtdr
2iTs+5Ty+T;
= 2Nf71—b2 / gep(t — 5T — 20Ty — 7)) dt
2iTs+5Ty
= NyNoEspbim (5.53)

ox, = E[Z5(k)] = E[Z;(1)]

Ny—1

2iTs +ij +T; 2iTs +ij +T; 9
_ Z/ / E[{n2 (1) })dtdr
—o J2iTs+iTy 20T+ Ty
= N/ / Odet Nf/ 02Wdt
T;—t
= NyNJWT; (5.54)

The SNR obtained at the relay node at the end of 1*' time slot is denoted as:

5195 R
PSR—-DTF = —5
Znoise—SR
(N;Espb?ya)’
NfNoESRb?'YQ + NngWﬂ
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(N;Esry)”
NfNOESR")/g + NfN(?WT'Z

where, information bit b; = 1 is transmitted from source node to relay node. At the relay node,

(5.55)

error occurs if information bit b; = 0 is received. Therefore, the probability of error obtained at

the relay node is expressed as:

& 1
P, = / Q(§\/PSR—DTF> foorr (V2)d72 (5.56)
0

where, the PDF of S—R link is expressed as f,,,.(72) = m exp [_(722(;—%‘33)2} . Further-
PSR

more, /15 and 0%, denote the mean and variance of S—R link of UWB channel respectively.
After extraction of information bit b; at the relay node, the signal transmitted from the relay

node to the destination node in 2™ time slot is represented as:
o Nj—1

spp(t) = VE Y > bip(t — jTy — (2i + 1)T) (5.57)

i=—o0 j=0
where, I = f p?(t)dt represents the pulse energy at each link and b; the detected bit at relay

node. The received signal rrp(t) obtained at the destination node in 2™ time slot is represented

as:
oo Ny—1 Ls—1
TRD(t) = \/_Z Zb t—ij—QZ—i—l ZOélgdt—Tlg
i=—o0 j=0
nRD(t)
Lz—1
= Z ahgb;gRD(t — ij — (2i + 1)Ts — Tl,g) + nRD(t) (558)

=0

The aggregate signal response grp(t) at R—D link is expressed as grp (t — 51— (20 +1)Ts—
T3) =VEY X Zjvfo Yp(t — §Ty — (2i + 1)T,) * 6(t — 7.3). The noise (AWGN) obtained
at R—D link is denoted by ngp(t). The received signal rzp(t) obtained at the destination node
in 2" time slot, is demodulated using a ED—OOK receiver. The decision statistics Zp in case

of correct detection is expressed as:
Ny

—L Qi) T+ Ty +Ts
Zpp = / rhp(t)dt
D0 QiA)TeHITy

= Z1(3)+ Z2(3) + Zs(3) (5.59)
—_ ——

signal notse—term

The value of Zyp is obtained in equation 5.61 by replacing the value of equation 5.59 in equa-

tion 5.60. For the condition of no IPI, equation 5.61 holds true.

Ni—1 (i 1) To44Tp+T; y La—1 ,
= Y / ( > ausbigrp(t — jTy — (20 + )T, — 1) +
=0 Y (2i+1)Ts+iTy —0
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nRD(t)>2

Ne—1 (i 1) To44Tp+T; La—1 L 2y _ '

j=0 v Qi+1)Ts+jTy 1=0

—|—2 Z Oél,gb;gRD@ — ij — (22 + 1)TS — ’7'[73)

Nfl/(2i+1)iT5+ij+Ti Ls—1
(2i+1)Ts+4Ty =0

Jj=0
Ny—1

nRD(t)dt +

(2i4+D)Ts+5Tp+T;
/ n%,(t)dt (5.60)
(

=0 J (2i+1)Te+iTy
Using the same procedure as used for S—R link, we obtain the decision statistics for R—D link.

The signal term sigpp for R—D link is represented as:

(2i+1)T5 +ij +T;

12 . .
Z(3) = > alh /( ghp(t —§Tp — (20 + 1)T, —

2i+1)Ts+5Ty

. ’2
= sigrp = NyERpb; 73 (5.61)

where, Erp = [*°_g%p(t — jTy — (2i + 1)T, — 7,3)dt represents the received signal energy
obtained from the R—D link. As explained in Section 5.3, since a large number of UWB
multipath channel gains are considered, the channel gains can be approximated as Gaussian
Distributed using the Central Limit Theorem ), aj, = 7, and Y7, of, = 73. As described
in Section 5.3, since the PSD 6(f) of noise is sufficiently flat, the autocorrelation function of
noise can be approximated as 0y (7) = Z26(7)[175].As the decision variables Z(3) and Z3(3)

denote the noise terms, their variances are evaluated as:

of, = E[Z;(k)] =E[Z;(3)]

Ny—1L3-1 o [QEDTAHITHT: ()Tt fTy+Ts
= e Y an / Gholt — IT;
j=0 1=0 (2i+1)Ts+5Ty (2i4+1)Ts+5T
—(22 + 1)T5 — leg) E[HRD(t)TLRD(T)]dth
12
= NfNOERDbi Y3 (562)
ox, = E[Z3(k)] =E[Z3(3)]
Ne—1 T jTy+T; 20T+ Ty+T; )
S / / E[{n2(t)}|dtdr
j=0 /2iTs+iTy 2iTs+35T}
= N;N;WT, (5.63)
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Parsevals theorem is applied to solve equation 5.64.
The decision statistic Zgp obtained at destination node contains signal term sigsp = Z1(1) =
N;Espb?~, and noise term Z,,p;sc—sp = Z2(1)+Z3(1) at the end of 1** time slot. The noise term

Znoise—sp has a total variance of 0, =03, + 0%, = NyNoEspb;y1 + Ny NGWT;. Sim-

ilarly, the decision statistic Zrp obtained at destination node at the end of 2" time contains sig-
nal term sigrp = Z1(3) = NfERDb;Qvg and noise term Z,,;sc—rp = Z2(3) + Z3(3). The noise

. 12
term Zyoisc— rp has a total variance of 0, = 0%, +0%, = NyNoEgpb; vs+ Ny NgWT;.

In case of correct detection, the individual SNR obtained at the destination node from S—D

and R—D links in 1% and 2™ time slots respectively, are represented as:

;2
St9sp
PSD-DTF = —5

noise—SD

(N;Espb?n)’
NyNoEspbin + Ny NeWT;

_ (N;Bsom)’ (5.64)
NyNoEspy + Ny NEWT; '

;2
_ StYRrD
PRD-DTF = ~—5
noise—RD

12 2
(N¢ERrpb; v3)
NyNoEgpb,’ys + Ny NZWT,
(NfERD%)2

= 5.65
N¢NoEgrpys + Ny NGWT; (565)

where, b, = b; = 1 in case of correct detection. Therefore, information bit b'i = 1 is for-
warded from the relay to destination node in 2" time slot. The decision statistics obtained at
the destination node in two time slots are combined using linear diversity combining, selective
diversity combining and optimum linear diversity combining to form the final decision statistic,

are subsequently described in the following section.

5.4.1 Linear Combining

1) Correct Detection at Relay Node: The decision statistics Zgp and Zzp obtained at the
destination node in the 1% and 2™ time slots from S—D and R—D link respectively, are lin-
early combined to give Ziist = Zsp + Zrp = Stotal—signal T ZLnoise—totals a8 mentioned
in equation 5.26. The individual decision statistics obtained from S—D and R—D links re-

spectively, are mentioned in equation 5.24 and 5.25 respectively. The total noise variance
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2 . 2 2 . . ) .
oz =0z o t+ogz . corresponding to the noise term Dnoise—total 18 €valuated

in equation 5.27.
When information bit 1 (b; = 1) is transmitted from the source node to the relay node,
b; = 1 is obtained at the relay node in case of correct detection. The same detected bit b; is

then transmitted from the relay node to the destination node. Subsequently, the SNR obtained

at destination node due to correct detection is represented as:

2 ; ; 2
o Stotal—signal o (SZgSD + SZgRD)
PDTF-LC-CD = i

2 2 2
O-Znoiseftotal O-Znoisest + O-ZnoisefRD)

12
(NyEspbivi + NyEgrpb; 73)?
N NoEspb?yi + NyNoErpb, s + 2N NEWT,

_ (NtEspyi + NtErpys)? (5.66)
N¢NoEspy1 + NyNoErpvys + 2Ny NEWT, '

where, b; = b; = 1 in case of correct detection.
In order to extract the information bit, the final decision statistic is compared to a threshold.
OOK modulation scheme is used to determine the decision threshold. Thus, the final decision

criteria Z can be expressed as:

¢ ¢
. _ i NyEsp+ns NyErp
~ 07 HO D4 = Ztotal S L 2 3 567
2= H-7—7 S NtEsp+n$NiErp (5.67)
17 1- = Ztotal > P)

where, 715 = E[y] and 1§ = E[vs]. Also, ¢ € {C'M1} reprents UWB CM1 channel.

i1) Incorrect Detection at Relay Node: In case of incorrect detection, when b; = 1 is trans-
mitted from source node to relay node, the detected bit at relay node is b, = 0. This erroneously
detected bit b, = 0 is forwarded to the destination node. Subsequently, the SNR obtained at the

destination node due to incorrect detection is represented as:

PD LC-ID — (SigSD)2
TF—-LC— =
( %noisest + J%noisefRD)
(N¢Espm)?

= (5.68)
NyNo(Espy1 + Erpys + 2NoWT5)

Using probability theory, the generalized BER evaluated in case of incorrect detection is

expressed as:

Y Si — si
BER = / / Q < 95D IRD ) fPDTF (717 VS)d’Yld'Yg (569)
0 0

[ ~2
2 O—Znoiseftotal
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Due to incorrect detection at relay node, information bit b; received at destination node through

R—D link is 0, when information bit 1 is transmitted from source node to relay node. Therefore,

sigRD = 0.

Y stg
/ / Q < = ) fﬂDTF (’717 ’73)d71d’}/3 (5.70)
’ ’ 2\/(0-%7107555st + 0-2 )

Znoise—RD

As described in Section 5.3, the individual channel gains for S—D, S—R and R—D channel
links may be assumed to be IID Gaussian distributed by applying Central Limit Theorem, since
a large number paths are involved. Therefore, the sum of these channel gains will also have
a Gaussian distribution with its mean being the sum of individual means and variance being
sum of the individual variances. Here, p, and o7 represent the individual mean and variance of

channel links respectively. The joint PDF in case of linear combining is represented as:

prTF (’71a '73)

1 1 ox —(v1 — pusp)?>  —(93 — prp)? .
\/<27T(J§D)) \/(QW(UJ%LD)) p{ 20%p * 20% 5 } 15dhb)

The final BER of UWB ED—OOK system using linear combining is expressed as:

/ / ( ( VPDTF—LC—CD 0D>prTF(%,73)d%d73>( P+
/ / ( < VPDTF-10-1D m)prTF(%,%,)d%d%) (P.)
_ / / ( < VPDTF-LC—CD CD) prTF(%)prTF(vs)d%d%)( ~P)+

/ / ( < Vpprr-rc-ip ID)prTF(%)prTF(vs)d%d%,) (P.) (5.72)

BERc_prr

where, the value of P, is solved in equation 5.57. Since the joint PDF is IID distributed, it can

be represented as fPDTF (’717 73) = fPDTF (71)

f PDTF (73) :
Finally, the BER of UWB ED—OOK system using cooperative dual—hop DTF strategy

with linear combining is obtained in equation 5.74 by replacing the value of equation 5.72 in

equation 5.73, which is given by:

1 — (1 — MSD)2 —(v3 — ,URD)2
VPDTF-LC—CD 7 &XP 952 + 252
2m\/(0ep0ED) 95D ORD

1
d’Yld’Y?,) / / < ( PDTF LC— ID) exp
2m (USDURD)

—(n — HSD) —(3 — MRD)
|: 20%1) + 20_12%D ‘| d’yld’}/;g) (Pe) (573)

164



Chapter 5. Performance Analysis of Non-Coherent UWB Cooperative ED—OOK System

5.4.2 Selective Combining

(i) Correct Detection at Relay Node: In selective combining, the SNR obtained from S—D and
R—D links in 1** and 2" time slots respectively are compared, and the one with the highest SNR
is chosen. The probability of selecting the channel link based on the highest SNR is evaluated
after integrating the joint PDF of the channel links with proper limits. The joint PDF of channel

links S—D and R—D is represented as:
1

27T0—SD0—RD

( — psp)® + (y — prp)?
205pORD

flz,y) = exp — { (5.74)

where, x and y denote independent Gaussian random variables with means fisp, (trp and vari-

ances 0%, 0%, of S—D and R—D channel links respectively. The probability that S—D channel

link is selected is represented as:

Po= @ = [ [ ey (575
Therefore, the probability of selecting R—D channeyl linkis P3 =1 — P.

i) Incorrect Detection at relay node: If information bit b; = 1 is transmitted from source
node to relay node, b, = 0 is detected at the relay node, then an incorrect detection takes place.
This incorrectly detected bit b;- = ( 1s transmitted from the relay node to the destination node.
Therefore, the final BER of UWB ED—OOK system, using cooperative dual —hop DTF strategy

with selective combining is represented as:

BERsc—prr = (P1 /000 Q (%\/pSD—DTF) Foprr(y1)dy1 + Ps /000 Q (%\/PRD—DTF)
fPDTF ('73)d73) (1 - Pe) + (Pl /0 Q(%\/ pSD—DTF)) prTF (’Vl)d'Yl
+P3 /OO (1 -Q <%\/PRD—DTF) ) prTF (73)d73) P, (5.76)
0

_ _ 2 00
exp s QMSD) dy + P3/
205 0

B (PI/OOOQ(%V”D‘W) <2wta§D>>

o) g o (0

1 1 — — 2 &
(’Yl NSD) }d% +P3/
0

(v S s
(I—QG\/M)) exp [M]dVB)(Pe) (5.77)

(27(0%p)) 207
— — 2 _ _ 2
where, fore (1) = s exp{ AP | and fop () = s exp{ “;aggm]

represent the PDF of S—D and R—D channel links respectively.
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5.4.3 Optimum Linear Combining

(i) Correct Detection at Relay Node: The decision statistics obtained at the destination node

in 1% and 2™ time slots respectively, are optimally combined to give final decision statistic

2
(O—Znoise—SD )SRD

2 ’
(UZno'LsefRD )SSD

as solved in equation C.4 of Appendix C. The final decision statistic Z;,,; obtained at the

Ziotal = Zsp + kKZgrp. The optimal combining factor x has a value of Kk =

destination node using optimum linear combining is represented by equation 5.36. For solving
the noise term, the variance of the noise terms, are evaluated as shown in equation 5.37.
Thus, the SNR obtained at the destination node due to optimum linear combining is repre-

sented as:

82
o total—signal
PDTF-LOC-CD — o

Znoise—total
_ < (sigsp + KSigrp)? >
o S i A

_ (NyEspy + N;Egpy3)?
= = Ay (5.78)

where, X; = N;NoEspy1+NyNGWT;and Yy = Ny NoErpys+NyNEWT;. Also, b; = b, = 1

in case of correct detection.
The final decision statistic is compared to the decision threshold, to recover the transmitted
bit. The decision threshold is decided on the basis of OOK modulation scheme. The final

decision criteria Z can be expressed as:

CNtEgp+rnSN;E
. 0, Hy:Z = Zjppq < BAL=SETBIZRD
= {NyEsp+rnsNrE (5.79)
K
1, HyiZ =y > B0t Ne o

ii) Incorrect Detection at Relay Node:- In case of incorrect detection, b; = 0 is detected
at the relay node, when b; = 1 is transmitted from source to relay node. Further, this incor-
rectly detected bit is forwarded to the destination node, leading to BER degradation. The SNR
obtained at the destination node due to incorrect detection is represented as:

(sigsp)®

2 2
+ k O-ZnoisefRD)

PDTF-LOC—-ID = 5
(
noise—SD

(NtEspm)?

5.80
X; + k%Y, ( )

In case of incorrect detection, the generalized BER is represented as:

[ st — KSi
BER = / / Q( 95D gRD)fPDTF(71773>d71d73 (5.81)
o Jo

[ 2
2 O—Zno'iseftota,l
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Due to incorrect detection at relay node, information bit received at destination node through

R—D link is 0, when bit 1 is transmitted from source node to relay node. Thus, sigrp = 0.

Y stg
/ / @ ( 2 = 9 9 ) foorr (71, v3)dy1dys (5.82)
0 Jo 2\/(027“”.55_5[, + K UZWSE_RD)

Subsequently, the BER obtained at the destination node using optimum linear combining is

represented as:

oo o 1
BERpoc-prr = / / (Q(—\/PDTF—LOC—GD)prTF(%Vs)d%dvs)(1—Pe)+

/ / ( ( VPDTF-LOC—1D w)prTF(%rya)d%d%)(p)
/ / ( ( VPDTF-LOC- CD)prTF(%)fpm(%)d%d'yz)
P+ [ [ (@ 3o ) foors ) e o)

d71d73> (r) (5.83)

where, f, 00 (71:73) = foprr(71) foprr(73) because the channel gains are IID and Gaussian
distributed. The value of F, is evaluated as given in equation 5.57. The joint PDF in case of

optimum linear combining is expressed as:

1 1 —(v1 —psp)® | —(v3 — prp)?
7 ex +
Frore 020 = oy Ve P | 2, 2620
drydys (5.84)

Finally, the BER of UWB ED—OOK system using cooperative dual—hop DTF strategy with
optimum linear diversity combining is obtained by replacing the value of equation 5.86 in equa-

tion 5.85.
1 —(m1 — psp)?
R o N (== I T S
LOC—DTF \VPDTF-LOC—CD S 202,

W;;—gm}dvld%) / / ( ( VPDTF-LOC-ID ID)
K205

1 —(n — MSD) — (73 — MRD) } )
ex + dvid P,
SN p{ 202 T mdys ) (Fe)

(5.85)

5.5 Simulation Results

In this section, we present the Matlab simulations for the BER performance of ED—OOK sys-

tem using various diversity combining schemes namely optimum linear combining, linear com-
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bining and selective combining, over IEEE 802.15.4a UWB CM1 and CM?2 channels respec-
tively. Also, the analytical BER expressions derived in Section 5.4 are plotted using numerical
integration, and then compared with the simulation results. The main parameters considered for
simulations are Ny = 1,2, N = 200000, W = 2 GHz, T, = 4 nsand Fy,,, = 10 GHz,
where Ny represents the number of frames in one symbol, /N the number of bits, 11" the band-
width of bandpass filter, 7; the integration interval and F,,,, the sampling frequency. A second
order Gaussian derivative pulse p(t) = (1 — 4x((t)/T}.).?)exp(—27w((t)/T},)?) is used for trans-
mission, where ¢ denotes the time interval and 7, = 0.15 ns the pulse width control factor.
The values of means s, and variances o7 obtained from UWB CM1 channel is noted to be
12.5 dB and 3.5 dB respectively. The index k& € {1, 2,3} refers to S—D, S—R and R—D link

respectively, as mentioned in equation 5.3.
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BER Pgjformance of ED-OOK Rxr using AF strategy in UWB CM1 for Nf=1
10 . .
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(a)
BER Pgrformance of ED-OOK Rxr using AF strategy in UWB CM1 for Nf=2
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(b)

Figure 5.2: BER performance of UWB ED—OOK system using cooperative AF strategy with
various combining schemes in UWB CM1 channel for (a) Ny = 1 (b) Ny = 2
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BEROPerformance of ED-OOK Rxr using AF strategy in UWB CM2 for Nf=1
10 .
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(a)
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Figure 5.3: BER performance of UWB ED—OOK system using cooperative AF strategy with

various combining schemes in UWB CM2 channel for (a) Ny = 1 (b) Ny = 2
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Performance Comparison of ED using Linear Opt. Comb. AF Scheme in CM1
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Perfoormance Comparison of ED using Selective.Comb. AF Scheme in CM1
10

10

10

BER

10

—+—— Simulation for Nf=1
4| | —o— Analytical for Nf=1
10 % | —o— simulation for Nf=2
—*— Analytical for Nf=2

10_ 1 1 1
0 5 10 15 20 25
Eb/NO in dB

()

Figure 5.4: Analytic vs Simulated BER performance comparison of UWB ED—OOK system
using AF strategy having N, = 1, 2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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(b)

Figure 5.5: Dual—Hop Cooperative System Model with single—link and (a) L = 5 relay paths
(b) L = 10 relay paths

173



5.5 Simulation Results

BER Vs SNR Plot for ED-OOK Rxr using AF with Opt. Linear Combining in CM1
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BER vs SNR Plot for ED-OOK Rxr using AF with Linear Combining in CM1
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BER vs 0SNR Plot for ED-OOK Rxr using AF with Selective Combining in CM1
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Figure 5.6: BER performance of UWB ED—OOK system using dual—hop cooperative AF strat-
egy in UWB CMI1 channel with (a) Optimum Linear Diversity Combining for L = 0,1, 2,5, 10
relay paths (b) Linear Diversity Combining for L = 0, 1,2, 5, 10 relay paths and (c) Selective
Diversity Combining for L = 0, 1,2, 5, 10 relay paths.
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BEI§ Performance of ED-OOK Rxr using DTF strategy in UWB CML1 for Nf=1
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BER Peorformance of ED-OOK Rxr Using DTF Strategy in UWB CM1 for Nf=2
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Figure 5.7: BER performance of UWB ED—OOK system using cooperative DTF strategy with
various combining schemes in UWB CM1 channel for (a) Ny = 1 (b) Ny = 2
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BER Pegformance of ED-OOK Rxr Using DTF Strategy in UWB CM2 for Nf=1
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Figure 5.8: BER performance of UWB ED—OOK system using cooperative DTF strategy with
various combining schemes in UWB CM2 channel for (a) Ny = 1 (b) Ny = 2
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Performa%)nce Comparison of ED-OOK Rxr using Optm Linear Combining with DTF in UWB CM1
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Perf%rmance Comparison of ED-OOK rxr using Selective Combining with DTF in UWB CM1
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Figure 5.9: Analytic vs Simulated BER performance comparison of UWB ED—OOK system
using DTF strategy in UWB CM1 channel having N; = 1, 2 for (a) Optimum Linear Diversity
Combining scheme (b) Linear Diversity Combining scheme and (c) Selective Diversity Com-

bining scheme.
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5.5 Simulation Results

BER Vs SNR Plot for ED—OOK Rxr using DTF with Opt. Linear Combining in CM1
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BER \O/S SNR Plot for ED-OOK Rxr using DTF with Selective Combining in CM]
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Figure 5.10: BER performance of UWB ED—OOK system using dual—hop cooperative DTF
strategy in UWB CMI channel with (a) Optimum Linear Diversity Combining for L =
0,1, 2,5, 10 relay paths (b) Linear Diversity Combining for L = 0, 1, 2, 5, 10 relay paths and (c)
Selective Diversity Combining for L = 0, 1, 2, 5, 10 relay paths.
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Fig 5.2(a) and (b) represents the BER performance of UWB ED—OOK system, using coop-
erative dual—hop AF strategy with various diversity combining schemes, over IEEE 802.15.4a
UWB CMI1 environment, for Ny = 1 and 2 respectively. It can be observed from both the
Figures (a and b) that using cooperative AF scheme gives a much better BER performance,
compared to non—cooperative or single—link. Among the diversity combining schemes, Opti-
mum Linear Combining gives the best BER performance followed by Linear Combining and
then Selective Combining, for any SNR. It is also inferred from Fig 5.2(a) and (b) that BER

performance degrades as SNR falls by a margin of 3 — 4 d B, with increase in Ny from 1 to 2.

