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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 500MHz or a fractional bandwidth of more than 20%

are said to be UWB. IR−UWB 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 GHz. The enormous bandwidth occupancy of

UWB 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/MHz, 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 1st 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 (Nf = 1, 2), where Nf 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 1st 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

x



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 Nf = 1, 2.

Computer simulations are also used to compare the BER performance of non−coherent

IR−UWB systems based on increase in number of relay paths L, decrease in number of frames

Nf , channel used (CM1,CM2), relaying strategies, diversity combining schemes and type of

system used.

xi





Table of Contents

Abstract ix

List of Abbreviations xxi

1 Introduction 1

1.1 A Brief Introduction to UWB Technology . . . . . . . . . . . . . . . . . . . . 1

1.1.1 History of UWB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Basics of IR−UWB . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.3 Properties of UWB . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.4 Applications of UWB . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 IR−UWB System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Pulse Shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.3 UWB Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.4 Receiver Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Dual−Hop Cooperative System Model . . . . . . . . . . . . . . . . . . . . . . 9

1.4 Relay Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4.1 Amplify and Forward (AF) . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4.2 Detect and Forward (DTF) . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4.3 Decode and Forward (DF) . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.6 Research objectives and Contribution . . . . . . . . . . . . . . . . . . . . . . 11

1.7 Organization of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2 Preliminaries and Review 15

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

xiii



TABLE OF CONTENTS

2.2 Coherent UWB System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Single-Link Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2 Cooperative Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Non−Coherent UWB System . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3.1 Single−Link Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3.2 Cooperative Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3 Performance Analysis of Non−Coherent UWB Single−Link System 31

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2 UWB Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.1 TR system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.2 DTR system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.3 ED−OOK system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.4 ED−PPM system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3 UWB Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 Receiver Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4.1 TR Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.2 ATR Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.3 RTR Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.4 RATR Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4.5 DTR Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4.6 ED−OOK Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.4.7 ED−PPM Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5.1 TR System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.5.2 DTR System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.5.3 ED−OOK System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.5.4 ED−PPM System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.6 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 Performance Analysis of Non-Coherent UWB Cooperative AC System 59

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

xiv



TABLE OF CONTENTS

4.2 Cooperative System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2.1 UWB Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2.2 UWB Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2.3 TR Receiver Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.3 Performance Analysis of a Cooperative AF AC System . . . . . . . . . . . . . 65

4.3.1 TR System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.2 DTR System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4 Performance Analysis of a Cooperative DTF AC System . . . . . . . . . . . . 91

4.4.1 TR System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.4.2 DTR System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5 Performance Analysis of Non-Coherent UWB Cooperative ED−OOK System 143

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.2.1 Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.2.2 Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.2.3 ED Receiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.3 Performance Analysis of a Cooperative AF ED-OOK system . . . . . . . . . . 147

5.3.1 Linear Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.3.2 Selective Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

5.3.3 Optimum Linear Combining . . . . . . . . . . . . . . . . . . . . . . . 154

5.4 Performance Analysis of a Cooperative DTF ED-OOK System . . . . . . . . . 156

5.4.1 Linear Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.4.2 Selective Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

5.4.3 Optimum Linear Combining . . . . . . . . . . . . . . . . . . . . . . . 166

5.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

5.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

6 Performance Analysis of Non-Coherent UWB Cooperative ED−PPM System 187

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

6.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

xv



TABLE OF CONTENTS

6.2.1 Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

6.2.2 Signal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

6.2.3 Receiver Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

6.3 Performance Analysis of a Cooperative AF ED-PPM System . . . . . . . . . . 191

6.3.1 Linear Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

6.3.2 Selective Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

6.3.3 Optimum Linear Combining . . . . . . . . . . . . . . . . . . . . . . . 202

6.4 Performance Analysis of a Cooperative DTF ED-PPM System . . . . . . . . . 203

6.4.1 Linear Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

6.4.2 Selective Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

6.4.3 Optimum Linear Combining . . . . . . . . . . . . . . . . . . . . . . . 213

6.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

6.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

7 Conclusions and Future Work 235

7.1 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

A Evaluation of Noise Variance 241

B Evaluation of Expectation of Noise 243

C Linear Optimal Combining Factor 245

D Evaluation of Variance Terms 247

Bibliography 249

List of Publications 269

xvi



List of Figures

1.1 (a) DS IR−UWB system having bits b1 = 0, b2 = 1 with DS PN sequence

c = [1, 1,−1, 1,−1,−1] (b) TH IR−UWB system having bits b1 = 0, b2 = 1,

Nh = 3, Nf = 4 and ε as PPM shift . . . . . . . . . . . . . . . . . . . . . . . 6

1.2 Coherent IR−UWB RAKE receiver . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Cooperative System Model having single link and one relay path . . . . . . . . 10

3.1 (a) DTR Transmitter (b) DTR Receiver . . . . . . . . . . . . . . . . . . . . . . 35

3.2 (a) TR Receiver (b) ATR Receiver . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3 (a) RTR Receiver (b) RATR Receiver . . . . . . . . . . . . . . . . . . . . . . 38

3.4 (a) ED−OOK Receiver (b) ED−PPM Receiver . . . . . . . . . . . . . . . . . 40

3.5 Analytical Vs Simulated