The variation in BER vs SNR plot of UWB ED—OOK system, using cooperative dual—hop
AF strategy with various combining schemes in IEEE 802.15.4a UWB CM2 environment for
N; = 1 and 2, can be inferred from Fig 5.3(a) and (b) respectively. At a BER of 10~4, CM2,
NLOS channel suffers a SNR loss of 4 — 5 dB, compared to CM1, LOS environment, as ob-
served in Fig 5.2(a) and (b). It can be concluded from both the Figures that as far as combining
schemes are concerned, Optimum Linear Combining > Linear Combining > Selective Com-
bining > Single—Link. The SNR falls by a margin of 3 — 4 dB, when Ny changes from 1 to 2,
as observed from the BER plots in the Figures. The inference drawn from the BER plots in the
Figures reveal that, using dual—hop cooperative AF strategy gives a better BER performance,

compared to non—cooperative scheme.

Fig 5.4 illustrates the analytical and simulated BER performance comparison of UWB
ED—OOK system, using dual—hop cooperative AF strategy in UWB CMI1 environment for
all the three diversity combining cases. The approximate analytical BER expressions for these
three diversity combining cases are plotted using numerical integration, and compared with
the simulation results for Ny = 1,2. The Fig 5.4(a), (b) and (c) confirms the convergence of

analytical accuracy of the evaluated BER with that of the simulation BER plot.

The dual—hop cooperative system model having single path and L = 5 and 10 relay paths is
represented in Fig 5.5(a) and (b), respectively. The BER performance of UWB ED—OOK sys-
tem, using dual—hop cooperative AF strategy for various diversity combining schemes having
L =0,1,2,5,10 relay paths, is investigated in Fig 5.6 (a), (b) and (c). It can be concluded from
the Figures that increase in relay paths (L = 10), gives better BER performance compared to
using less number of relay paths (L = 0, 1, 2, 5), for any diversity combining scheme. The rea-
son being, more the number of multipaths, more is the multipath energy extracted. Therefore,

greater the diversity more is the improvement in BER performance. It can also be inferred from
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the simulation results that UWB ED—OOK system, using cooperative AF strategy with various
diversity combining schemes and (L = 1, 2, 5, 10) relay paths (diversity), gives a much better

BER performance compared to single—link or non—cooperative case L = 0.

Fig 5.7(a) and (b) shows the variation in BER versus SNR of UWB ED—OOK system,
using dual—hop cooperative DTF relay strategy, for various diversity combining techniques, in
presence of IEEE 802.15.4a UWB CM1 LOS environment, having Ny = 1 and 2 respectively.
It is also observed that increasing the number of frames Ny from 1 to 2, degrades the BER
performance. At a BER of 10~%, optimum linear diversity combining scheme, gives a SNR
improvement of 0.5 dB and 1.5 dB over linear diversity combining and selective combining
respectively. It is also noted from both the Figures that ED—OOK system suffers a SNR loss
of 1.5 — 3 dB, using non—cooperative or single—link strategy, as compared to when using

cooperative DTF strategy with diversity combining.

The BER performance of UWB ED—OOK system, using dual—hop cooperative DTF relay
strategy with various diversity combining schemes, in UWB CM2 environment is as shown in
Fig 5.8(a) and (b)for Ny = 1 and 2, respectively. CM2, being a NLOS channel, gives poor
BER performance compared to LOS, CM1 channel. Using CM2 channel, the SNR of UWB
ED—OOK system using both cooperative and non—cooperative strategy falls by a margin of
3.5 — 4.5 dB, when compared to CM1 channel, at a BER of 10~*. The BER performance
degrades as the number of frames N, increases from 1 to 2, as observed from the BER plots in
the Figures. As noted from the results, Optimum linear diversity combining gives the best BER
performance compared to linear diversity combining and selective diversity combining. It can
be concluded that using cooperative DTF strategy, gives a better BER performance than using
non—cooperative strategy. Among diversity combining techniques, optimum linear diversity
combining is found to give the best BER performance, followed by linear combining and then

selective combining, for UWB CM2 channels having Ny = 1, 2.

The analytical and simulated BER performance of UWB ED—OOK system has been com-
pared using dual—hop cooperative DTF protocol in UWB CM1 environment, for all the three
diversity combining schemes and the results are as depicted in Fig 5.9. The obtained approxi-
mate analytical BER expressions for all these three diversity combining schemes is compared
with the simulation results for Ny = 1,2. From the Fig 5.9(a), (b) and (c), represented for
optimum linear combining, linear combining and selective combining, it is observed that the

plot of simulation results exactly coincide with the plot of analytical results at all BER levels
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for Ny = 1,2.

The dual—hop cooperative system model having single path and L = 5 and 10 relay paths
respectively, is as shown in Fig 5.5(a) and (b). The BER performance of UWB ED—OOK
system, using dual—hop cooperative DTF strategy for various diversity combining schemes
having L. = 0,1,2,5,10 relay paths, are represented in Fig 5.10(a), (b) and (c). It can be
concluded from the Figures that BER performance of UWB ED—OOK system, for a cooper-
ative system model having L = 10 relay paths and using any diversity combining scheme, is
the best compared to L = 0, 1, 2,5 relay paths. This is because, as the number of multipaths
increases, the multipath energy extracted also increases. Thus, improvement in BER perfor-
mance is noted, leading to greater diversity. It can also be inferred from the simulation results
that UWB ED—OOK system, using cooperative DTF strategy with various diversity combin-
ing schemes and (L = 1, 2, 5, 10) relay paths (diversity) gives a much better BER performance

compared to single—link or non—cooperative case L = 0.

5.6 Concluding Remarks

The analytical BER expression for UWB ED—OOK system using cooperative dual—hop AF
and DTF relay protocol for various diversity combining scenarios namely, optimum linear di-
versity combining, linear diversity combining and selective diversity combining, was derived.
The expressions were validated with the simulation results, employing IEEE 802.15.4a UWB
standard between the relay nodes and links. The convergence of the simulation results with the
analytical results, confirm the accuracy and perfectness of approximation used in evaluation of
BER. Numerical results clearly indicate an improvement in BER, with increase in number of
relay paths, L. This is because, more the number of relay paths, more is the diversity combining
hence, better is the BER performance. Also, CMI1, being LOS in nature, gives a better BER
performance than CM2, which is NLOS in nature. It is also observed that, increase in number
of frames Ny, leads to degradation in BER performance for UWB CM1 and CM2 environment.
It can be inferred from the simulation results that, cooperative DTF strategy gives a SNR gain
of 1 dB when compared to AF strategy, at a BER of 10~*. Furthermore, it can be concluded
from the simulation results that using dual—hop cooperative AF and DTF strategy with diversity
combining, gives a SNR gain of 2 — 4 dB at a BER of 10~*, compared to non—cooperative or

single—link scheme. Also, among the diversity combining schemes, Optimum Linear Diversity
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Combining gives the best BER performance when compared to the other combining schemes.

In this chapter, we present a novel analytical approach to evaluate the BER performance of
non—coherent UWB ED-OOK system, based on energy detection, using cooperative dual—hop
AF and DTF relay strategies with various diversity combining schemes, over IEEE 802.15.4a

environment. Further, the analytical results are also validated with the simulation results.
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Chapter 6

Performance Analysis of Non-Coherent

UWB Cooperative ED—PPM System

In this chapter, the BER performance analysis of UWB ED—PPM system, using cooperative
dual—hop AF and DTF strategy for various diversity combining schemes, over IEEE 802.15.4a
environment is presented. The approximate BER expressions are derived based on energy detec-
tion principle, for various diversity combining cases, namely optimum linear combining, linear
combining, and selective combining. Section 6.1 introduces UWB ED—PPM system using var-
ious cooperative dual—hop relay strategies. Section 6.2 presents the system model comprising
of cooperative signal model, channel model and receiver structure. The detailed theoretical
BER performance analysis of UWB ED—PPM system is evaluated using cooperative dual—hop
AF and DTF strategy for various diversity combining schemes, in Section 6.3 and Section 6.4
respectively. The simulation results are outlined in Section 6.5 while Section 6.6, concludes the

chapter.

6.1 Introduction

Non—Coherent UWB systems are preferred over its coherent counterpart, because of smaller
complexity and non—requirement of channel estimation. The contributions mentioned in the lit-
erature are confined to the BER performance of non—coherent AC receivers, which include TR
and DTR, using cooperative dual—hop and multi—hop relay technologies [157, 93, 101, 68].
Maichalernnukul [93] discussed the BER performance of UWB system using multi—antenna

relay technology in dual—hop system while, Yazdi [101] investigated the BER performance of
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UWB system using DF relay protocol. The problems faced by AC systems led to the advent
of ED systems. ED systems, work by squaring the received signal followed by integration and
detection through decision device [66, 67], that requires less hardware complexity and simpler
implementation. In case of ED—OOK system, if information bit 1 is transmitted, significant
pulse energy is captured during integration interval whereas, no energy is captured during in-
tegration interval during transmission of bit 0. The disadvantage of using ED system based on
OOK scheme is that it does not transmit a Gaussian second order pulse when information bit
0 is transmitted, as a result inducing more noise during detection. This leads to degradation in
BER performance. To rectify this problem, ED—PPM system is introduced. For a ED—PPM
system, when information bit 0 is transmitted, there is no shift in Gaussian second order pulse,

while a PPM shift of A takes place, in case of information bit 1.

The objective of this chapter is to analyse and evaluate the BER performance of UWB
ED—PPM system using dual—hop cooperative AF and DTF strategy for various diversity com-
bining schemes, over IEEE 802.15.4a UWB environment. Approximate BER expressions are
analytically evaluated based on Energy Detection principle, for various diversity combining
cases, namely optimum linear combining, linear combining and selective combining in UWB

ED—PPM system using cooperative dual—hop AF and DTF relay protocol.

6.2 System Model

The system model comprises of a dual—hop UWB cooperative system, with one source, relay
and destination node each, as shown in Fig 1.3. UWB signal modulated by the information bit
(or symbol), is transmitted from source node to relay node as well as destination node, in 1%
time slot. The relay node amplifies or detects the signal received from the source node, and
then forwards it to the destination node in the 2" time slot, depending on the relay strategy.
At the destination node, the signals obtained from S—D and R—D links using AF or DTF
relaying scheme are demodulated using ED—PPM receiver. The decision statistics obtained at
the destination node from S—D and R—D links are then combined using different combining
strategies to form final decision statistic, which is then compared to a threshold to decide the

information bit.
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6.2.1 Channel Model

Throughout the chapter, we employ a multipath channel model specified by IEEE 802.15.4a
group, for performance evaluation of UWB [30] system. The impulse response of IEEE 802.15.4a
UWRB channel, based on the modification of SV model [34] is expressed as:

Li—1

hi(t) = Z b (t — T ) (6.1)
1=0

where, ;. and 7, represents the amplitude response and delay response of [ multipath in
k™ link respectively. The indices k& € {1,2,3} are used to denote S—D link, S—R link and
R—D link respectively. The channel gains «; follow Nakagami distribution, while J denotes
Delta—Dirac function. The UWB channel models chosen for simulation are CM1—CM?2, which

represent different UWB environments.

6.2.2 Signal Model

The cooperation strategy has been extended to an UWB ED system, employing PPM modula-
tion scheme for signalling. The symbol duration or signalling interval T = N7’ is composed
of N frames, each of duration 7. In each frame duration 7', a second order Gaussian deriva-
tive pulse p(t) = (1 — 4n((t)/Tx)*)exp(—27((t)/T})?) of duration T, modulated by informa-
tion bit b;, is transmitted. The term ¢ denotes time interval and 7}, the pulse width factor. When
b; = 1, the transmitted Gaussian second order pulse p(t) is shifted by A units, while there is no
shift in pulse position, when b; = 0. The multipath delay spread of the channel 7, satisfies
the condition 7;,,45s >> T}, to avoid any interference among the symbols. We also assume that
PPM shift A and frame duration 7, satisfies the relation A > T}, + T4 + T and T = 2A,
such that there is no ISI at the receiver side. Here, T}, represents the guard band duration.

The UWB signal transmitted from the source node to relay node in 1* time slot is repre-

sented as:

oo Nj—1

ssp(t) = VE Y Y p(t—jTy — 20T, — Ab) (6.2)

i=—o0 j=0
where, the pulse energy at each link is expressed as E = [ p?(¢)dt. Similarly, UWB signal

transmitted from the source node to destination node in 1*' time slot is represented as:

oo Ny—1

ssa(t) = VE Y > p(t—jTy — 2T, — Ab;) (6.3)

i=—oc0 j=0
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where, b; € (0,1) represents the information bit and A the PPM shift. When b; = 1, the
transmitted Gaussian second order pulse p(t) is shifted by A units, while there is no shift in
pulse position p(t), when b; = 0. The multipath delay spread of the channel satisfies the
condition 15,4, >> T, [30], to avoid IPI at the receiver end. We also assume that PPM shift
A and frame duration 7%, satisfies the condition A > T, 4+ T},,4s + T, and Ty = 2A, such that
there is no interference at the receiver side. Here, T;, represents the guard band duration.

The signal received at the destination node in 1% time slot is denoted as:

o0 fol Li—1
rsp(t) = VE Y Y p(t—jTy — 20T, — Abj)x Y argd(t — m.1) + np(t)
i=—o0 j=0 =0
Li—1
= Z Oél,lgsp(t — ij — 2iT8 — Abz — 7'171) + nSD(t) (64)

=0

Similarly, the signal received at the relay node in 1% time slot is denoted as:

[e'e] fol Lo—1
TSR(t) = \/E Z Z p(t — ij — 2ZTS — Abl) * Z 041,2(5@ — Tl’2> + nSR(t)
i=—oc0o j=0 =0
Lo—1
= Z Oél’QgSR(t — ij — QiTS — Abz — Tl,g) -+ nSR(t) (65)

1=0

where, * denotes the convolution operator. The aggregate signal response gsp(t) and gsg(t)
from S—D and S—R links are represented as ggp (t—jTy— 21T —Ab;—7;1) = ssp(t)*0(t—771)
and gsp(t — jTf — 20Ty — Ab; — T12) = ssr(t) * 0(t — 72) respectively. The noise (AWGN)

terms at S—D and S—R link are expressed as ngp(t) and ngg(t) respectively.

Ty 2102
BPF || ()2 [ [Ta [
0 Zi=Zy0- 211/
+ Zy=Z39— Iy 7 0
zZ
@ I Combining L Decision 4]3’
K _/J Device Device
8+T;
2 j !
— . — dt
BPE | ()2 [T,

Figure 6.1: ED—PPM Receiver for Cooperative Communication

6.2.3 Receiver Structure

A non—coherent UWB ED—PPM receiver comprising of BPF, squarer, integrator, subtracter,

combining and decision device, is used to recover the information bit. As illustrated in Fig 6.1,
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the upper division works when information bit 0 is transmitted, else the lower division works,
in case of information bit 1. The individual decision statistics Z;¢ and Z;; obtained from S—D
link in 1* time slot due to information bit 0 and 1 respectively, are passed through a subtracter
to generate the decision statistic Zgp = 21 = Z19 — Z11. Similarly, decision statistics Zs
and Z3, obtained from R—D link in 2" time slot due to information bit 0 and 1 respectively,
are passed through a subtracter to generate the decision statistic Zrp = Z3 = Z39 — Z31. The
decision statistics Zgp and Zrp obtained from S—D and R—D links in both the time slots, are
combined using various combining strategies to give the final decision statistic Z;.;,;, Which is

then compared to a threshold, to decide on the transmitted bit.

6.3 Performance Analysis of a Cooperative AF ED-PPM Sys-

tem

This section discusses the theoretical BER performance of UWB ED—PPM system using coop-
erative AF relay strategy, with various combining strategies [183]. The received signal rgp(t)
obtained at the destination node in 1% time slot, is passed through a ED—PPM receiver. The
decision statistics Zgp obtained from S—D link, is represented as Zsp = Z; = Zig — Z11
where, 719 and Z7; denote the decision statistics obtained from S—D link due to transmission

of information bit 0 and 1 respectively.

Ne=b T+ Ty+mA+T;

Tim = Y / r2(t)dt (6.6)
2

=0 V2T HjTy+mA

where, the subscripts [ € {1,2,3} denote S—D, S—R and R—D link respectively and m €
{0, 1} the transmitted information bit.

Ny—1

2Ts+jTr+T;
2
Zio = E / rep(t)dt
=0 20Ts+57Ty
= A +As+ Az = 510+ Znoise-10 (6.7)
e N N N——
signal  noise—term signal  noise—term
Ni—b T+ Ty +A+T; ,
le = E / T‘SD(t)dt
=0 2iTs+jT+A
= Bi + B+ By = s11_+ Znoise-11 (6.8)
~ M N~ —
signal  noise—term signal  noise—term
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where, T; = T,,4s + 1), represents the integration time interval. Here, 7}, and 7,45 denote pulse
duration and multipath delay spread respectively. The value of decision statistic Z;q is obtained

in equation 6.9, by replacing the value of equation 6.4 in equation 6.7, as shown below.

Ni=b iy jTy+T; L=l 2
Zvy = Y. / ( > augsp(t — jTy — 2T, — Ab; — 7,) + nSD<t)>

j=0 2 Ts+iTy 1=0
Ny 1Li-1 2T +jTy+T; Ne— 1Lt

= > > o} Gip(t — jTp — 20T, — Ab — my)dt +2 > >~
j=0 1=0 QiTS+ij j=0 =0

2T +5Ts+T; Ni—1 2T j Ty +T,
Ozl71/ gSD(t — ]Tf — 21T5 — Abz — 7'171)7”LSD(75)dt —I— Z /
2iTs+jT j=0 v 2iTs+jTy

nap(t)dt (6.9)

The equation 6.9 holds true only for the condition, that there is no IPI at the receiver end. The

signal component A; is obtained from decision variable 7.

Ny~ 1Li—1 QT+ Ty +T;
A= D) o Gen(t — JTf — 20T, — Ab, — 7,)dt
j=0 1=0 2iTs+5Ty
= s10= NyEwom (6.10)
20Ts+3T¢+T;

where, Fo = g% p(t—jTy—2iT;— Ab; — 7,1 )dt denotes the received signal energy

2Ts+jT
component in Zj. Tlfle channel gains oy, for IEEE 802.15.4a UWB multipath channels are
assumed to be I[ID Nakagami. Consequently, their squares will be [ID Gamma distributed [179].
Hence, by the Central Limit Theorem, the channel gains can be approximated as Gaussian
distributed le 04121 = ~;. As the decision variables A, and A3 denote the noise terms, their
variances are evaluated.

The noise terms n(t) are obtained by filtering AWGN process, having a single—sided PSD

of % with a BPF, having one-sided Bandwidth of 1. The autocorrelation function of noise

0y(T) is given by [175]:

0tr) = Bl — 7)) = 2 I (o) 6.1

where, E[.] denotes the statistical expectation operator and f, carrier frequency of BPFE. Since
the Bandwidth is assumed to be sufficiently large, the frequency response of the received signal
gk (t) at destination node falls inside the PSD 6 (f) of ny(t). As PSD 6;(f) is sufficiently flat,
the autocorrelation function of noise can be simplified as 6, (1) = %5 (1) [175].

The noise variances are assumed to be independent of the channel under consideration.
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Hence, the noise variances A, and Az obtained from 7, are as follows:

Ny—1L,-1 2Ts+5Ti+T; 20T +5Ti+T;
/ gSD(t — ij — QZTS — Abz —
2

o3 E[A27] =2 ) Zall/Q
Jj=0 I=

iTs+5Ty
T11)9sp(T — T — 2iTs — Ab; — 111) Elngp (t)nsp(7)]dtdr

21TS+ij+T 22TS+]Tf+T
= 2Nmm / / gsp(t — jTy — 2iTy — Ab; — 111)g9sp (T — jT
2Ts+Ty 2T+jTy

—20Ty — Ab; — 71)61 (t — 7)dtdr

ZZTS—l—ij—f—T
= 2Nf’yl—/ gng(t — ]Tf — 2ZTS — Abl — Tl71)dt = NfNOElo’Vl- (612)
2

7,T3+ij
where, E[ngp(t)nspt] = 61 (t — 7) = S A(t — 7) and ji’}jjﬂgf” MA(t — r)dr = Mo,
Ni—1 T+ Ty+T;  (2Ts+iTp+Ts )
0% = E[4]= Z / /| E{{ngD(t)} }m
=0 2¢Ts+3Ty 2zTg+]Tf
o No 2
= Nf - —dtdr = Nf 5 —2Wdt = NyNyW'T; (6.13)

where, the value of E [{n%D(t)}Q] = NTg as solved in Appendix A. The total noise term

Znoise—10 has a total variance of 0% = oy, + 0%, = NyNoEwoy1 + NyNSWT,. The

noise—10
variance of n} () tends to Dirac-Delta function, where the integral vanishes outside the range
[—t,T; — t]. This is solved using Parsevals theorem, as observed in equation 6.13.

Similarly, the decision statistics Z;; is obtained by replacing the value of equation 6.4 in

equation 6.8. In case of no IPI, equation 6.14 holds good.

Ne—1 Ty jTy+A+T, L1-1
Zu = Z/ <ZOCZ195D(t—]Tf_21T Ab—Tll +n5D )
2

j=0 V2T HiTy+4 1=0
Ny—1L1-1 2Ts+jT+A+T; Ny—1L1-1
- ZZ%/ Bt — Ty — 2Ty — Ab— )t +2 3
0 2iTs+5Tp+A j=0 1=0
2T 45T +A+T, Ny-1
al,l/ gSD(t — ij — QiTs — Abl — lel)nSD(t)dt + Z
2Ts+jTr+A 20
2iTs+ij+A+Ti
/ ngp(t)dt (6.14)
2iTs+5Ts+A
The signal component B; is obtained from decision variable Z;.
Nf—11,-1 20Ts+jTy+A+T;
By = Z Z oty Gip(t — jTp — 20T, — Ab; — 7,)dt
2ATs+jTi+A
= 811 = NfEn% (6.15)
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f?lTs +iTr+A+T; 2 (

DUTs 45T+ t — jTy — 20T, — Ab; — 7,1)dt denotes the received signal

where, F; =
energy component in 2.

Similarly, the noise variances B, and B3 obtained from Z;; are as follows.

Ny—1L,—1 AT +jTy+A+T;  (20Ts+5Ty+A+T;
0]2\,1 = 32 =2 E E o 1/ / gsp(t — jT — 20T, — Ab;
=0 1=0 2ATs+5Ti+A AT +5Ti+A

_Tl,l)gSD(T — ij — ZZTS — AbZ — Tl,l) E[TLSD(t)nSD(T)]dth

ATy +jTy+A+T;  2Ts+jTp+A+T;
= 2Ny / / gsp(t — jTy — 20Ty — Ab; — 71.1)gsp (T —
2T+ Tp+A 2T+ Tp+A

ij — 22T — Abz — 7'171)91(75 — T)dth

2iTs+jTy+A+T:

= 2Nf71_/ g?gD(t — ij — QZTS — Abl — Tl’l)dt
2T+ Ty+A

— NyNoEum (6.16)

7 A+T;
where, Elnsp(t)nspt] = 01(t — 1) = 2A(t — 7) and [ TS BA (- )dr = .

Ne=1 T JTy+A+T,  p20To+5Ti+A+T; )
o, = E[Bj]= / / E {{n%D(t)} }dth
2iTs+jTr+A 2iTs+jTr+A
N?
= N; / / Ny —drdt = Ny / 20 2Wdt = Ny N;WT, (6.17)
Ti—t
where, the value of E [{n% D(zf)}2 = NTS is solved in Appendix A. The noise term 7,511

has a total variance of aZ = 012\,1 + 0]2\,2 = NyNoEnyi + N ngWTZ-. Parseval’s theorem

noise—11
has been used to solve equation 6.17.

The signal received at the relay node in 1% time slot, is amplified by an amplifying factor
v/Bar and then forwarded to the destination node in the 2™ time slot. The amplified signal

transmitted from the relay node to the destination node is represented as:

s3(t) = 7ro(t)\/Bar = srp(t) = rsr(t)v/ Bar (6.18)
where, index k € {2,3} represents S—R and R—D link respectively. The amplifying gain is

defined as \/Bar = \/( Esr ) Also, Egp, hy(t) and 0 o = NpNo(Eao +

E{[h3(t)| } Esr+No

FEo17v2 + 2Ny N2W'T;) represent the signal energy, channel response and noise variance of S—R
link respectively. The signal received at the destination node from R—D link in 2" time slot is

represented as:

L2*1 L3 1
rrp(t) = (\/ Bar Z i 29sr(t — jTy — (2i + 1)Ty — Ab; — 712) + nsr(t ) Z a3

=0
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(5(t — Tl’g) + nRD(t)
Lo—1 L3—1

= /Bar Z a2 Z ay3gsr(t — jTp — (20 + 1)T5 — Ab; — 110 — Ti3) +
1=0 1=0
VBarngp(t) + nrp(t) (6.19)

where, ny, (1) = ngr(t)xhs(t) = ijgl a;3ngr(t—7,3) denotes the aggregate noise response

after convolving the noise response of S—R link with channel response of R—D link h3(%). Also,
ngp(t) represents the noise response of R—D link.

The received signal rzp(t) obtained at the destination node in 2" time slot, is passed
through a ED—PPM receiver. The decision statistics Z3, obtained from R—D link is simpli-

fied as:

Ne—1 (it 1) To 44T +Ts

Zg() = Z /( T‘?{D(t)dt
7=0

2i+1)Ts+j T
= O +Cy+C34+Cy+Cs+ C
— - - S

signal noise—term

= 830+ Znoise—30 (6.20)
N N——
signal  noise—term

The value of Z3 is obtained in equation 6.21, by replacing the value of equation 6.19 in equation
6.20. It is assumed that there is no IPI, so equation 6.20 holds true.

Nf_l (2i+1)Ts+ij+Ti Lo—1 L3—1
= Z / (\/ Bar Z 7R Z al,SgSR(t — ij — (22' + 1)Ts — Ab; — Tia
j=0 Y Qi+1)Ts+iTy — i

2
—7'173) -+ \ ﬁAFTL/RD(t) + TLRD(t)) (621)

The signal component obtained from Z3 is as follows.

Ny—1L5-1 L3—1 (2i41)Ts+iTs+T:
Ci = Bar Y > iz Y / Giplt — 5Tp — (20 + )Ty — Ab; — 75 —
=0 =0 1=0 (2i+1)Ts 45Ty
Tl’3)dt
= 830 = BarNrE307273 (6.22)

26t 1) Tu 5 T5+T;
Where,Egozf( ST 4T+ T

(4 ToAsT, gip(t — jTy — 2iTy — Ab; — 715 — 71,3)dt denotes the received

signal energy component in Z3,. As explained earlier, since a large number of UWB multipath
channel gains are considered, the channel gains can be approximated as Gaussian Distributed
using the Central Limit Theorem } of, =ypand Y s 04123 = 73. As described earlier, since the

PSD 6, (f) of noise is sufficiently flat, the autocorrelation function of noise can be approximated
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as 0(1) = Z26(7)[175]. The noise variances obtained from Zs, are as follows:

Ny—1Ly—1 L3—1 (2i4+1)Ts+5T+T;  p(204+1)To+iTH+T;
2 _ 2 :
oy, = E[C] | =26%p E E al2 E O‘ls/ / gsr(t — jTy
=0 1=0 2i+1)Ts+jT} (2i4+1)Ts+5Ty

—(2@ + 1>T5 — Abz — ’7'172 — 713)953(7’ — ]Tf — (2@ + 1>T5 — Abz — ’7'172 — Tl73)
E[";w(t)n/}w(ﬂ]dth

= BiFNfNoEB,o’Yz’Yg (6.23)

(2i-+1)Ts 5Ty +T; 2i+1) s+ Ty +T; /
where f(mH)TSﬂ]Tff O (t—7)dT = f(21+1))TS+y]Tff 205(t—7)dr = £2. The value of E[ny,, (t)

npp(7)] is solved in Appendix B.

Ny—1L5-1 Ls—1 AV T +5Ts+T; (241 T 5T+ T
2 2 2
ON, — E[C3] = 2Bar E E Qg9 E Qg3 / 9gsr(t
j=0 1=0 1=0 (2i+1)Ts+5Ty (2i+1)Ts+5Ty

—ij — (2@ + 1)Ts — Abl — Tl72 — Tl,3>gSR(T — ij — (27, + 1)Ts — Abl — Tl72 — Tl,3>

E[TLRD (t)nRD(T)]dth

= BarNyNoEs0y273 (6.24)
where, 03(t — 7) = E[npp (t)nrp(7)] = 526(t — ) and [ 0 Be6(t — r)dr = 3.
Nj-1

012\/3 = Z 5AF/

(204+1)Ts+5 T +T; /(2z‘+1)Ts+ij+Ti
(2i+1)Ts+5Ty (

5| {nol0)}’]

2i+1)Ts+5Ty

dtdr
T; N 2
= BArNg / 2(737> 2W dt
0

= BarNyNoW T3 (6.25)

2 2 2
where, the value of E [ {n/}%D(t)}2 } =3 (73 %) - (73 %) =92 (73 %) is obtained from
Appendix A and Appendix B.

, : Ni—b Qi D) T4 Ty+Ts  p(2i+1) T4 Ty +Ts , )
o J(2i4+1)Ts+jTs (2i4+1)Ts+5Ty
O NO
= Nf / / QWdet Nf / QWdt
T,—t
= N;NZWT, (6.26)

where, the value of E {{n% D(t)}ﬂ = NTS is as derived in Appendix A.
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QiH+DTs+jTe+T;  p(2i4+1)Ts+5iTr+T; )
/ / Elnan (01 (t)nno 7
( (

2i+1)Ts+j T 2i+1)Ts+j T

T (N N,
0

= BarNNIW Ty 6.27)

where, E[ngrp (t)n gy (O)nrp(7)0sp(7)] = Elngp (O)nep (7)) E[ngy (805 (7)]. Since the noise
terms correspond to different links, they are independent in nature. The noise—term Z,,;se—30

has a total variance of 0% =0, + on, + 0x, + 0%, + 0% = BarNrNoEsoy2y; +

noise—30

BarNtNoEsov2ys + Bar N NEWTiys + Ny NGWT; + Bap N NEW Tiys.
Similarly, the decision statistics Z3; obtained from R—D link is as follows.

Ne—1 (it ) To+§ Ty +A+T;
2
Zy = / rhp(t)dt
j=0 JQ@iHDTs+jTr+A

= D1 +D2+D3+D4+D5+D6
~— >

~-
signal noise—term

= 831 + Znoise—?)l (628)
N N——
signal  noise—term

The value of Z3; in equation 6.29 is obtained by replacing the value of equation 6.19 in equation

6.28. The condition that there is no IPI is satisfied, for equation 6.29 to hold true.
Nyl /(2i+1)Ts+ij+A+Ti ( Lo—1 L3—1
(

\ Bar Z a2 Z asgsr(t — 3T
1=0 1=0

im0 QDT T +A

2
—(2i -+ 1)TS — Abl — T2 — Tl’3> + \/ ﬁAFn;%D(t) -+ TLRD(t)) (629)

The signal term D, obtained from Z3; is solved below.

Ny—1Lp-1  Ls—1 (2i+1)Ts+5 Ty +A+T;
Dy = Bar Y ZamZazs/ G2r(t — Ty — (2 + 1)T, — Ab; —
‘= = 2t 1)Tutj Ty +A
7'[72 — Tl73>dt
= 831 = BarNsE317273 (6.30)

20+ 1) T T+ A+T;
Where,E31:f( JTo 43T ‘

(20t 1) Ts 45T+ Gip(t — jTy — (20 + 1)Ty — Ab; — 710 — 71,3)dt denotes the

received signal energy component in Z3;. The noise variances obtained from Z3; are as follows:

Ny—1p1,-1 L3—1

) ) 2i+D)Ts+5Te+T;  p(2i41)Ts+5Tr+T;
A = B =25 3 3ol Yoty /2 / gsnlt — T}
Jj=0 I=

i+1)Ts+jTy 2i+1)Ts+5T
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—(22 + 1)TS — Abz — Tl’g — Tl,3)gSR(T — ij — (22 + 1)TS — Abz — Tl,g — Tl73)
Elnpp(t)npp(7)]dtdr

= BiFNfNoE?)Wﬂg (6.31)

(2i+1)Ts+jTy+A+T; @i+ TaH T+ AT Ny No
where, [\ ooyt 02t —T)dr = S, s 30t = 7)dr = 52, The value of

E[nyp, (t)np(7)] is solved in Appendix B.

Ny—1Ly-1 L3—1

o, = 3 =28ar ) 20122%3
Jj=0 =

—]Tf — (22 + )Ts — Abl — 7'172 — Tlvg)gsR(T — ]Tf — (Qi + 1)Ts — Abl — 7'172 — 7'[73)

Qit D) Ts Ty +A+T;  p(2i+1)TatjTy+A+T,
/ / gsr(t
(

2i+1)Ts+5Ts+A 2i4+1)Ts+5Ts+0

]E[TLRD (t)nRD(T)]dth

= 5AFNfN0E317273 (6.32)
where, 03(t — 7) = E[ngp(t)ngrp(7)] = 526(t —7) and f(zifllTTj;JTiﬁT ot —T)dr = 5P
, Nyl QA D) ToA+5T+A+T; (24 D) To+5Ti+A+T; /2 2
ONg Z ﬁAF/ / E [{nRD(t)} 1
(2i+1)Ts+jTr+A (2i4+1)Ts+5Tr+A
dtdr
T; 2
i Ny
0
= BirNfNeW T3 (6.33)

2 2 2
Here, the value of E [ {n;%D(t)}z} 3 (73 5 ) - (73%) =2 <73%> is obtained from
Appendix A and Appendix B.

, ) Ni—b @it )T jTy+A+T,  ((2i+1) T4 Ty +A+T; , )
= Ep=Y [ / B | {0}’
=0 (2i+1)TS+ij+A (2i+1)Ts+ij+A
dtdr
= N / / °2Wdrdt Ny / °2Wdt
T;,—t
= N;N;WT, (6.34)

Here, the value of E [ {n (1)} } = NTg is derived in Appendix A.

Ny—1 (24 D) T+ T +A+T;  p(2i+1)Ts+5Ti+A+T; )
/ Efn(nep ()nan(7)
(

0% = —2ZBAF/

(2i4+1)Ts+5Tr+A 2i+1)Ts+5Tr+A
f f
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nIRD(T)]dth

T (N, N,
0

= BarN;NWTiys (6.35)

where, E[ngrp(t)npp ()nrp(T)0sp(7)] = Elngp ()nerp (7)) E[nkp ()0 (7)]. Since the noise
terms correspond to different links they are independent in nature. The noise-term Z,,;s._31
has a total variance of 03, = =0} + oX, + o, + 0%, + ox, = BArNiNoEsi17275 +
BarNyNoEs1voys + Bar Ny NGW TG + Ny NgWT; 4 Bap Ny NGW Ty,

The decision statistics Zgp and Zgp obtained from S—D and R—D links in 1% and 2™ time

slots respectively, are represented as:

B1t0 Bitl
7\ 7\
7 N 7z N
Zsp = Zio— Zn = ( S10 + Znoise—lO) —( S11 + Znoise—ll)
N S—\— N N——
signal  noise—term signal  noise—term
7\ 7\
7 N 7 Y
TotalSignal TotalNoise
= (810 — 511) + (Znoise—10 = Znoise—11) (6.36)
N—— ~ ~~ -
SigSD ZnoisefSD
Bit0 Bitl
7z - ) 7z - )
ZRD = Z30 - Z31 = ( S30 + Znoise—?)O) - ( S31 + Znoise—iﬂ)
signal  noise—term signal  noise—term
e N\ N 7 7N I
TotalSignal TotalNoise
= (530 = 531) + (Znoise—30 — Znoise—31) (6.37)
H'H TV -
SIYRD Znoise—RD

where, Z1y and Z;; denote the decision statistics obtained from S—D link, when information
bit 0 and 1 are transmitted respectively. Similarly, Z5, and Z3; represent the decision statistics

obtained from R—D link, for bit 0 and 1 are transmitted respectively.

6.3.1 Linear Combining

The decision statistics Zgp and Zzp obtained from S—D and R—D links in 1% and 2™ time
slots respectively, are linearly combined to form final decision statistic Z;,q;. Also, sgp and
Znoise—sp represent signal and noise terms obtained from S—D link respectively whereas, srp

and Z,,,ise— rp denote signal and noise terms obtained from R—D link respectively.

Ztotal = ZSD + ZRD = (SigSD + Znoisest) + (SigRD + ZnoisefRD)
= £SigSD + SigRDl+£Znoise—SD + Znoise—RDZ (638)
Stotal:,signal Ztota:noise
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The total noise variance a%wmlimse for the noise-term Z; iq—noise 18 €valuated as shown below.

0-2 = ]E[(Znoise—total)Q] = EKZnoise—SD + Znoise—RD)Q]

Ztotal—noise
= E[meise—SD] + E[ZZOise—RD] + QE[ZHOiSE—SDZNOiSE—RD]

_ 2 2
o UZnoise—SD + O-Znoise—RD

(6.39)

where, E[Zgoise—SD] = U%nm-se_SD’ E[Zgzoise—RD] = U%mise_RD and E[Znoise—SDZnoise—RD] =0.
As the noise terms from S—D and R—D link are independent, their cross-correlation is 0. The

2

noise variances o;,
noise—S

and 0% are derived in Appendix D.
D noise—RD

R

Therefore, the SNR evaluated at the destination node due to linear combining is expressed

as:

_ (S?otal—signal) _ (SigSD + SigRD)2
(

PAF-LC
U%noiseftotal O-%noisest + U%noisefRD)
(E1) )
= | L 6.40
( o a (6.40)

where, Fi = NyNo {71(Evo + Enn) + 2N WT}, Gi = Bar Ny Novoys(Eso+Es1) {1+ Barys}

+ 2N NGWT; {1 + Bari + Barys} and Ey = Npyi(Erg — Evi) + BarNey2ys(Eso — Esn).
The final decision statistic Z;.;,; 1S compared to a decision threshold 0 to give the extracted

information bit. PPM modulation scheme is adapted to determine this decision threshold 0. The

final decision criteria 2 in case of linear combining is represented as:

. 0, Ho:Z = Zota = (Z10 — Z11) + (Z30 — Z31) > 0
zZ= (6.41)
L, Hi:Z = Zora = (Z10 — Z11) + (Z30 — Z31) <0
The individual channel gains for S—D, S—R and R—D channel links may be assumed to be
IID Gaussian distributed by applying Central Limit Theorem, since a large number paths are
involved. Therefore, the sum of these channel gains will also have a Gaussian distribution with
its mean being the sum of individual means and variance being sum of the individual variances.
The joint PDF in case of linear combining is represented as:
1 1 1 —(1 — psp)’
2 2 2 xXp
v (2r(08p)) v (2r(0%R)) V(27 (0hp))

—(v2 —psr)®  —(¥3 — rD)?
2 + 2
205 20%p

fPAF (717 72, ’73)

(6.42)

where, 11, and a,% represent the mean and variance of channel links, while the index k € {1,2,3}

refers to S—D, S—R and R—D link respectively, as mentioned in equation 6.1. Since the joint
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PDF of channel link is IID distributed, it is given by f,, . (v1,72,73) = four (V1) four (72) four (73)-
Finally, the BER of UWB ED—PPM system using linear combining is expressed as:

BERic_ar = / / / (\/pAF LC)prp(%,’Yz,%)d’Yld’de’Vz
- [ LAV e v v

o [Fet SO S e

/// ( Fljr)Gl))\/(%ta%D)) \/(%1(0%3)) \/(27T20-12%D>)

e = LR W

exp {

6.3.2 Selective Combining

In selective combining, the SNR obtained from S—D and R—D links respectively in 1*¢ and 2"
time slots, are compared and the one with the highest SNR is chosen.
The SNR obtained at the destination node from S—D and R—D links in 1% and 2" time slot

respectively, are represented as:

psp_ar = (N1 (Fro = En))” (6.45)
B NfNO/Yl(EIO + EH) + 2NfN§WE '

M2
PRD—AF = W (6.46)

where, M = BapNivy2y3(Eso—Es1), N = Bar Ny Noyays(Eso+Es1) {1+ Barys}+2N NEWT;
{1+ Barvi + Barys} and By = Npvi(Ero—En)+BarNyv2v3(Es0— Fs1). The SNR obtained

at destination node due to selective combining is expressed as par_sc = Max {psp—_ar, PRD—AF }-
psp—ar and prp_ 4 refers to the SNR mentioned in equation 6.45 and 6.46, respectively. Sub-
sequently, the BER of UWB ED—PPM system using cooperative dual—hop AF strategy with

selective combining is represented as:

BERsc—_ap = / / / (\/ par- SC)prF(’Yl,’727’73)617105726[’73
N / / / (\/ 7 SC> \/(27&0%1))) \/(271(0§R)) \/(QWEU%%D))

exp _(71 - MSD) X —(72 - MSR)2 —(73 - MRD)2
20% ), 202, 20%

dry1dyedry3(6.47)
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Since the joint PDF of channel link is IID distributed, it is given by f,, . (71, V2, 73) = four(71)
four(¥2) four(73). Finally, the BER of UWB ED—PPM system can be represented as:

L e wa ) \/(2;02@)) wzwl(aég,)) ¢<2£afw>>

_ _ 2 _ _ 2 o o 2
(712 2usz>) N (72 2,USR) N (73 2uRD) } didradi (6.48)
0sp 205p 20%p

x|

6.3.3 Optimum Linear Combining

The decision statistics obtained at the destination node in the 1* and 2™ time slots respectively,
are optimally combined by a combining factor x, solved in equation C.4 of Appendix C, to give

a final decision statistic Z;,q;-

Ziota = Zsp + KZrp = (519sD + Znoise—sp) + £(Si9rD + Znoise—RD)

= (SigSD + ﬂSigRD) + (Znoise—SD + KZnoise—RD) (649)

S " S
—~ ~~

Stotal —signal Ziotal—noise

where, Siotai—signal ANd Zioral—noise TEPresent the total signal and noise component, respectively.
The total noise variance a%wmlimse corresponding to the noise term O_%totalfnoise is evaluated as

shown below.

0-2 = ]E[(Znoise—total)g] = E[(Znoise—SD + /{Znoise—RD)ﬂ

Ztotal—noise

= ]E[Zzoise—SD} + ’i2 ]E[meise—RD] + ZRE[ZnOiSE—SDZnOiSB—RD]

— 2 2 _2
o UZnoise—SD + k UZnoise—RD

(6.50)

2 2 2 2
Where’ ]E[Z oise—SD] - O-an-se_sp’ E[Znoise—RD] - O-an-se_RD

n

and E[Znoise—SDZnoise—RD] =0
because the noise terms from S—D and R—D links are independent, their cross-correlation is 0.

The noise variances 0% and 0% are derived in Appendix D.
noise—SD noise—RD

S R

Therefore, the SNR calculated at the destination node due to optimum linear combining is

expressed as:

(S?otal—signal> _ (SigSD + KSigRD)2
(

2 2 2.+2
O-Znoiseftotal O-Znoisest + k O-ZnoisefRD)

(S)?
- (m—a) D

where, Fy = N¢No {71(E10 + E11) + 2NWT}, Gy = BapNeNovays(Eso+Es1) {1 + Barys}
+ 2Ny NEWT, {1+ Bapvi + Barvys} and S = Nyyi(E1g — E11) + kBar Npy2ys(Eso — Ea1).

PAF—-LOC =
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The final decision statistic Z;,,; is compared to a decision threshold, to obtain the informa-
tion bit. PPM modulation scheme is employed to determine the decision threshold. The final

decision criteria hatz in case of optimum linear combining is expressed as:

R 0, Hy:Z = Ziptal = (Zlo - Zn) K(Zso — Z31) >0
3 (6.52)
1, Hi:Z = Ziota > (Z10 — Z11) + k(Z30 — Z31) <0

The joint PDF in case of optimal linear combining is represented as:

foar(71,72,73) 1 : 1 =P {M !
part V(2r(0%p)) V(27K (055)) V/ (27K (0% ) 2050
—(v2 = psr)® | —(vs — o)’
20l | 2wl } 07

where, j1;, and o7 represent the mean and variance of channel links while the index k € {1,2, 3}
refers to S—D, S—R and R—D links respectively, as mentioned in equation 6.1. Since the joint
PDF of channel link is IID distributed, it is represented as f,, (71,72, 73) = four (V1) four (72)
foar(73). Therefore, the BER of UWB ED—PPM system using optimum linear combining is

expressed as:

BERpoc—ar = / // (\/pAF Loc)prF(%ﬁm73)d71d72d73
- / | o5 Ve v

exp [ (1 —psp)*  —(v2—psr)®  —(3 — prp)?
Cecm 2%, 2ol | 2k,
dryydryadrys (6.54)

/// ( Flf);Gl))\/(%taéa)) \/(2m12(0?q3)) \/(27r/<;(0?w))

—(m —psp)®  —(e—msr)?  —(vs — prp)?
dry1dyod 6.55
exp [ 20, + 2207, + 21207, Y1dy2d3 (6.55)

6.4 Performance Analysis of a Cooperative DTF ED-PPM
System

This section discusses the theoretical BER performance of UWB ED—PPM system, using co-
operative DTF relay strategy for various diversity combining schemes. In the end of 1% time

slot, the signal received at the destination as well as relay node is represented by Equation
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6.4 and 6.5 respectively. The received signal rsg(t) obtained at the relay node, is passed
through a ED—PPM receiver. The decision statistics Zgpr obtained at S—R link is represented
as g = Aoy = Zog — Zo1 Where, Z5g and Z,; denote the decision statistics obtained from S—R

link due to transmission of information bit 0 and 1 respectively.

Nj—1

2iTs+jT s +md+T;
T = Y / r2(t)dt (6.56)
j=0 V2

iTot5Tf+md

where, the subscripts | € {1,2,3} denote S—D, S—R and R—D link respectively and m &
{0,1} the transmitted information bit. It is assumed that information bit b; = 1 is transmitted
from source node to relay as well as destination node. Therefore, the decision statistics obtained

from S—R link is Zgr = Zy = Z91, since Zyy = 0.

Ni=bl T Ty + A+ T,
2
Zn = Y / P2 (t)dt
=0 2iTs+jTr+A
= Pl + P2 + P3 = So1 + Znoise—21 (657)
~ = ~—  N—
signal noise—term signal notse—term

where, T; = T,,,4, + 1, represents the integration time interval. Here, 7, and 7,4, denotes pulse
duration and multipath delay spread, respectively. The decision statistics Z5; may be simplified

as shown below. In case of no IPI, equation 6.65 holds true.

Ni—1 i Ty+A+T; y L2—1
o= Y [ (3 agsntt 7~ 367, ~ A~ o) 4 nsa®))
2

=0 J2Ts+jTy+A 1=0
Nyl L1 2T+ Ty+A+T; Ny=1Ly-1
= > > o gen(t — jTy — 2T, — Ab; — 71)dt +2 )
j=0 =0 20T+ Ty +9 j=0 1=0
2Ts+5Ts+A+T, Ny-1
Oélyg/ gSR(t — ij — QZTS — Ab, — TLQ)TLSR(t)dt + Z
2iTs+jTr+A J=0
2T +jTi+A+T;
/ n2 () dt (6.58)
2iTs+jTr+A

where, information bit b; = 1 is transmitted from the source node to relay node in 1% time slot.

The signal term obtained from Zs; is evaluated below.

Ni71Lo-1 AT AJTy+A+T,
P = Z Z o2, G2n(t — jTy — 2T, — A — 75t
2iTs+jTr+A
= 511 = NfE2172 (6.59)

AT AT +A+T; o

2iTiiTi+n ISR (t—jTs—2iT,— A—7,5)dt denotes the received signal energy

where, Fy; =

component in Zs;. As explained earlier in Section 6.3, since a large number of UWB multipath
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channel gains are considered, channel gains can be approximated as Gaussian distributed using
the Central Limit Theorem.
The noise variances are assumed to be independent of the channel under consideration and

are represented as:

Nf*l[&fl
R = ER=2Y Y, |
j=0 =0

2T +jTy+A+T; /QiTs+ij+A+Ti
2iTs+jT+A 2

gSR(t — ]Tf — 2ZTS — A
iTs+iTy+A

_Tl,2)gSR(T — ij — 2iTS — A — 7772) ]E[HSR(t)nSR(T)]dth

UTy+JTy+A+T,  p2TotiTy+A+T,
= 2Nf’72/ / gsr(t — jTf — 2Ty — A — 19)gsr(T — 51}
2iTs+5Tr+A 2iTs+5Ty+A

—2iTs — A — 719)05(t — T)dtdr

2iTs+jTr+A4T;
= 2Nf’)/2—/ gSR(t — ]Tf — 2ZTS — A — Tl72)dt
2

1T5+]Tf+A
= N;yNoEa17y, (6.60)
where, E[ngr(t)nsg(7)] = O2(t — 7) = 226(t — 7) and fQZZ;;sLJ;;fjAA+T No§(¢ — 7)dr = %
Nr=bl Tt j T+ AT, p2iTs 5T +A+T;
9 9 tlsTJLf i 1lsTJLf i 9 9
o, = E[P]=) E | {nip(t)}" |dtdr
=0 2iTs+jTr+A 2iTs+jTr+A
N2
= Nf/ / Odth_Nf/ —LoW dt
Tt 2
= NyNJWT; (6.61)

where, the value of E { {n2,(t)}° } = NT‘? as solved in Appendix A. The variance of n?(t) tends
to Dirac—Delta function, where the integral vanishes outside the range [—t,T; — t]. Parsevals
theorem is used to solve equation 6.62. The noise term has a total variance of a%nm_se_m =
0]2\,1 + 0]2\,2 = Nt NoEo17v2 + NfNOQWTZ-.

To extract the information bit b, at the relay node, the decision statistic Zgp is compared to
a decision threshold. As we have used PPM scheme, the decision threshold is taken to be 0.

The decision criteria Z can be expressed as:

, 0, Hy:Z ="Zsp= 221 >0

bo=5= 0 SR o (6.62)
I, Hy:Z=Zsgp=221<0

The received signal rsp(t) obtained at the destination node in 1% time slot, is detected

using a ED—PPM receiver, whose decision statistics Zgp obtained from S—D link is given as

Zsp = 41 = Zyo — Z11 wWhere, Z1g and Zp; represent the decision statistics obtained from
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S—D link due to transmission of information bit 0 and 1 respectively. Since it is assumed that
information bit b; = 1 is transmitted from source node to destination node, the decision statistics

obtained from S—D link is Zgp = Z; = Z11, as Z19 = 0.

Ni7bl 2T T+ AT,
2
Zn = / rep(t)dt
=0 2T+ Tr+A
= Q1 + Q2+ Q3= 511 + Znoise-11 (6.63)
e N N N——
signal noise—term signal noise—term

The decision statistics Z7; is simplified as shown below, taking into consideration that there is

no IPI.

Ni=l i j Ty +A4T;, 1] 2
= Z / ( Z @l,lgsD(t - ij — 2iTs — Ab; — Tl71) + ”SD(t))
Ny—1L1-1 2T+ Ty +A+T; Ny—1Li-1
= Y Y el Gep(t — Ty — 20T = A—my)dt +2 > > ayy
- 2T +jTi+A =0 1=0
2T +jTi+A+T; Ne=1 T+ Ty+A+T;
/ gSD(t — ij — ZZTS — A — Tl71)nsp(t)dt + Z /
ATs+jTi+A 20 JATATT A
ngp(t)dt (6.64)
The signal term obtained from Z3; is given below.
Ny—1L,-1 2T +jTy+A+T;
Q1 = Z Z ail gap(t — jTy — 2iT, — A — 7p1)dt
= S11 = NfEn’Yl (6.65)

;ZTTLJ;; fjAAJrTi Gip(t — jTy — 2iTs — Ab; — 7,1)dt denotes the received signal

where, Fy; =
energy component in Z;;. As explained in Section 6.3, since a large number of UWB multipath
channel gains are considered, the channel gains can be approximated as Gaussian Distributed
using the Central Limit Theorem le ai = ;. As described in Section 6.3, since the PSD
01 (f) of noise is sufficiently flat, the autocorrelation function of noise can be approximated as
O (1) = 225(7)[175].

As the noise variances are assumed to be independent of the channel under consideration,

the variances (), and ()3 obtained from Z1; are as follows:

Ni=1r,-1 2Ts+iTs+A+T;  p2iTs+jTi+A+T;
2 2 2 . .
oy, = E[@]=2 § E az,1/ / gsp(t — jTy — 20T, — A
=0 1=0 2Ts+jTy+A 2iTs+jT+A

—711)9sp(T — jTf — 2iTy — A — 71) E[ngp(t)nsp(7)|dtdr
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QZTS—‘,—]Tf—G-A—i-T 21T6+]Tf+A+T
= 2Nm / / gsp(t — jTy — 2iTs — A — 711)g9sp(T — T}
2 2

iTs+jTe+A iTs+iT+A
—2iTs — A —7111)01(t — 7)dtdr
2’LTS+ij+A+Ti
= 2Nf’71—/ ggvD(t —ij — QZTS — A - Tl’l)dt
2Ts+jTi+A
= NfNOElof}/l (666)
where, Blnsp(t)nsp(7)] = 0y(t = 7) = 5e6(t — ) and im0 5po(e — m)dr = B,
Nf—1 T 4 jTy+A+T; 20T+ Tp+A+T; )
oy, = E[Q3]= Z / / E{{néD(t)} ]dth
—o /2T T +A 2T +jTs+A
= N / / Odth_Nf / OQWdt Ny NGWT; (6.67)
Ti—t

where, the value of E [ {(n%,(t)}" ] = NT‘? is evaluated in Appendix A. As the variance of n} (¢)

tends to Dirac-Delta function, the integral vanishes outside the range [—t,7T; — t|. Parsevals

theorem is applied to solve equation 6.68. The total noise variance 0%

ey, Corresponding to

noise term Z,gisc—11 has a value of = 03, + o3, = NyNoEyv + NyNgWT;,.
The SNR obtained at the relay node in 1% time slot is denoted as:

NfE2172

6.68
NyNoEo1v2 + NfN(?WTi ( )

PSR—DTF

where, information bit b; = 1 is transmitted from source node to relay node. At the relay node,
an error occurs if information bit b; = 0 1s received. Therefore, the probability of error P,

obtained at the relay node is expressed as:

Pe - Q (%) prTF (72)d’72 (669)

bl _ 1 —(v2—psr)? _
where, the PDF of S—R link is expressed as f,,,..(72) = TEei) exp { 200 } . Further
more, pi5p and 0%y denotes the mean and variance of S—R link of 802.15.4a UWB channel
respectively.

After extraction of information bit at the relay node, signal transmitted from the relay node

to the destination node in 2™ time slot is represented as:

o Ny—1

spp(t) = VE Y > p(t—jTy — (2i + )T, — Ab;) (6.70)

i=—o0 j=0
where, the pulse signal energy is represented as £ = | fooo p?(t)dt. The detected information bit

at the relay node is denoted as b;. The received signal rzp(t) obtained at the destination node
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in 2" time slot is represented as:

oo Ny—1 La—1

TRD(t) = \/_Z Z t—]Tf—<21—|—1T Ab 2@13(575—7'[3

i=—oc0 j=0

’I’LRD(t)
L3—1

= Z ahggRD(t — ij — (22 + I)TS — Ab; — Tl73) —|— nRD(t) (671)
=0

The aggregate signal response grp(t) at R—D link is expressed as grp(t — jTf — (2¢ +
DT, — Ab,—713) = VE X SV plt — 5Ty — (20 +1)T, — Ab) % 3(t — 73). The noise
(AWGN) obtained from R—D link is given by ngp(t). The received signal rrp(t) obtained at
destination node is then demodulated using a ED—PPM receiver, whose decision statistics Zrp
is represented as Zrp = Zs = L3y — Z31 where, Z3y and Z3; denote the decision statistics
obtained from R—D link, due to transmission of information bit 0 and 1 respectively. In case
of correct detection at destination node, information bit 1 is received, when information bit
1 is forwarded from relay to destination node. Therefore, the decision statistics obtained at

destination node from R—D link is expressed as Zrp = Z3 = Z31, since Z3y = 0.

Ny—1

Z31 =

(2i4+1)Ts+j T +A+T;
/ rp(t)dt
(

‘o J@DT T A
= Ry +Ro+ R3s = 831 + Zpoise—31 (6.72)
NN I NG il

signal  noise—term signal  noise—term
The decision statistics Z3; may be simplified as shown below. In case of no IPI, equation 6.74
holds good.

Nj—1

(2i4+1)Ts+jTr+A+T, Lz—1 /
Zs1 = / ( 3" cwsgro(t — T — (20 + )T, — Ab, — 13) +
o /(

= 2i+1)Ts+5Ty+A =0

nRD(t)) 2

Nj—113-1 i+ 1) Ts+5 Ty +A+T; Nyl
= Z Z%/ Gan(t = jTp — (2i+ DT — A —mg)dt +2 >
2i+1)Ts+5Tr+A §=0

L3—1 (2i+1)Ts+5 Ty +A+T; Ng—1
Z a3 gRD(t — ]Tf — (22 + 1)TS — A — Tl73)nRD(t)dt + Z
—o (2i+1)Ts+jTp+A =0

(2i4+1)Ts+j Ty +A+T;
/ n%(t)dt (6.73)
(204+1)Ts+j Ty +A

where, b; = 11s the correctly detected bit transmitted from relay to destination node. The signal
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component /77 obtained from R—D link is as follows.

B = Z Zazs

(204 1) To+jTy+A+T;
/ Gopt — Ty — (2 + )Ty — A — 73)

(2i4+1)Ts+iT+A

= 831 = NfEsl’Y3 (6.74)

where, E5; = | ((QZ:II)ZLJTI; f:AA +h grp(t —jTy — (20 + 1)Ty — A — 7,3)dt denotes the received
signal energy component in Z3;. As explained in Section 6.3, since a large number of UWB
multipath channel gains are considered, the channel gains can be approximated as Gaussian
Distributed using the Central Limit Theorem } ;. o, = 3. As described in Section 6.3, since
the PSD 6 (f) of noise is sufficiently flat, the autocorrelation function of noise can be approxi-
mated as 6y, (7) = 226(7)[175].

The noise variances are assumed to be independent of the channel under consideration.
Hence, the noise variances R, and R5 obtained from Z5; are as follows:

Ny—1r3-1 (24 D) T+ T +A+T;  p(2i4+1)Ts+5Ti+A+T;
/ grp(t — Ty
(

2 _ 2 _ § : § :
=0 1= (2 2i+1)Ts+5Tr+A

—(2i + 1T, — A —m3)9rp(T — jTy — (20 + 1)Ts — A — 73) E[ngp (t)nrp(7)]

i+1)Ts+iTi+A

dtdr

(2’i+1)Ts+ij+A+Ti (2i+1)T5+ij+A+Ti
= 2Nf’}/3/ / gRD(t — ij — (22 + 1)T5 — A — 7'173)
(2i+1)Ts+ij+A (2i+1)Ts+ij+A

grp(T — jTf — (20 + 1)Ts — A — 73)05(t — 7)dtdr

2'L+l Ts+]Tf+A+T
= 2Nf73_/ gRD(t — Ty — 2+ 1)Ts — A — 1 3)dt
2i+1) Ts+ij+A

= NyNoEs17y3 (6.75)
where, E[ngp(t)ngp(T)] = 05(t — 7) = 20§(t — 1) and f;ﬁ;ﬁgf:ﬁ*ﬂ No§(t — 7)dr = M.
, ) Ng—1 (2i+1)Ts+jTr+A+T;  p(2i+1)Ts+jTr+A+T; ) 9
= EE=Y [ / B | {0}’
=0 Y @+DTs+iTr+A (2i4+1)Ts+5Tr+A
dtdr
= N / / Odth—Nf / 02Wdt Ny NGWT; (6.76)
T;—t

where, the value of E {{nfw(t)}2

2
} = Nf is evaluated as given in equation A.2 of Appendix
A. The variance of n2(t) tends to Dirac-Delta function, where the integral vanishes outside the

range [—t,T; — t|. This is solved using Parsevals theorem, as observed in equation 6.77. The
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decision statistic Zgp obtained at the destination node contains signal term sigrp = S31 =
N¢Es317v3 and noise term Z,,sc—gp. The noise term has a total variance of J%M“%RD =
NyNoEs1vs + Ny NSWT,.

The SNR obtained at the destination node from S—D and R—D links in 1% and 2" time slots

respectively, are represented as:

(NfE1171)2
_ = 6.77
PSD—DTF N NoEui + Ny NgWTZ- ( )

(N Ez173)?
NfN()Egl’)/g + NfNSWT‘Z

(6.78)

PRD—-DTF

where, b; = b, = 1 in case of correct detection. Thus, correctly detected information bit b, = 1
is forwarded from the relay node to destination node in 2™ time slot. At destination node,
the decision statistics obtained from the two time slots are combined using linear diversity
combining, selective diversity combining and optimum linear diversity combining to form a

final decision statistic, which is subsequently evaluated in the following section.

6.4.1 Linear Combining

1) Correct Detection at Relay Node: At the destination node, the decision statistics Zgp and Zrp
obtained from S—D and R—D links in 1*' and 2" time slots respectively, are linearly combined
to form Zioiqr = Zsp + ZrD = Stotal—signal + Znoise—total>» @5 mentioned in equation 6.38. The
individual decision statistics obtained from S—D and R—D links are mentioned in equation

6.36 and 6.37 respectively. The total noise variance 0% = 0% + o

noise—total Znoise—SD

2
Znoise—RD

corresponding to the noise term Z,,,;se—tota; 1S €valuated in equation 6.39.

When information bit (b; = 1) is transmitted from the source node to the relay node, b; =1
is obtained at the relay node, in case of correct detection. The correctly detected bit is then
forwarded to the destination node. Subsequently, the SNR obtained at destination node due to

correct detection is represented as:

2 . : 2
p - Stotal—signal . (SZgSD + SZgRD>
DTF-LC-CD — -
2 (02 + 0% )

Znoise—total Znoise—SD Znoise—RD

(s11 + 331)2
o2 + 02

Z’noisefll Znoisef?:l
_ (N¢Enm + NpEsvs)? (6.79)
NyNoEnv1 + NyNoEsiys + 2N NeW'T;, .

where, b; = b; = 1 in case of correct detection.
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In order to extract the information bit, the final decision statistic Z;,;,; is compared to a
decision threshold 0. PPM signalling is employed to determine the decision threshold. The

final decision criteria Z can be expressed as:

R 0, Ho:Z = Zita = (Z1o— Z11) + (Z3o — Z31) > 0
5= (6.80)
1, Hy:Z = Ziota = (Z10 — Z11) + (Z30 — Z31) <0

ii) Incorrect Detection at Relay Node: In case of incorrect detection, when b; = 1 is trans-
mitted from source node to relay node, the detected bit at relay node is b; = 0. The incorrectly
detected bit is forwarded to the destination node in the next time slot. Thus, the SNR at the

destination node due to incorrect detection is represented as:

D LC—ID 2 ( Z 5 )2
PDTF—LC—
( Znoisest )

(310)2

O-%noi56710 + U%noisef31
N By )?
_ ( f 1071) (6.81)
Ny No(Eromn + Es1ys + 2NoW'T;)

ZnoisefRD

Using probability theory, the generalized BER in case of incorrect detection is expressed as:

<[ [ sigsp — si
BER = / / Q ( = IED ) fPDTF (717 WS)d’yl d’}/g (682)
0 0

[ 2
2 O-Znoiseftotal

When information bit 1 is transmitted from source node to relay node, due to erroneous de-

tection at relay node, the information bit received at destination node through R—D link is 0.

Therefore, sigrp = 0.

= / / Q( 0 )prTF(%mg)dmdw, (6.83)
0 0 2\/(UZnoisc—SD + O-Znoise—RD)

As described earlier in Section 6.3, the individual channel gains for S—D, S—R and R—D

channel links may be assumed to be IID Gaussian distributed by applying Central Limit The-
orem, since a large number paths are involved. Therefore, the sum of these channel gains will
also have a Gaussian distribution with its mean being the sum of individual means and variance
being sum of the individual variances. The joint PDF in case of linear combining is represented
as:

1 1 —(n — MSD)2 —(73 — MRD)2
2O'§D 2012%1)

fPDTF (’717 '73) =
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The final BER of UWB ED—PPM system using linear combining is expressed as:

BERo pre = / / (\/pDTF 5= CD)prTF(71,73)d71d73)(1—Pe)+
O : Q(\/pDTF ts ID)prTF 1573 d%d%a) (P.)
= /O ) /0 OOQ(\//)DTF . CD)prTF o prTF(%)d%d%)( ~P)+
OOO /0 OOQ(,/”DTF 2 “J)prTF 7 prTF(w)dmd%) (P.) (6.85)

where, the value of P, is solved in equation 6.70. Since the joint PDF is IID distributed, it
can be given by f,,,.(71,73) = fopre (1) foprr(73). Therefore, the BER of UWB ED—PPM
system using cooperative dual—hop DTF strategy with linear combining is obtained below by

replacing the value of equation 6.86 in equation 6.85.

/OO /OO Q( /pDTFLCCD) 1 exp {—(’h — psp)? . —(vs — prp)?
0 2 21/ (0% 0% ) 20%p 20%p
IO 1
v, d%) / / ( | PDTF-LC ID) exp
2 27 (Ug*DUJQ—zD)

[_W;_QMSD) e _2MRD) ]d%dvs) (P.) (6.86)
0Sp 20%p

6.4.2 Selective Combining

(i) Correct Detection at Relay Node: In selective combining, the SNR obtained at the destination
node from S—D and R—D links in 1*! and 2" time slots respectively are compared, and the one
with the highest SNR is chosen. The probability of selecting the channel link based on the
highest SNR is evaluated after integrating the joint PDF of the channel links with proper limits.
The joint PDF of channel links S—D and R—D is represented as:

1

27T0'5'D0'RD

(. — p)” + (y — ps)?
20spORD

flz,y) = (6.87)

exp—{

where, x and y represent independent gaussian random variables with means psp, ptrp and
variances 0%, ok of S—D and R—D channel links respectively. Hence, the probability that

S—D channel link is selected is represented as:
Po= f(x)= / / [z, y)dzdy (6.88)
—oo Jy
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Therefore, the probability of selecting R—D channel link is P =1 — P;.

ii) Incorrect Detection at relay node: When information bit b; = 1 is transmitted from
source node to relay node, due to erroneous detection at relay node, information bit b; =01is
obtained. In the next time slot, the incorrectly detected bit b; = 0 is transmitted from the relay
node to the destination node.

The final BER of UWB ED—PPM system using cooperative dual—hop DTF strategy with

selective combining is expressed as:

BERsc_prr = (Pl/0 Q(\/ m%) Joprr(y1)dy1 + Ps/o Q(\/ 'ORD%)
fPDTF (,73)d/73) (1 - Pe) + (Pl /OO Q( m%) prTF(’Vl)d’}/l
0 V
+Ps / (1 —Q(,/ M)prTF(%)dvg) P, (6.89)
0 2

_ (P1/°°Q( [psp- DTF)\/(Q;eXp {—(vg—giw)?mﬁ&/j
o) e oo o
o) gt [ [
(1—@( /pRD;DTF> (QW(UﬁD))eXp[ (732 ;?;;RD) } d%) (P) (6.90)

(73#RD)2:|

2
20%p

oy — 2
where, fPDTF (71) - \/(QWEUED)) eXp |: (’y;aéLjD) } and fPDTF (’73) = \/(2ﬂ_20_2 ) exp |:

RD

represent the PDF of S—D and R—D channel links respectively.

6.4.3 Optimum Linear Combining

(i) Correct Detection at Relay Node: At the destination node, the decision statistics obtained
from the destination node in 1 and 2" time slots respectively, are optimally combined to give

final decision statistic Z;tqy = Zsp + kZgrp. The optimal combining factor « has a value of
(J%noise—SD)SRD
(a%noise—RD )SSD ’

obtained at the destination node using optimum linear combining is represented by equation

K= as solved in equation C.4 of Appendix C. The final decision statistic Z;,sq;

6.50. To solving the noise term Z,,,;se—total, W€ €valuate its variance, which is already obtained

in equation 6.51.
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The SNR at the destination node due to optimum linear combining is expressed as:

82
o total—signal
PDTF-LOC-CD = B E—

Znoise—total

_( (sigsp + ksigrp)* )

2 2 +2
O-ZnoisefSD + k7o

(811 + /‘11831)2

O-%noise—ll + /{120%’”0”6731
_ (NyEum + kNpEs7ys)? 6.91)
NfNO(EH’}/l + N()WTZ) + /fZNfNO(E?;l’V?) + NOWTZ)

Znoise—RD

Also, b; = b; = 1 in case of correct detection.
In order to extract the information bit, the final decision statistic is compared to a decision
threshold, which is decided on the basis of PPM modulation scheme. The final decision criteria

Z can be expressed as:

. 0, Ho:Z = Zipta = (Z10— Z11) + k(Z30 — Z31) <0
z = (6.92)
1, Hi:Z = Zipa = (Z10 — Z11) + k(Z3og — Z31) > 0

i1) Incorrect Detection at Relay Node: In case of erroneous detection, b; = 0 is detected at
the relay node, when b; = 1 is transmitted from source to relay node. Further, this incorrectly
detected bit is forwarded from the relay node to destination node, leading to BER degradation.

Therefore, the SNR at the destination node due to incorrect detection is represented as:

P o (SiQSD)2
prrmrocHy <O-%noise—SD + K/Qo-%noisefRD)
_ (510)*
%noise—lo + Kzzo—%noise—?:l
(NfElo’Yl)2

= (6.93)
NyNo(Ergyr + NoWT;) + 62Ny No(Es17v3 + NoW'T5)

The BER in case of incorrect detection can be expressed as:

R St — KSi
BER = / / Q( gsp QRD)prTF (71, 7v3)dy1dy3 (6.94)
o Jo

[ 2
2 O-Znoiseftota,l

Due to incorrect detection at relay node, the information bit received at destination node from

R—D link is 0, when information bit 1 is transmitted from source node to relay node. Thus,

SigRD =0.

= / / Q ( 5 5D 5 2 ) fPDTF (717 73)d'71d'73 (695)
0 0 2\/(0Znoise—SD + k UZnoise—RD)
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The BER at the destination node using optimum linear combining can be expressed as:

PDTF—-LOC—CD

BERpoc-prr = / / 5 - >prTF(71,73)d71d73>(1—Pe)—i—
o Jo

oy
/OOO /OOO @ (\/W) fopre (11, ’YS)d’Yld’yg) (P.)
oy

PDTF—LOC—
=cid ZOC el > fPDTF (71>fPDTF (73)d71 d%’))

=rt [T [T P () ()

dm d%»,) (Pe) (6.96)

where, f, .0 (71:73) = foprr (1) foprr (73) because the channel gains are IID Gaussian dis-
tributed. Also, P, is obtained from equation 6.70. The joint PDF in case of optimum linear

combining is expressed as:

1 1 —(m —psp)® | —(vs — prp)?
, ex +
Toore (11:%) NACLTEISRVACLT S P 20%p 2K%0%p
dy1dys (6.97)

Replacing the value of equation 6.99 in equation 6.98, we obtain the final BER, as observed in
equation 6.100. Finally, the BER of UWB ED—PPM system using cooperative dual—hop DTF

strategy with optimum linear diversity combining is expressed as:

<[ PDTF—LOC—CD 1 —(1 — psp)?
s [ LA
roembre o Jo 2 2m\/ok K2 0% 20%p

—(73 - MRD) / / PDTF-LOC—ID
—= 2 |dvyd
2r%0% Na7s 2
1 — (1 — ,MSD) — (3 — ,MRD) } )
ex + dvyid
o /—UgDK2U2RD p { 2U§‘D 2H2U%D Y1473

(P.) (6.98)
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6.5 Simulation Results

BEI§ Performance of ED-PPM Rxr using AF strategy in UWB CM1 for Nf=1
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BEI(?)Q Performance of ED-PPM Rxr using AF strategy in UWB CM1 for Nf=2
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Figure 6.2: BER performance of UWB ED—PPM system using cooperative AF strategy with

various combining schemes in CM1 channel for (a) Ny = 1 (b) Ny = 2
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BE(I)? Performance of ED-PPM Rxr using AF strategy in UWB CM2 for Nf=1
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Figure 6.3: BER performance of UWB ED—PPM system using cooperative AF strategy with

various combining schemes in CM2 channel for (a) Ny = 1 (b) Ny = 2
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AnaIyOVs Sim BER of ED-PPM Rxr using AF with Opt. Linear Comb. in CM1
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Anal Vg Sim BER Performance of ED-PPM Rxr using AF with Selective Comb. in CM1
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Figure 6.4: Analytic vs Simulated BER performance comparison of UWB ED—PPM system
using AF strategy in CM1 channel having Ny = 1, 2 for various combining schemes namely (a)

Optimum Linear Combining (b) Linear Combining (c) Selective Combining
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(b)

Figure 6.5: Dual—Hop Cooperative System Model with single—link and (a) L=5 relay paths
(b) L=10 relay paths
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BER \O/S SNR Plot for ED-OOK Rxr using AF with Opt. Linear Combining in CM1
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BER vs 0SNR Plot for ED—OOK Rxr using AF with Selective Combining in CM1
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Figure 6.6: BER performance of UWB ED—PPM system using dual-hop cooperative AF strat-
egy in CM1 channel with (a) Optimum Linear Diversity Combining for L = 0, 1,2, 5, 10 relay
paths (b) Linear Diversity Combining for L = 0, 1,2, 5, 10 relay paths and (c) Selective Diver-
sity Combining for L = 0,1, 2,5, 10 relay paths
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BEI% Performance of ED-PPM Rxr Using DTF strategy in UWB CM1 for Nf=1
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Figure 6.7: BER performance of UWB ED—PPM system using cooperative DTF strategy with
various combining schemes in CM1 channel for (a) Ny = 1 (b) Ny = 2
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BER Performance of ED-PPM Rxr Using DTF strategy in CM2 for Nf=1
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Figure 6.8: BER performance of UWB ED—PPM system using cooperative DTF strategy with

various combining schemes in CM2 channel for (a) Ny = 1 (b) Ny = 2
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Figure 6.9: Analytic vs Simulated BER performance comparison of UWB ED—PPM system
using DTF strategy in CM1 channel having N; = 1,2 for various combining schemes namely

(a) Optimum Linear Combining (b) Linear Combining (c) Selective Combining
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BEROVs SNR Plot for ED-PPM Rxr using DTFwith Selective Comb. in CM1
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Figure 6.10: BER performance of UWB ED—PPM system using dual—hop Cooperative DTF
strategy in CM1 channel with (a) Optimum Linear Diversity Combining for L = 0,1,2,5,10
relay paths (b) Linear Diversity Combining for L = 0, 1,2, 5, 10 relay paths and (c) Selective
Diversity Combining for L = 0, 1,2, 5, 10 relay paths
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Figure 6.11: BER performance comparison of non—coherent UWB receivers using dual—hop
Cooperative DTF strategy over CM1 environment with (a) Optimum Linear Diversity Combin-

ing (b) Linear Diversity Combining and (c) Selective Diversity Combining
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This section gives the computer simulation results for the BER performance of ED—PPM sys-
tem, using cooperative dual—hop relay strategies with various diversity combining schemes,
namely optimum linear combining, linear combining and selective combining, over UWB CM 1
and CM2 channels respectively. Matlab tool was used to obtain the computer simulations. The
analytical BER expressions obtained for the performance analysis of cooperative dual—hop
UWB ED—PPM system, using cooperative AF and DTF relay strategies with various com-
bining schemes, are plotted using numerical integration, and then compared with the simula-
tion results. The main parameters considered for simulations are Ny = 1,2, N = 200000,
W = 2GHz 1T, = 4nsand Fy,,, = 10 GHz, where Ny represents the number of
frames in one symbol, N the number of bits, I the bandwidth of bandpass filter, 7; the inte-
gration interval and Fj,,,, the sampling frequency. A second order Gaussian derivative pulse
p(t) =1 —4xn((t)/Ty)*)exp(—2 x pi. x ((t)/T}).?) is used for transmission, where ¢ denotes
the time interval and 7, = 0.15 ns the pulse width control factor. The values of means i
and variances 0,3 obtained from UWB CM1 channel, are noted to be 12.5 dB and 3.5 dB re-
spectively. The index k € {1,2,3} here refers to S—D, S—R and R—D link respectively, as

discussed in equation 5.3.

Fig 6.2(a) and (b) illustrates the BER performance of UWB ED—PPM system using co-
operative dual—hop AF strategy with various diversity combining, over IEEE 802.15.4a UWB
CM1 environment, for Ny = 1 and 2 respectively. It is inferred from the BER plots in the
Figures that using cooperative AF scheme gives a much better BER performance, compared to
non—cooperative or single—link. Among the diversity combining schemes, Optimum Linear
Combining gives the best BER performance followed by Linear Combining and then Selective
Combining for any SNR. It is also concluded that SNR gain degrades by a margin of 3 — 4 d B,

as Ny increases from 1 to 2. This leads to BER degradation.

The variation in BER vs SNR of UWB ED—PPM system using cooperative dual—hop
AF strategy with various combining schemes in IEEE 802.15.4a UWB CM2 environment for
Ny = 1 and 2, can be inferred from Fig 6.3(a) and (b) respectively. At a BER of 10~%, NLOS
channel i.e. CM2, suffers a SNR loss of 4 dB, compared to LOS environment i.e. CM1, as
observed in Fig 6.3(a) and (b). It can also be concluded from both the Figures that as far as
combining schemes are concerned, Optimum Linear Combining > Linear Combining > Selec-
tive Combining > Single—Link. It is observed from the Figures that as N, changes from 1 to

2, SNR degrades by a margin of 3 — 4 dB, leading to degradation in BER performance.
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Fig 6.4(a), (b) and (c) compares the analytical vs simulated BER performance of UWB
ED—PPM receiver using cooperative AF strategy, with various diversity combining schemes,
in UWB CMI1 channel. It can be inferred from the results that the simulation plots nearly

coincide with the plot of analytical results at all BER for Ny =1, 2.

The dual—hop cooperative system model having single path and L = 5 and 10 relay paths
are as shown in Fig 6.5(a) and (b). respectively. Fig 6.6(a), (b) and (c) presents the BER
performance of UWB ED—PPM system using dual—hop cooperative AF strategy for various
diversity combining schemes having L = 0,1, 2,5, 10 relay paths. It can be concluded from
the Figures that increase in relay paths (L = 10) gives better performance, compared to using
less number of relay paths (L = 0, 1, 2, 5), using any of the diversity combining schemes. This
is because more the number of multipaths, more is the multipath energy extracted. Therefore,
greater the diversity more is the improvement in BER performance. It can also be inferred from
the simulation results that UWB ED—PPM system, using cooperative AF strategy with various
diversity combining schemes and (L = 1,2, 5, 10) relay paths (diversity) gives a much better

BER performance compared to single—link or non—cooperative case L = 0.

Fig 6.7(a) and (b) illustrates the BER performance of UWB ED—PPM system using dual—hop
cooperative DTF relay strategy for various diversity combining schemes, in UWB CM1 envi-
ronment having Ny = 1 and 2 respectively. It is observed that increase in number of frames
N; from 1 to 2, leads to degradation in BER performance. At a BER of 10~*, optimum linear
diversity combining scheme gives a SNR improvement of 1 dB and 2 d B over linear diversity
combining and selective diversity combining, respectively. It is also observed that DTF relay

scheme gives a SNR gain of 1 dB over AF scheme, at all BER.

The BER performance of UWB ED—PPM system using cooperative dual—hop DTF strat-
egy for various diversity combining schemes, in UWB CM2 environment having Ny = 1 and 2
respectively, is presented in Fig 6.8(a) and (b). It is inferred that CM2, NLOS channel suffers
a performance loss of 3 dB, compared to LOS, CM1 channel. Also, the BER performance
degrades with increase in number of frames V. It can also be observed from the Figures that

DTF relay scheme supersedes AF relay scheme, by a margin of 1 dB at a BER of 1074,

The analytical and simulated BER performance of UWB ED—PPM system, has been com-
pared using dual—hop cooperative DTF relay strategy, for all these three diversity combining
schemes and the results are as depicted in Fig 6.9. Fig 6.9 (a), (b) and (c) confirms the conver-

gence of analytical accuracy of the evaluated BER with the simulated BER plots for all these

232



Chapter 6. Performance Analysis of Non-Coherent UWB Cooperative ED—PPM System

three diversity combining schemes namely optimum combining, linear combining and selective

combining respectively, for Ny = 1,2.

Fig 6.5(a) and (b) represents a dual—hop cooperative system model having L = 5 and
10 relay paths respectively. Fig 6.10(a), (b) and (c) presents the BER performance of UWB
ED—PPM system using dual—hop cooperative DTF strategy, for various diversity combining
schemes having L = 0,1, 2,5, 10 relay paths. It can be concluded from the Figures that BER
performance of UWB ED—PPM system using cooperative DTF strategy with various diversity
combining schemes and (L = 1,2, 5, 10) relay diversity paths, gives a much better BER perfor-
mance compared to single—link L = 0. The reason being, more the number of multipaths, more
is the multipath energy extracted. Therefore, greater the diversity more is the improvement in

BER performance.

The BER performance of non—coherent UWB receivers namely AC (TR and DTR) and ED
(OOK and PPM) using cooperative dual-hop AF and DTF relay strategies with various diversity
combining schemes, over UWB CMI channel, for N; = 1, is compared as shown in Fig 6.11(a),
(b) and (c). It can be inferred from the simulation results that DTF relay scheme enjoys a SNR
gain of 1 dB over AF relay scheme, for any BER. DTR outperforms ED—PPM, ED—OOK,
TR by a SNR margin of 2 dB, 2.5 — 3 dB, 3 — 3.5 dB respectively, at a BER of 2 x 1075, It
can be concluded from all the Figures that as far as BER performance of non—coherent UWB
systems are concerned, DTR > ED—PPM > ED—OOK > TR. This is because, in case of ED,
all the useful received signal energy is recovered, despite having a higher noise contribution due
to squaring operation whereas, TR wastes 3 dB of energy transmitting a reference pulse. DTR
system sends differentially modulated data, thereby requiring less energy in transmitting the
same information as TR system, since it does not waste energy in transmitting a reference pulse.
Furthermore, DTR system transmits differentially modulated data, thereby giving the best BER
performance among all the non—coherent UWB receivers. Among the low complexity ED
systems, ED—PPM supersedes ED—OOK by a SNR margin of 1 dBB, at a BER of 10~%. This is
because ED—OOK system does not transmit a Gaussian second order pulse when information
bit 0 is transmitted, as a result inducing more noise during detection. This leads to degradation

in BER performance.
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6.6 Concluding Remarks

The approximate BER expression for UWB ED—PPM system using dual—hop cooperative
AF and DTF relay network, is derived in the chapter. The analytical BER expressions are
obtained for three cases namely optimum linear diversity combining, linear diversity combining
and selective diversity combining. The expressions are validated with the simulation results
employing IEEE 802.15.4a UWB standard between the relay nodes and links. The overlapping
or the convergence of the simulation results with the analytical results, confirm the accuracy and
perfectness of approximation used in evaluation of BER. Numerical results depict improvement
in BER with increase in number of relay paths L. CM1, LOS in nature gives a better BER
performance than CM2, NLOS in nature. It is also observed that with increase in number of
frames V¢, leads to degradation in BER performance for UWB CM1 and CM2 environment.
It can be inferred from the simulation results that, using dual—hop cooperative relay schemes
give a performance gain of 2 — 3 dB, compared to non—cooperative scheme. Furthermore,
DTF relay strategy gives a SNR gain of 1 dB over AF relay strategy, at a BER of 10~. The
simulation results clearly depict that despite the slight superiority of AC systems namely DTR
over ED systems in BER performance, ED systems are preferred because of its low hardware
complexity, low cost and simpler implementation. Among the low complexity ED systems,
ED—PPM supersedes ED—OOK by a SNR margin of 1 dB, at a BER of 10~*. This is because
ED—OOK system does not transmit a Gaussian second order pulse when information bit 0 is
transmitted, as a result inducing more noise during detection. This leads to degradation in BER

performance. Thus it can be concluded that ED—PPM system acts a perfect alternative..

In this chapter we present an analytical approach based on energy detection, to evaluate
the BER performance of UWB ED—PPM system using cooperative dual—hop AF and DTF
relay strategies with various diversity combining schemes, over IEEE 802.15.4a environment.
Furthermore, the analytical approach is validated with the computer simulations. The conclu-

sion of the research work carried out in this thesis is presented in the next chapter.
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Chapter 7

Conclusions and Future Work

The work presented in this thesis, evaluates the BER performance of non—coherent UWB
systems namely AC and ED, using various diversity combining schemes in cooperative and
non—cooperative scenario from both analytical as well as simulation perspective. The issues
pertaining to single—link scenario is studied, which leads to cooperative scheme, that over-
comes the various issues of UWB such as wide coverage area, high data rate and good BER
performance. The performance improvement in using the cooperative scheme is demonstrated
using a cooperative dual—hop system model, with AF and DTF relay strategies. This chapter
summarises the various findings from the work done in this thesis, giving suggestions for further

investigations.

7.1 Concluding Remarks

UWRB is advantageous over other wireless counterpart due to large bandwidth, ability to transmit
extremely short duration pulses, superior penetration property, low cost, low power consump-
tion, high precision ranging and simple implementation. The huge bandwidth occupancy of
UWRB signal, makes it robust to multipath fading and ISI effects. UWB finds its applications
in military, medical applications, WSN and vehicle to vehicle communication. The detectors
used for UWB signals include coherent RAKE receiver and non—coherent receivers. Coherent
RAKE receivers are complex due to its requirement for accurate CSI and synchronization for
extracting multipath energy from multipath components. So, non—coherent receivers are pre-
ferred, that are simple and less complex, even though the BER performance of non—coherent

receivers are poor compared to the coherent receivers. Thus, we restrict our study to UWB
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non—coherent AC (TR and DTR) and ED systems. It is observed from the various study in
literature that AC systems suffer from hardware complexity issue as they require long analog
DL’s for performing correlation during detection. To overcome this issue, ED is the preferred
choice. The strict guidelines of FCC restrict UWB from achieving wide coverage range due to
its low PSD. Hence, cooperative technology was introduced to relay the transmitted signal. The

thesis aims to study the BER performance of non—coherent cooperative scheme.

The BER performance of single—link non—coherent UWB systems namely TR, DTR, ED—OOK
and ED—PPM is analysed in this thesis work. The analytical BER expression for various
non—coherent UWB systems has been derived over IEEE 802.15.4a UWB environment, us-
ing single—link approach and compared with the simulation results. It is observed that the
analytical results exactly coincide with the simulation results for Ny = 1,2 and hence, proves

our accuracy and precision in evaluation of BER.

A novel analytical approach is presented to analyse the BER performance of non—coherent
UWB AC system namely TR and DTR, using cooperative dual—hop AF and DTF relay protocol
for various diversity combining schemes, over IEEE 802.15.4a environment. The various diver-
sity combining schemes used are optimum combining, linear combining and selective combin-
ing. The analytical BER expression derived for TR and DTR system is based on autocorrelation

principle and is validated with simulation results for Ny = 1, 2.

The BER performance of non—coherent UWB ED—OOK system using cooperative dual—hop
AF and DTF relay strategy for various combining schemes namely optimum combining, linear
combining and selective combining is evaluated using a novel analytical approach, based on
approximation. The expressions were validated with the simulation results, employing IEEE
802.15.4a UWB standard between the relay nodes and links. The convergence of the simula-
tion results with the analytical results, confirms the accuracy and perfectness of approximation

used in evaluation of BER.

The disadvantage of using ED system based on OOK modulation scheme is that it does not
transmit a gaussian second order pulse, when information symbol 0 is transmitted, as a result
inducing more noise during detection. This leads to degradation in BER performance. So, to
overcome this problem, we present a novel analytical approach based on energy detection prin-
ciple to evaluate the BER performance of UWB ED—PPM system, using cooperative dual—hop
AF and DTF strategy for various diversity combining schemes. The analytical results derived

for BER performance of UWB ED—OOK system, were found to coincide with the simulation
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results for Ny = 1,2 employing, IEEE 802.15.4a UWB standard between the S—D, S—R and
R—D links.

Numerical results depict that among all the non—coherent UWB systems discussed, DTR
gives the best BER performance, followed by ED—PPM which in turn performs better than
ED—OOK whereas, TR gives the worst performance among all. This is because TR wastes
3 dB of energy in transmitting a reference pulse. This is overcome using a DTR system which
transmits differentially modulated information and wastes no energy in transmitting a reference
pulse, thereby saving energy as compared to TR system. It is also observed that despite the slight
superiority of AC systems namely DTR over ED systems in BER performance, ED systems
are preferred because of its low hardware complexity, low cost and simpler implementation.
Among the low complexity ED systems, ED—PPM supersedes ED—OOK, by a SNR margin of
1 dB at a BER of 10~*. This is because ED—OOK system does not transmit a gaussian second
order pulse, when information symbol 0 is transmitted, as a result inducing more noise during

detection, leading to BER degradation.

Simulation results clearly illustrate an improvement in BER performance with increase in
number of relay paths L in cooperative scenario. This is due to the increase in multipaths, which
leads to increase in extracted multipath energy. Therefore, greater the diversity, more is the
improvement in BER performance. CM1, LOS in nature gives a better BER performance than
CM2, NLOS in nature for both single—link and cooperative scenario. Under similar conditions,
the BER performance of a non—coherent UWB system, degrades with increase in Ny from 1 to
2. It can be inferred from the simulation results that cooperative DTF strategy gives a SNR gain
of 1 dB, when compared to AF strategy, at a BER of 10~*. Furthermore, it can be concluded
from the simulation results that using dual—hop cooperative AF and DTF strategy with diversity
combining, gives a SNR gain of 2 — 4 dB at a BER of 10~%, compared to non—cooperative or
single—link scheme. The overlapping or the convergence of the simulation results with the
analytical results, confirms the accuracy and perfectness of approximation used in evaluation
of BER. Among the diversity combining schemes, optimum combining performs much better

than linear combining, which in turn performs better than selective combining.
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7.2 Future Work

The following aspects may suitably be explored for the future scope of this work to give more
insight into the performance analysis of non—coherent IR—UWB cooperative communication
system.

The BER performance of non—coherent UWB ED system using cooperative relay technol-
ogy is still unexplored till date. In this thesis, we have a presented a novel cooperative approach,
based on energy detection to evaluate the BER performance of UWB ED system using cooper-
ative dual—hop relay technology with diversity combining, over IEEE 802.15.4a environment.
Using the same consideration and constraints, the work can be extended using multi—hop relay
strategy. This will lead to more diversity gain and hence will improve the BER performance of
UWB ED system.

The focus of the thesis work is to evaluate the BER performance of non—coherent UWB ED
system using cooperative AF and DTF relay strategy with diversity combining. The same work
can be further explored using cooperative DF technology which uses error correcting codes
such as Reed Solomon, Convolution, LDPC etc. to improve the BER performance.

Till now we have evaluated the BER performance of non—coherent UWB system using co-
operative dual—hop relay strategies for various diversity combining schemes, in presence of a
single user. The same work can be extended using cooperative dual—hop or multi—hop relay
strategies in presence of multiple users. Using multiple users will further lead to multiple ac-
cess interference. Some special receivers namely Quasi—Decorrelator, Quasi—MMSE, Linear
MMSE Combining, Pulse Discarding, Iterative Detectors, Sub—Optimal and Optimal Frame
Combining receivers can be used to mitigate MAI in non—coherent cooperative UWB systems.

The BER performance of non—coherent UWB ED and AC systems using cooperative relay
strategies with diversity combining are based on autocorrelation and energy detection principle
respectively. The novel approach followed by us in our thesis is based on BER approximation.
Performance bounds can be applied based on some direct approach for eg. Gil Palaez Theorem,
CF etc. to improve the BER performance.

The BER performance of a non—coherent cooperative UWB system can be further en-
hanced, if ED is replaced with Weighted Energy Detector (WED). Using WED, a perfect
trade—off can be achieved i.e. low complexity with improved BER performance, in compari-
son to ED. The received signal can be first squared and then passed through a group of parallel

integrators, where each of the integrators uses a different integration time window to perform
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integration within the symbol period. The evaluation of the energy obtained from the corre-
sponding integrators can be used to determine the weights, which help in improving the SNR
ratio. If the SNR is high the weights will be large, otherwise if the signal strength is weak, then

the weighting factor will also be less.
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Appendix A
Evaluation of Noise Variance

Determination of noise variance n? (¢)

Let z = ngp(t), nsr(t),nrp(t) and y = x2. Therefore the variance of y can be simplified as:

o7 = Ely’) - {E[y)}* = El2"] - {E[+*]}’ (A1)
= 3{o) - {2 =2 {2y = 0 (A2)

where, E[z] = 0 and 02 = 2. The term k& € {1, 2,3} represents S—D, S—R and R—D link

respectively.
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Appendix B

Evaluation of Expectation of Noise

Determination of E[n/R D (t)an (7]

The aggregate noise response 1, (t) of R-D link is expressed as n'pp(t) = Sr% " aus

nsr(t — 13)

Ls—1 K3—1
E[ngpt)ngp(T)] = a3 3 Engp(t — m3)nsr(T — Tis)] +
=0 k=0 )
Val;,ezo

Ls—1

a5 Elnsg(t — mi3)nse(t — 7,3)] (B.1)
1=0

= Yba(t —7) (B.2)
’73N05(t — 7‘)

= (B.3)

where, >/ o, = i and E[nsr(t)nsr(7)] = E[na(t)na(1)]=0(t — 7).
The term ZLS ! K30 ay 303 Elngr(t — 13)nsr(T — 71,3)] has a value of 0 because the

expectation of noise component with different delays is always O.
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Appendix C

Linear Optimal Combining Factor

Determination of Linear Optimal Combining Factor ~

In order to evaluate the value of x, we differentiate the SNR expression given by equations

(4.44,4.82,4,122,4.167,5.38,5.80,6.52 and 6.93) w.r.t. x and equate the result to 0.

d _ d _ _ Al — B1

YAF—LOC _ YDTF-LOC—CD _ ( ) —0 .1
drK dk C1
where, Al = 2(sigsp + ﬁsigRD)sigRD(U%nmﬁ_SD + I€20’%mise_RD),
Bl = (S'lgSD + KSigRD)QZH(U%noisefRD) and Cl = (U%noisest + HQO’%noisefRD)2'
dYprF . . . . 2 2 2 . 2
7 = 2[(sigsp + Ksigrp)sigrp(oy, . . + K0y )] —[(sigsp + ksSrp)
P s

QKU%nOiSC—RD:I = 0 (C'2)

Solving we get,

209 : 2 2 c 2 2 )
- K (2SZgSDSZgRDO.Znoise—RD) + 2I€(0-Znoise—SD SZQRD O-Znoise—RD SZQSD)

+(2sigspsigrpoy, ) =0 (C.3)

Using quadratic rule, we find the roots for .

9 ) 2 )
K = _4(O-Znoisest>SZgRD — (O-ZTLOZ.S€7SD>SZQRD (C'4)

4SZgSDSZgRDO-ZnoisefRD (O-ZnoisefRD)SZgSD

The optimum value of « is given by Equation C.4 as it gives proper roots.
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Appendix D

Evaluation of Variance Terms

Determination of Variance Terms for S—D and R—D Link
The noise variance of S—D link is evaluated as follows:

O-%noisest = ]E[(ZnOZse_SD)Q:I = E[<Zn0i3€_1)2] (D 1)
Replacing the value of Z,,,;sc_sp given in equation 6.36, we obtain:

]E[(Znoise—lO - Znoise—ll)Q] - E[(Znoise—10)2] + E[(Znoise—ll)2]

—2E[Zpoise—10Znoise—11]

= o} —|—O’%

ZnoiseflO noise—11

(D.2)

where, E[Z?2

noise—10

| = o2 E[Z?

— 2 . . = -
Znoise—11" nm;se—ll] - O-Znoise—ll and E[Znozse—IOZnozse—ll] - 0 be

cause the noise terms at S—D and R—D link are independent hence their cross-correlation is
0. In the noise term Z,,y;sc—im, the subscripts [ € {1,2,3} denote S—D, S—R and R—D link
respectively and m € {0,1} the transmitted information bit. Therefore, the total variance of

S—D link is as follows:

- o2 =0y 40, (D.3)

o
Z’n.oise—SD Znoisefl Znoisefll

Similarly, the noise variance of R—D link is evaluated as follows:
O—%noise—RD = E[(Znoise—RD)Q] = E[(Znoise—3)2] (D.4)
Replacing the value of Z,,,;sc_rp given in equation 6.37, we obtain:

]E[(Znoise—SO - Znoise—Sl)Q} - E[(Znoise—BO)Q] + EKZnoise—Sl)z]
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—2FE [Znoz'sef?)o Znoi86*31]

= o} —i—a%

Znoi56730 noise—31

(D.5)

2 _ 2 2 _ 2 _
where, E[Znoise—fSO] = 0 Z,0ise—30° ]E[Znoise—Bl] = 0z, ise—s1 and E[Zn0i88*30Zn0i5€*31] = 0 be-

cause the noise terms at S—D and R—D link are independent hence their cross—correlation is

0. Therefore, the total variance of S—D link is as follows:

g
ZnoisefRD Znoise—3 Znoise—SO Znoise—Sl

248



Bibliography

(1]

(2]

(3]

(4]

[5]

[6]

[7]

(8]

M. Z. Win and R. A. Scholtz, “Impulse radio: How it works,” IEEE Communication
Letters, vol. 2, no. 2, pp. 36-38, 1998.

R. Hazra and A. Tyagi, “A Survey on Various Coherent and Non-Coherent IR-UWB
Receivers,” Wireless Personal Communications, Springer, vol. 79, no. 3, pp. 2339-

2369, 2014.

M. Z. Win and R. A. Scholtz, “Ultra-wide bandwidth time-hopping spread-spectrum im-
pulse radio for wireless multiple-access communications,” IEEE Transactions on Com-

munications, vol. 48, pp. 679-691, 2000.

R. S. Kshetrimayum, “An introduction to UWB Communication systems,” IEEE Po-
tentials, vol. 28. no. 2, pp. 9-13, 2009.

Federal Communications Commission (FCC), Revision of part 15 of the com-
missions rules against regarding Ultra-Wideband Transmission Systems. First Re-
port and Order, ET Docket 98- 153, FCC 02-48, Adopted: Feb 2002, Release
Apr 2002. http://www.ntia.doc.gov/fcc-filing/2000/ ntia-comments-revision-part-15-

commissions-regarding-ultrawideband-transmission-syst.

D. Porcino and W. Hirt, “Ultra-wideband radio technology: Potential and challenges
ahead,” IEEE Communications Magazine, vol. 41, no. 7, pp. 66-74, 2003.

Maria-Gabriella Di Benedetto and B. R. Vojic, “Ultra wide band wireless communica-

tions: A tutorial,” Journal Of Communications and Networks, vol. 5, no. 4, pp. 290-

302, 2003.

M. Di Benedetto and G. Giancola, Understanding ultra wide band radio fundamen-

tals, 1st Edition , Prentice Hall PTR, 2004.

249



BIBLIOGRAPHY

[9] G.R. Aiello and G. D. Rogerson, “Ultra-wideband wireless systems,” IEEE Microwave
Magazine, vol. 4, no. 2, pp. 36-47, 2003.

[10] D. Wentzloff, R. Blazquez, F. S. Lee, P. Ginsburg, J. Powell and A. P. Chandrake-
shan, “System design considerations for ultra-wideband communication,” IEEE Com-

munications Magazine, vol. 43, no. 8, pp. 114-121, 2005.

[11] M. Di Benedetto, T. Kaiser, A. F. Molisch, I. Oppermann, C. Politano and D. Por-
cino, UWB Communication Systems A Comprehensive Overview, Eurasip Book Series

on Signal Processing and Communications and Hindawi Publishing Corporation, 2006.

[12] F. Nekoogar,Ultra-Wideband Communications: Fundamentals and Applications, En-
glewood Cliffs, NJ: Prentice-Hall, 2005.

[13] X. Shen, M. Guizani, R. C. Qiu and T. Le-Ngoc, Ultra-Wideband Wireless Communi-
cations and Networks, Wiley and Sons Pvt. Ltd, 2006.

[14] A. R. Forouzan, M. Nasiri—Kenari, and J. A. Salehi, “Performance analysis
of time-hopping spread-spectrum multiple-access systems: Uncoded and coded

schemes,” IEEE Transactions on Wireless Communication, vol. 1, no. 4, pp. 671-

681, 2002.

[15] G. Ross, The transient analysis of multiple beam feed networks for array systems, Ph.D
Dissertation, Dept. Elec. Eng., Polytech. Inst. Brooklyn, NY, USA, 1963.

[16] H. E. Harmauth, Transmission of Information by Orthogonal Functions, First Edition,

Springer, New York, 1969.

[17] T. W. Barrett, “History of Ultra Wideband (UWB) Radar and Communications: Pio-
neers and Innovators,” in Proceedings of Progress in Electromagnetics Symposium 2000

(PIERS 2000), Cambridge, MA, July 2000.

[18] M. Ghavami, L. B. Michael and R. Kohno, Ultra Wideband Signals and Systems in

Communication Engineering, First Edition, John Wiley and Sons, Ltd, 2004.

[19] R. A. Scholtz, “Multiple access with time-hopping impulse modulation,” in Proceedings

of IEEE Military Communications (Milcom), vol. 2, pp. 447-450, Boston, USA, 1993.

250



BIBLIOGRAPHY

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

S. Mohammad and S. Sadough, A tutorial on ultra wideband modulation and de-
tection schemes. http://www.faculties.sbu.ac.in/sadough/pdf/uwbtutorial.pdf. Accessed
Apr 2009.

K. Maichalernnukul, F. Zheng, and T. Kaiser, “Design and performance of
dual—hop MIMO UWB transmissions,” IEEE Transactions on Vehicular Technol-
0gy, vol. 59, no. 6, pp. 2906-2920, 2010.

J. R. Fernandes and D. Wentzloff, “Recent advances in IR-UWB transceivers: An
overview,” in Proceedings of IEEE International Symposium on Circuits and Systems

(ISCAS), pp. 3284-3287, Paris, 2010.
Universal Serial Bus Specification, Revision 2.0, 2000.

J. Zhang, P. V. Orlik, Z. Sahinoglu, A. F. Molisch, and P. Kinney, “UWB Systems for
Wireless Sensor Networks,” Proceedings of the IEEE, vol. 97, no. 2, pp. 313-331, 2009.

Z. Zou, D. S. Mendoza, P. Wang, Q. Zhou, J. Mao, F. Jonsson, H. Ten-
huen and L. R. Zheng, “A low-power and flexible energy detection IR-UWB receiver
for RFID and wireless sensor networks,” IEEE Transactions on Circuits and Systems

1, vol. 58, no. 7, pp. 1470-1482, 2011.

R. Cardinali, L. De Nardis, M. Di Benedetto, and P. Lombarde, “UWB ranging accu-
racy in high-and low-data-rate applications,” IEEE Transactions on Microwave Theory

Technology, vol. 54, no. 4, pp. 1865-1875, 2006.

Z. Hasan, U. Phuyal, V. Yadav, A. K. Chaturvedi and V. K. Bhargava, “ISI-free pulses
for high data-rate ultra-wideband wireless systems,” Canadian Journal of Electrical and

Computer Engineering, vol. 32, no. 4, pp. 187-192, 2007.

L. Stoica, Non coherent energy detection transceivers for ultra wideband impulse radio

systems, Ph.D Dissertation, University of Oulu, 2008.

D. Cassioli, M. Z. Win, F. Vatalaro and A. F. Molisch, ‘“Performance of low complex-
ity rake reception in a realistic UWB channel,” in Proceedings of IEEE International

Conference on Communications (ICC), vol. 2, pp. 763-767, New-York, USA, 2002.

A. F. Molisch et al, “IEEE 802.15.4a channel model-final report,” 2004.

251



BIBLIOGRAPHY

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

252

R. Bose, “Ultra wideband indoor channel modelling for personal area network-
ing,” First European Conference on Antennas and Propagation, EuCAP, pp. 1-
4, Nice, France, 2006.

M. Z. Win and R. A. Scholtz, “On the Robustness of Ultra-Wide Bandwidth Signals
in Dense Multipath Environments,” IEEE Communication Letters, vol. 2, no. 2, pp. 51-

53, 1998.

R. C. Qiu, “A study of the ultra-wideband wireless propagation channel and op-
timum UWB receiver design,” IEEE Journal on Selected Areas in Communica-

tion, vol. 20, no. 9, pp. 1628-1637, 2002.

A. Saleh and R. Valenzuela “A statistical model for indoor multipath propagation,” IEEE

Journal on Selected Areas in Communications, vol. 47, no. 9, pp. 128-137, 1987.

A. F. Molisch, D. Cassioli, C. Chong, S. Emami, A. Fort, B. Kannan, J. Karedal, J. Ku-
nisch, H. G. Schantz, K. Siwiak, and M. Z. Win, “A comprehensive standardized model

for ultrawideband propagation channels,” IEEE Transactions on Antennas and Propa-

gation , vol. 54, no. 11, pp. 3151-3166, 2006.

7. Ahmadian and L. Lampe, “Performance Analysis of the IEEE 802.15.4a UWB Sys-
tem,” IEEE Transactions on Communications, vol. 57, no. 5, pp. 1474-1485, 2009.

J. M. Cramer and R. A. Scholtz, “Evaluation of an Ultra-Wideband Propagation

Channel,” IEEE Transactions On Antennas and Propagation, vol. 50, no. 5, pp. 560-
570, 2002.

G. Bacci, M. Luise, and H. V. Poor, “Performance of rake receivers in IR-UWB net-
works using energy-efficient power control,” IEEE Transactions on Wireless Communi-

cation, vol. 7, no. 6, pp. 2289-2299, 2008.

C. Carbonelli and U. Mengali, “Synchronization algorithms for UWB signals,” IEEE

Transactions on Communications, vol. 54, no. 2, pp. 329-338, 2006.

A. Gerosa, M. D. Costa, A. Bevilacqua, D. Vogrig, and A. Neviani, “An Energy-
Detector for Non-Coherent Impulse-Radio UWB Receivers,” IEEE Transactions On
Circuits and Systems I:Regular Papers, vol. 56, no. 5, pp. 1030-1040, 2009.



BIBLIOGRAPHY

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

L. Cai, L. Huang, Z. Fu, J. Yang, and W. Wang, “An energy detection receiver for non-
coherent IR-UWB,” Journal of Semiconductors, vol. 32, no. 6, pp. 1-8, 2011.

H. Katiyar, A. Rastogi and R. Agarwal, “Cooperative communication: A review,” IETE

Technical Review, vol. 28, no. 5, pp. 409-417, 2011.

C. Abou-Rjeily, “A symbol-by-symbol cooperative diversity scheme for relay-assisted
UWB communications with PPM,” IEEE Journal on Selected Areas in Communica-

tion, vol. 31, no. 8, pp. 1436-1445, 2013.

C. Abou-Rjeily, N. Daniele, and J. Belfiore, “On the Amplify-and-Forward Cooperative
Diversity with Time-hopping Ultra-wideband Communications,” /IEEE Transactions on

Communications, vol. 56, no. 4, pp. 630-641, 2008.

C. Abou-Rjeily, N. Daniele and J. C. Belfiore, “On the decode-and-forward cooperative
diversity with coherent and non-coherent UWB systems,” in Proceedings of IEEE Inter-

national Conference on Ultra—Wideband (ICUWB), pp. 435-440, Waltham, MA, 2006.

C. Abou-Rjeily, “A novel selective-relaying protocol for cooperative IR-UWB com-
munications with PPM,” in Proceedings of IEEE International Conference on
Wireless Communications and Mobile Computing Conference (IWCMC), pp. 216-
221, Cyprus, 2012.

S. Berger, M. Kuhn, A. Wittneben, T. Unger, and A. Klein, “Recent advances in
amplify-and-forward two-hop relaying [Accepted from Open Call],” IEEE Commu-
nications Magazine, vol. 47, no. 7, pp. 50-56, 2009.

Z. Bai and Y. Xu, “MGF based performance analysis of dual-hop regenerative relaying
IR-UWB systems,” International Journal of Electronics and Communication (AEU),

Elsevier, vol. 66, no. 8, pp. 641-646, 2012.

J. Yuan, Y. Li and L. Chu, “Differential modulation and relay selection with
detect-and-forward cooperative relaying,” IEEE Transactions on Vehicular Technol-

0gy, vol. 59, no. 1, pp. 261-268, 2010.

A. A. Aziz, Y. Iwanami and E. Okamato, “Efficient combining technique with a low
complexity detect-and-forward relay for cooperative diversity scheme,” in Proceedings

of IEEE Region 10 Conference, TENCON, vol. 9, pp. 1-6, Singapore, 2009.

253



BIBLIOGRAPHY

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

254

A. Jain, G. V. V. Sharma, U. B. Desai, and S. N. Merchant, “Exact analysis of the
piecewise linear combiner for decode and forward cooperation with three relays,” IEEE

Transactions on Wireless Communication, vol. 10, no. 8, pp. 2461-2467, 2011.

A. Jain, G. V. V. Sharma, U. B. Desai, and S. N. Merchant, “Exact error analysis for
the piecewise linear combiner for decode and forward cooperation with two relays,” in

Proceedings of National Conference on Communication (NCC), pp. 1-5, Bangalore, In-

dia, 2011.

G. V. V. Sharma, Vijay Ganwani, U. B. Desai and S. N. Merchant, “Performance
Analysis of Maximum Likelihood Detection for Decode and Forward MIMO Re-
lay Channels in Rayleigh Fading,” IEEE Transactions on Wireless Communica-

tions, vol. 9, no. 9, pp. 2880-2889, 2010.

Y. Lee and M. H. Tsai, “Performance of decode-and-forward cooperative communi-
cations over Nakagami-m fading channels,” IEEE Transactions on Vehicular Technol-

0gy, vol. 58, no. 3, pp. 1218-1228, 2009.

M. M. Fareed and M. Uysal, “On relay selection for decode-and-forward relay-
ing,” IEEE Transactions on Wireless Communication, vol. 8, no. 7, pp. 3341-

3346, 2009.

J. Romme, and K. Witrisal, “Transmitted-reference UWB systems using weighted

autocorrelation receivers,” IEEE Transactions on Microwave Theory and Technol-

0gy, vol. 54, no. 4, pp. 1754-1761, 2006.

Y. L. Chao and R. A. Scholtz, “Ultra-wideband transmitted reference systems,” IEEE

Transactions on Vehicular Technology, vol. 54, no. 5, pp. 1556-1569, 2005.

A. A. D Amico, U. Mengali, and L. Taponecco, “Synchronization for differential
transmitted reference UWB receivers,” IEEE Transactions on Wireless Communica-

tions, vol. 6, no. 11, pp. 4154-4163, 2007.

Z. Liang, X. Dong, A. Gulliver and X. Liao, “Performance of transmitted reference
pulse cluster ultra-wideband systems with forward error correction,” International Jour-
nal of Communication Systems, John Wiley & Sons, Ltd, vol. 27, no. 2, pp. 265-
276, 2014.



BIBLIOGRAPHY

[60] Z. Liang, X. Dong and T. A. Gulliver, “Performance of coded transmitted reference
pulse cluster UWB systems,” in Proceedings of Asilomar Conference on Signals, Sys-

tems and Computers, pp. 1990-1995, USA, 2008.

[61] Z. Liang, X. Dong, T. A. Gulliver and X. Liao, “Performance of transmitted reference
pulse cluster ultra-wideband systems with forward error correction,” International Jour-

nal of Communication Systems, Wiley, vol. 27, no. 2, pp. 265-276, 2012.

[62] X. Dong, L. Jin, and P. Orlik, “A new transmitted reference pulse cluster
system for UWB communications,” [EEE Transactions on Vehicular Technol-

0gy, vol. 57, no. 5, pp. 3217-3224, 2008.

[63] X.Dong and X. Dong, “Bi-directional cooperative relays for transmitted reference pulse
cluster UWB systems,” in Proceedings of IEEE Global Telecommunications Conference

(Globecom), pp. 1-5, Florida, USA, 2010.

[64] S. He and X. Dong, “Implementation of a low complexity UWB transmitted reference
pulse cluster system,” in Proceedings of IEEE Vehicular Technology Conference Fall,
(VI C-Fall), pp. 1-5, Ottawa, 2010.

[65] A. Rabbachin and I. Oppermann, “Synchronization analysis for UWB systems with a
low-complexity energy collection receiver,” in Proceedings of IEEE Joint UWBST and
IWUWRBS, pp. 288-292, Kyoto, Japan, 2004.

[66] S. Y. Jong, “Design of a preamble signal for synchronization in ultra-wideband non-
coherent energy detection receivers,” International Journal of Communication Systems,

John Wiley & Sons, Ltd, vol. 26, no. 4, pp. 465-480, 2013.

[67] S. A.Ji, S.J. Lee and J. S. Kim, “Simplified structure of weighted energy detector for
UWB-IR systems,” IEEE Electronic Letters, vol. 48, no. 1, pp. 48-50, 2012.

[68] R. Hazra and A. Tyagi, “Cooperative Impulse Radio Ultra-Wideband Communication
Using Coherent and Non-Coherent Detectors: A Review,” Wireless Personal Commu-

nications, Springer, vol. 77, no. 1, pp. 719-748, 2014.

[69] W. P. Siriwongpairat, W. Su, Z. Han and K.-J.-R. Liu, “Employing cooperative diver-

sity for performance enhancement in UWB communication systems,” in Proceedings

255



BIBLIOGRAPHY

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

256

IEEE Wireless Communication and Networking Conference (WCNC), vol. 4, pp. 1854-
1859, 2006.

J. N. Lanemann, D. N. C. Tse and G. W. Wornell, “Cooperative Diversity in wireless
networks: Efficient protocols and outage behavior,” IEEE Transactions on Information

Theory, vol. 51, no. 12, pp. 3062-3080, 2004.

J.  N. Lanemann,Cooperative  diversity in  wireless networks:Algorithm
and  architectures, Ph.D  dissertation, MIT, Cambridge, MA, 2002.

http://citeseerx.ist.psu.edu/viewdoc/download?

A. Sendoris, E. Erkip and B. Aazhang, “User cooperative diversity part I: sys-
tem description,” IEEE Transactions on Communications, vol. 51, no. 11, pp. 1927-

1938, 2003.

A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity part II: im-
plementation aspects and performance analysis,” IEEE Transactions on Communica-

tions, vol. 51, no. 11, pp. 1939-1948, 2003.

A. Jamshidi, and M. Nasiri-Kenari, “Performance analysis of transmitter-side
cooperation-receiver side-relaying schemes for heterogeneous sensor networks,” IEEE

Transactions on Vehicular Technology, vol. 57, no. 3, pp. 1548-1563, 2008.

G. Kramer, M. Gastpar, and P. Gupta, “Cooperative strategies and capacity theorems for
relay networks,” IEEE Transactions on Information Theory, vol. 51, no. 9, pp. 3037-
3063, 2005.

E. C. Van Der Meulen, “Three-terminal communication channels,” Advances in Applied

Probability, vol. 3, no. 1, pp. 120-154, 1971.

T. M. Cover and A. A. El Gamal, “Capacity theorems for the relay channel,” IEEE

Transactions on Information Theory, vol. 25, no. 5, pp. 572-584, 1979.

M. Kulkarni, L. Choudhary, B. Kumbhani and R. S. Kshetrimayum, “Performance anal-
ysis comparison of transmit antenna selection with maximal ratio combining and or-
thogonal space time block codes in equicorrelated Rayleigh fading multiple input mul-

tiple output channels,” IET Communications, vol. 8, no. 10, pp. 1850-1858, 2014.



BIBLIOGRAPHY

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

B. Kumbhani, L. N. B. Reddy and R. S, Kshetrimayum, “Approximate SER of coop-
erative communication over generalized eta-mu and kappa-mu fading channels,” The

Journal of Engineering, IET, vol. 1, no. 1, 2014.

H. A. Suraweera, H. K. Garg, and A. Nallanathan, “Performance analysis of two hop
amplify-and-forward systems with interference at the relay,” IEEE Communication Let-

ters, vol. 14, no. 8, pp. 692-694, 2010.

A. Bin Sediq and H. Yanikomeroglu, “Performance Analysis of Selection Combining
of Signals With Different Modulation Levels in Cooperative Communications,” I[EEE

Transactions on Vehicular Technology, vol. 60, no. 4, pp. 1880-1887, 2011.

A. Bin Sediq and H. Yanikomeroglu, “Performance Analysis of SNR-based Selection
Combining and BER-based Selection Combining of Signals With Different Modulation
Levels in Cooperative Communications,” in Proceedings of IEEE International Confer-

ence on Vehicular Technology Conference (VIC-Fall), pp. 1-5, Alaska, USA, 2009.

P. R. Sahu and A. K. Chaturvedi, “Performance Analysis of Predetection EGC in expo-
nentially correlated Nakagami-m fading channel,” IEEE Transactions on Communica-

tions, vol. 53, no. 8, pp. 1252-1256, 2005.

P. R. Sahu and A. K. Chaturvedi, “Performance Analysis of a Predetection EGC re-
ceiver in exponentially correlated Nakagami-m fading channel for noncoherent binary

modulations,” IEEE Transactions on Wireless Communications, vol. 5, no. 7, pp. 1634-

1638, 2006.

M. Z. Win and R. A. Scholtz, “Characterization of ultra-wide bandwidth wireless in-
door channels: A communication-theoretic view,” IEEE Journal on Selected Areas in

Communication, vol. 20, no. 9, pp. 1613-1627, 2002.

J. D. Choi and W. E. Stark, “Performance analysis of RAKE receivers for ultra-
wideband communications with PPM and OOK in multipath channels,” in Proceed-
ings of IEEE International Conference on Communications (ICC), vol. 3, pp. 1969-
1973, New York, USA, 2002.

257



BIBLIOGRAPHY

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

258

J. Zhang, R. A. Kennedy and T. D. Abhayapala, “Performance of RAKE reception
for ultra wideband signals in a lognormal-fading channel,” in Proceedings of IEEE

International Workshop on Ultra wideband systems (IWUWBS), Oulo, Finland, 2003.

C. Kundu and R. Bose, “An alternate method for calculating average probability of error
in log-normal channel for UWB,” in Proceedings of National Conference on Communi-

cations (NCC), pp. 1-5, New-Delhi, India, 2013.

A. A. D’ Amico, U. Mengali and L. Taponecco, “Performance comparisons
between two signalling formats for UWB communications,” in Proceedings of
IEEE International Conference on Communications (ICC), vol. 6, pp. 3404-
3408, Paris, France, 2004.

B. Mielczarek, M. O. Wessman and A. Svensson, ‘“Performance of coherent UWB rake
receivers with channel estimators,” in Proceedings of IEEE Vehicular Technology Con-

ference, (VIC-Fall), vol. 3, pp. 1880-1884, USA, 2003.

M. Di Renzo, F. Tempesta, L. A. Annoni, F. Santucci, F. Graziosi, R. Minu-
tolo, and M. Montanari, ‘“Performance Evaluation of IRUWB DRake Receivers over
IEEE 802.15.4a Multipath Fading Channels with NarrowBand Interference,” in Pro-
ceedings of IEEE International Conference on Ultrawideband (ICUWB), pp. 71-
76, Vancouver, Canada, 2009.

M. Di Renzo, F. Graziosi, and F. Santucci, “An exact framework for performance anal-
ysis of IR-UWB systems: The need for approximations,” IEEE Communication Let-
ters, vol. 11, no. 10, pp. 769-771, 2007.

K. Maichalernnukul, T. Kaiser and F. Zheng, “On the performance of coherent and non-
coherent UWB detection systems using a relay with multiple antennas,” IEEE Transac-

tions on Wireless Communications, vol. 8, no. 7, pp. 3407-3414, 2009.

K. Maichalernnukul, T. Kaiser and F. Zheng, “Performance investigation of a
UWB relay system using multiple relays with multiple antennas in IEEE 802.15.3a
channel,” in Proceedings of IEEE Vehicular Technology Conference (VIC), pp. 1-
6, Barcelona, 2009.



BIBLIOGRAPHY

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

G. N. Shirazi, P. Y. Kong and C. K. Tham, “A low-overhead cooperative retransmis-
sion scheme for IR-UWB networks,” Research Letters in Communication, Journal of

Electrical and Computer Engineering, vol. 2008, Article ID 291858, 2008.

G. N. Shirazi, P. Y. Kong and C. K. Tham, “Optimal cooperative relaying schemes in
IR-UWB networks,” IEEE Transactions on Mobile Computing, vol. 9, no. 7, pp. 969-
981, 2010.

Z. Zeinalpour-Yazdi, M. Nasiri-Kenari, and B. Aazhang, “Performance of UWB linked
relay network with time-reversed transmission in the presence of channel estimation

error,” IEEE Transactions on Wireless Communications, vol. 11, no. 8, pp. 2958-2969.

Z. Bai, Y. Xu, B. Shen and K. S. Kwak, “Performance analysis of dual—hop
UWB system with non—regenerative relaying scheme,” in Proceedings of IEEE In-

ternational Conference on Advanced Communication Technology (ICACT), pp. 1221-
1225, Seoul, 2011.

Y. Xu, Z. Bai, and K. S. Kwak, “On the performance of dual—hop regenerative
cooperative relaying of IR—UWB System,” in Proceedings of IEEE International
Symposium on Communications and Information Technologies (ISCIT), pp. 323-

327, Hangzhou, 2011.

Y. Xu, Z. Bai, X. Yang, A. L. Wang and K. S. Kwak, “Closed—form BER analysis of
dual—hop non—regenerative IR—UWB system over multipath channels,” in Proceed-

ings of IEEE International Conference on Communication Technology (ICCT), pp. 126-
130, Jinan, 2011.

Z. Zeinalpour Yazdi, M. Nasiri-Kenari and B. Aazhang, “Bit Error Probability Analysis
of UWB Communications with a Relay Node,” IEEE Transactions on Wireless Com-

munications, vol. 9, no. 2, pp. 802-813, 2010.

K. Maichalernnukul, Z. Feng, and T. Kaiser, “Dual-hop UWB transmissions using a
multiple antenna relay with antenna selection versus single-antenna relay selection,” in
Proceedings of IEEE International ITG Conference on Source and Channel Coding
(SCC), pp. 1-6, Germany, 2010.

259



BIBLIOGRAPHY

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

260

K. Maichalernnukul, “Outage performance of dual-hop UWB transmissions using
a multiple-antenna relay with antenna selection versus single-antenna relay selec-

tion,” Journal of Communications, vol. 7, no. 4, pp. 329-348, 2012.

Y. Yang, D. Wang, M. Li, and Y. Song, “A relay selection scheme for IR-UWB networks
based on distance information,” in Proceedings of IEEE International Conference on

Information Theory and Information Security (ICITIS), pp. 1046-1049, Beijing, 2010.

G. Pan, E. Ekici and Q. Feng, “Performance analysis of cooperative time hopping
UWB systems with multi-user interference,” IEEE Transactions on Wireless Communi-

cations, vol. 11, no. , pp. 1969-1975, 2012.

K. Maichalernnukul, Z. Feng, and T. Kaiser, “Performance of ultrawideband coopera-
tive relay systems in the presence of narrowband interference,” in Proceedings of IEEE

International Conference on ultra-wideband (ICUWB), pp. 405-409, 2011.

K. Witrisal, G. Leus, G. J. M. Janssen, M. Pausini, F. Troesch, T. Za-
sowski, and J. Romme, “Noncoherent ultra-wideband systems,” IEEE Signal Process-

ing Magazine, vol. 26, no. 4, pp. 48-66, 2009.

G. Leus and A. J. Van-Der Veen, “A weighted autocorrelation receiver for transmitted
reference ultra wideband communications,” in Proceedings of IEEE Workshop on Signal

Processing Advances for Wireless Communications, SPAWC, pp. 965-969, USA, 2005.

L. Yang, G. B. Giannakis and A. Swami, ‘“Noncoherent ultra—wideband radios,” in
Proceedings of IEEE Military Communications Conference (MILCOM), vol. 2, pp. 786-
791, Monterey, USA, 2004.

L. Yang, G. B. Giannakis, and A. Swami, “Noncoherent Ultra-Wideband (De) Modu-

lation,” IEEE Transactions on Communications, vol. 55, no. 4, pp. 810-819, 2007.

R. A. Scholtz, “Optimal and suboptimal receivers for ultra-wideband transmitted refer-
ence systems,” in Proceedings of IEEE International Conference on Global Telecom-

munications Conference (GLOBECOM) , vol. 2, pp. 759-763, USA, 2003.

J. A. Salehi and M. Farhang, “Optimum Receiver Design for Transmitted-Reference

Signaling,” IEEE Transactions on Communications, vol. 58, no. 5, pp. 1589-1598, 2010.



BIBLIOGRAPHY

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

S. Franz, and U. Mitra, “Generalized UWB transmitted reference systems,” IEEE Jour-

nal on Selected Areas in Communication, vol. 24, no. 4, pp. 780-786, 2003.

S. Franz, and U. Mitra, “On optimal data detection schemes for UWB transmitted refer-
ence systems,” in Proceedings of IEEE Global Telecommunications Conference (Globe-

com), vol. 2, pp. 744-748, USA, 2006.

A. A. D’ Amico and U. Mengali, “GLRT receivers for UWB systems,” IEEE Commu-
nication Letters, vol. 9, no. 6, pp. 487-489, 2005.

J. D. Choi and W. E. Stark, “Performance of ultra-wideband communications with sub-
optimal receivers in multipath channels,” IEEE Journal on Selected Areas in Communi-

cations, vol. 20, no. 9, pp. 1754-1766, 2002.

T. Jia and D. I. Kim, “Multiple access performance of balanced UWB transmitted-

reference systems in multipath,” IEEE Transactions on Wireless Communica-

tions, vol. 7, no. 3, pp. 1084-1094, 2008.

T. Q. S. Quek and M. Z. Win, “Analysis of UWB transmitted-reference communication
systems in dense multipath channels,” IEEE Journal on Selected Areas in Communica-

tion, vol. 23, no. 9, pp. 1863-1874, 2005.

T. Q. S. Quek, M. Z. Win, and D. Dardari, “Unified analysis of UWB transmitted-
reference schemes in the presence of narrowband interference,” IEEE Transactions on

Wireless Communication, vol. 6, no. 6, pp. 2126-2138, 2007.

T. Q. S. Quek, M. Z. Win, and D. Dardari, “UWB transmitted reference signal-
ing schemes-part II: narrowband interference analysis,” in Proceedings of IEEE In-
ternational Conference on Ultra-Wideband (ICUWB), pp. 593-598, Zurich, Switzer-
land, 2005.

X. Luo and G. B. Giannakis, “Achievable rates of transmitted—reference
ultra—wideband radio with PPM,” IEEE Transactions on Communica-

tions, vol. 54, no. 9, pp. 1536-1541, 2006.

Niranjayan and N. Beaulieu, “Accurate performance analysis of TR UWB systems with
arbitrary front-end filters,” in Proceedings of IEEE International Conference on Com-

munication, pp. 4122-4127, Glasgow, United Kingdom, Jan 2007.

261



BIBLIOGRAPHY

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

262

Niranjayan and N. Beaulieu, “General performance analysis of TR UWB sys-
tems,” IEEE Transactions on Wireless Communication, pp. 4122-4127, Glas-
gow, United Kingdom, Jan 2007.

T. Su, Y. Wang, F. Huang and M. J. Lancaster, “Wide-band super-conducting
microstrip delay line,” IEEE Transactions on Microwave Theory and Tech-

niques, vol. 52, no. 11, pp. 2482-2487, Dec. 2008.

Kuylenstierna, A. Vorobiev, P. Linne’r and S. Gevorgian, “Ultrawide-Band Tunable
True-time Delay Lines Using Ferroelectric Varactors,” IEEE Transactions on Mi-

crowave Theory and Techniques, vol. 53, no. 6, pp. 2164-2170, Jun. 2005.

Zhang, S. W. Cheung and T. I. Yuk, “A compact and UWB time-delay line in-
spired by CRLH TL unit cell,” in Proceedings IEEE Region 10 Conference, pp. 868-
872, Fukuoka, Japan, Nov. 2010.

Azizzadeh and L. Mohammadi, “Degradation of BER by group delay in digital phase
modulation,” in Proceedings of IEEE AICT, pp. 350-354, 2011.

Y. Jin and K. S. Kwak, “A Robust Non-coherent Receiver for TR UWB
with the Impact of Group Delay Ripple,” IEICE Transactions on Communica-
tion, vol. E95B, no. 6, pp. 1983-1989, Jun. 2012.

J. Romme and K. Witrisal, “Oversampled Weighted Autocorrelation Receivers for
Transmitted-Reference UWB Systems,” in Proceedings of IEEE Vehicular Technology
Conference Proceedings (VIC Spring), vol. 2, pp. 1375-1380, 2005.

K. Witrisal, G. Leus, G. J. M. Janssen, M. Pausini, F. Troesch, T. Za-
sowski, and J. Romme, “Noncoherent ultra-wideband systems,” IEEE Signal Process-

ing Magazine, vol. 26, no. 4, pp. 48-66, 2009.

W. Gifford and M. Win, “On transmitted-reference UWB communications,”’ in Proceed-
ings of Asilomar Conference Signals, Systems and Computing, pp. 1526-1531, Pacific
Grove, CA, Nov. 2004.

D. L. Goeckel and Q. Durisi, “Slightly frequency-shifted reference ultra-wideband
(UWB) radio,” IEEE Transactions on Communications, vol. 55, no. 3, pp. 508-
519, 2007.



BIBLIOGRAPHY

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

X. Dong, A. C. Y. Lee and L. Xiao, “A new UWB dual pulse transmission and
detection technique,” in Proceedings of IEEE International Conference, pp. 2835-
2839, Seoul, Korea, 2005.

X. Dong, L. Xiao and A. C. Y. Lee, “Performance analysis of dual pulse transmission in

UWB channels,” IEEE Communication Letters, vol. 10, no. 8, pp. 626-628, Aug. 2006.

Z. Xu and B. M. Sadler, “Multiuser transmitted reference ultra-wideband

communication systems,” IEEE Journal on Selected Areas in Communica-

tion, vol. 24, no. 4, pp. 766-772, 2006.

X. Dong, L. Xin and P. Orlik, “A new transmitted reference pulse cluster
system for UWB communications,” IEEE Transactions on Vehicular Technol-

ogy, vol. 57, no. 5, pp. 3217-3224, Sep. 2008.

L. Xin, X. Dong and Z. Liang, “Integration interval determination algorithms for BER
minimization in UWB transmitted reference pulse cluster systems,” IEEE Transactions

on Wireless Communications, vol. 9, no. 8, pp. 2408-2414, Aug. 2010.

M. Casu and G. Durisi, “Implementation aspects of a transmitted-reference UWB

receiver,” Wireless Communication and Mobile Computing, vol. 5,no. 5,pp. 537-

549, Aug 2005.

W. Namgoong, “A channelized digital ultra-wideband receiver,” IEEE Transactions on

Wireless Communications, vol. 3,no. 5, pp. 502-510, May 2003.

J. Tang, Z. Xu and B. M. Sadler, “Performance analysis of b-bit digital receivers for
TR-UWB systems with inter-pulse interference,” IEEE Transactions on Wireless Com-

munication, vol. 6, no. 2, pp. 494-505, Feb. 2007.

Y. Jin, H. Liu, K. J. Kim and K. S. Kwak, “Receiver for Transmitted Reference
Pulse Cluster UWB Communications,” IEEE Transactions on Vehicular Technol-

0gy, vol. 63, no. 9, pp. 4734-4738, Nov. 2014.

M. Ho, V. S. Somayazulu, J. Foerster, and S. Roy, “A differential detector for an ultra-
wideband communications system,” in Proceedings of IEEE Vehicular Technology Con-

ference (VIC Spring), vol. 4, pp. 1896-1900, 2002.

263



BIBLIOGRAPHY

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

264

M. Di Renzo, L. A. Annoni, F. Graziosi, and F. Santucci, “A novel class of algorithms
for timing acquisition of differential transmitted reference UWB receivers: Architec-
ture, performance analysis and system design,” IEEE Transactions on Wireless Com-

munications, vol. 7, no. 6, pp. 2368-2387, 2008.

M. Paussini, and G. J. M. Janssen, “Analysis and comparison of autocorrela-
tion receivers for IR-UWB signals based on differential detection,” in Proceed-
ings of IEEE International Conference on Acoustics, Speech and Signal Processing

(ICASSP), vol. 4, pp. 513-516, Japan, 2004.

M. Paussini, G. J. M. Janssen, and K. Witrisal, “Performance enhancement of differ-
ential UWB autocorrelation receivers under IS1,” IEEE Journal on Selected Areas in

Communications, vol. 24, no. 4, pp. 815-821, 2006.

A. A. D Amico, and L. Taponecco, “A differential receiver for UWB systems,” IEEE

Transactions on Wireless Communications, vol. 5, no. 7, pp. 1601-1605, 2006.

V. Lottici and Z. Tian, “Multiple Symbol Differential Detection for UWB Commu-
nications,” IEEE Transactions on Wireless Communications, vol. 7, no. 5, pp. 1656-

1666, 2008.

X. Cheng, and Y. L. Guan, “Mitigation of cross-modulation interference in UWB energy

detector receivers,” IEEE Communication Letters, vol. 13, no. 6, pp. 375-377, 2009.

S. Cui, Modulation and multiple access techniques for ultra-wideband communication

systems, Ph.D dissertation, Cleveland State University.

A. A. D Amico, U. Mengali, and E. Arias-de-Reyna, “Energy-detection UWB re-
ceivers with multiple energy measurements,” IEEE Transactions on Wireless Commu-

nications, vol. 6, no. 7, pp. 2652-2659, 2007.

C. Kundu and R. Bose, “Performance of a Multi-Hop UWB Transmitted Refer-
ence System using Decode and Forward Relays,” Wireless Personal Communications,

Springer, vol. 77, no. 3, pp. 1801-1814, 2014.

S. Qing-Hua, X. Xuan-li, L. Di, and Q. Xin, “Performance analysis of cooperative ultra-
wideband communication system,” in Proceedings of IEEE International Conference on

communications and mobile computing (CMC), vol. 2, pp. 217-220, Shenzen, 2010.



BIBLIOGRAPHY

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

W. Feng, X. Chenggqi, and Z. Yan, “The TR-UWB receiver based on spatial diver-
sity,” Journal of Electronics (China), vol. 26, no. 5, pp. 623-630, 2009.

M. Mondelli, Q. Zhou, X. Ma, and V. Lottici, “A cooperative approach for amplify-
and-forward differential transmitted reference IR-UWB relay systems,” in Proceed-
ings of IEEE International Conference on Acoustics, Speech and Signal Processing

(ICASSP), pp. 2905-2908, Japan, 2012.

T. M. Wu and Y. F. Hou, “Performance analysis of cooperative communication in the
UWB differential transmitted reference system,” in Proceedings of IEEE Vehicular
Technology Conference (VIC Spring), pp. 1-5, Budapest, 2011.

M. Hamdi, J. Mietzner and R. Schober, “Double-differential encoding for dual-hop
amplify-and forward relaying in IR UWB systems,” in Proceedings of IEEE Vehicu-
lar Technology Conference (VIC Spring), pp. 1-5, Taiwan, 2010.

M. Hamdi, J. Mietzner and R. Schober, “Multiple-differential encoding for multi-hop
amplify-and forward relaying in IR-UWB systems,” IEEE Transactions on Wireless
Communications, vol. 10, no. 8, pp. 2577-2591, 2011.

Z. Wang, T. Lv, H. Gao, and Y. Li, “A novel two-way relay UWB network with joint
non-coherent detection in multipath,” in Proceedings of IEEE Vehicular Technology

Conference (VTC Spring), pp. 1-5, Budapest, 2011.

N. He and C. Tepedelenlioglu, “Performance Analysis of Non-Coherent UWB Re-
ceivers at Different Synchronization Levels,” IEEE Transactions on Wireless Commu-

nications, vol. 5, no. 6, pp. 1266-1273, 2006.

V. Lottici, A. N. D’ Andrea and U. Mengali, “Channel estimation for ultra-
wideband communications,” IEEE Journal on Selected Areas in Communica-

tion, vol. 20, no. 9, pp. 1638-1645, Dec. 2002.

C. Carbonelli, U. Mengali, and U. Mitra, “Synchronisation and channel estimation for
UWRB signals,” in Proceedings of IEEE International Conference on Global Telecom-

munications (Globecom), San-Francisco, US, Dec 2003.

265



BIBLIOGRAPHY

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

266

G. Durisi, and S. Benedetto, “Comparison between Coherent and Noncoherent Re-
ceivers for UWB Communications,” Eurasip Journal on Advances in Signal Process-

ing, vol. 3, pp. 359-368, 2005.

R. Zhang and X. Dong, “Synchronization and Integration Region Optimization for
UWB Signals with Non-coherent Detection and Auto-correlation Detection,” IEEE

Transactions on Communications, vol. 56, no. 5, pp. 790-798, 2008.

R. Hoctor and H. Tomilson, “Delay hopped Transmitted Reference RF Communica-
tions,” in Proceedings of IEEE International Conference on Ultra Wideband Systems

and Technologies (UWBST), pp. 265-269, Baltimore, 2002.

R. Hazra and A. Tyagi, “Performance Comparison of Non-Coherent IR-UWB Receivers
,” In Proceedings of IEEE International Conference on Signal Processing and Commu-

nication, ICSC, pp. 143-148, Noida, India, 2013.

Mohammad G. Khan, On Coherent and Non-Coherent Receiver Structure for Impulse

Radio UWB Systems, Thesis, Blekinge Institute of Technology, Sweden.

Eva A. Arias-de-Reyna, A. A. D’ Amico and U. Mengali, “UWB energy detection re-
ceivers with partial channel knowledge,” in Proceedings of IEEE International Confer-

ence on Communications, (ICC), pp. 4688-4693, Istanbul, 2006.

T. Ali, P. Siddiqua and M. A. Matin, “Performance Evaluation of Different Modula-
tion Schemes for Ultra Wide Band Systems,” J. Electr. Eng., vol. 65, no. 3, pp. 184-
188, 2014.

L. Li and J. K. Townsend, “M-ary PPM for transmitted reference ultra-wideband

communications,” IEEE Transactions on Communications, vol. 58, no. 7, pp. 1912-

1917, 2010.

C. Liang, L. Wang, and F. Zhang, “A modified transmitted reference UWB receiver,” in
Proceedings of IEEE International Conference on Wireless Communications, Network-

ing and Mobile Computing, WiCOM, pp. 1-4, China, 2008.

H. Khani and P. Azmi, “Performance analysis of a high data rate UWB-DTR system in
dense multipath channels,” Progress in Electromagnetics Research B, vol. 5, pp. 119-

131, 2008.



BIBLIOGRAPHY

[172] M. E. Sahin, I. Guvenc and H. Arsalan, “Optimization of Energy Detector Re-
ceivers for UWB systems,” in Proceedings of IEEE Vehicular Technology Conference
(VTC), vol. 2, pp. 1386-1390, 2005.

[173] R. Hazra and A. Tyagi, “Performance Analysis of TR, ATR and DTR Receivers in IR-
UWB Communication System,” In Proceedings of IEEE International Conference on

Signal Processing, Communication and Computing, ICSPCC, Kunming, China, 2013.

[174] R. Hazra and A. Tyagi, “Performance Analysis of Non-Coherent IR-UWB Receivers
,” In Proceedings of IEEE International Conference on Signal Processing, Computing

and Control, ISPCC, Solan, India, 2013.
[175] John G. Proakis, Digital Communications, 4" Edition, New York: McGrawHill, 2001.

[176] D. Chen and J. N. Laneman, “Modulation and demodulation for coopera-

tive diversity in wireless systems,” IEEE Transactions on Wireless Communica-

tions, vol. 5, no. 7, pp. 1785-1794, 2006.

[177] H. A. Shaban and M. Abou El-Nasir, “Performance Comparison Of ED, TR and DTR
IR UWB Receivers For Combined PAM-PPM Modulation In Realistic UWB Chan-

nels,” Progress In Electromagnetics Research Letters, vol. 30, pp. 91-103, 2012.

[178] R. Hazra and A. Tyagi, “Performance Analysis of IR-UWB TR receiver using coopera-
tive dual hop AF strategy,” in Proceedings of Advances in Computing, Communications

and Informatics, ICACCI, pp. 2537-2543, New-Delhi, 2014.

[179] G. K. Karagiannidis, N. C. Sagias, T. A. Tsiftsis, “Closed-Form Statistics for the sum
of Squared Nakagami-m Variates and its Applications,” IEEE Transactions on Commu-

nications, vol. 54, no. 8, pp. 1353-1359, 2006.

[180] R. Hazra and A. Tyagi, “Performance analysis of impulse-radio ultra-wideband energy
detector system using cooperative dual-hop amplify and forward strategy,” International
Journal of Communication Systems, Wiley, Accepted, In Publishing House, (To ap-

pear online in August, 2015).

[181] S. Gishkori and G. Leus, “Compressive Sampling based energy detection of
Ultra-Wideband Pulse Position Modulation,” IEEE Transactions on Signal Process-
ing, vol. 61, no. 15, pp. 3866-3879, 2013.

267



BIBLIOGRAPHY

[182] R. Hazra and A. Tyagi, “Performance Analysis of IR-UWB ED-OOK system using
Cooperative Dual-Hop DTF Strategy with Diversity Combining,” IEEE Systems Jour-

nal, Communicated.

[183] R. Hazra and A. Tyagi, “Bit error rate performance of IR-UWB ED-PPM system us-
ing cooperative dual-hop AF strategy,” IET Communications, vol. 10, no. 1, pp. 34-
43, Jan 2016.

268



List of Publications

International Journals

1. R. Hazra and A. Tyagi, “Cooperative Impulse Radio Ultra-Wideband Communication
Using Coherent and Non-Coherent Detectors: A Review,” Wireless Personal Communi-

cations, Springer, vol. 77, no. 1, pp. 719-748, July 2014.

2. R. Hazra and A. Tyagi, “A Survey on Various Coherent and Non-Coherent IR-UWB Re-
ceivers,” Wireless Personal Communications, Springer, vol. 79, no. 3, pp. 2339-2369, Dec

2014.

3. R. Hazra and A. Tyagi, “Performance analysis of impulse-radio ultra-wideband energy
detector system using cooperative dual-hop amplify and forward strategy,” International
Journal of Communication Systems, Wiley, Accepted, Published Online, (August 2015),
DOI: 10.1002/dac.3018.

4. R. Hazra and A. Tyagi, “Bit error rate performance of IR-UWB ED-PPM system us-
ing cooperative dual-hop AF strategy,” IET Communications, vol. 10, no. 1, pp. 34-
43, Jan 2016.

5. R. Hazra and A. Tyagi, “Performance Analysis of IR-UWB ED-OOK system using
Cooperative Dual-Hop DTF Strategy with Diversity Combining,” IEEE Systems Jour-

nal, Communicated.

6. R. Hazra and A. Tyagi, “BER Analysis of IR-UWB DTR System using Cooperative
Dual-Hop AF and DTF Strategy,” AEU, Elsevier, To be Communicated Shortly.

269



List of Publications

International Conferences

1.

270

R. Hazra and A. Tyagi, “Performance Analysis of TR, ATR and DTR Receivers in IR-
UWB Communication System,” In Proceedings of IEEE International Conference on

Signal Processing, Communication and Computing, ICSPCC, Kunming, China, 2013.

R. Hazra and A. Tyagi, “Performance Analysis of Non-Coherent IR-UWB Receivers
;> In Proceedings of IEEE International Conference on Signal Processing, Computing

and Control, ISPCC, Solan, India, 2013.

R. Hazra and A. Tyagi, “Performance Comparison of Non-Coherent IR-UWB Receivers
, In Proceedings of IEEE International Conference on Signal Processing and Communi-

cation, ICSC, pp. 143-148, Noida, India, 2013.

R. Hazra and A. Tyagi, “Performance analysis of IR-UWB TR receiver using coopera-
tive dual hop AF strategy,” In Proceedings of International Conference on Advances in
Computing, Communications and Informatics, ICACCI, pp. 2537-2543, New-Delhi, In-
dia, 2014.



	Cover Page
	First page
	COPY_RIGHT
	RAnjay_PhD Defence_Declaration
	Main

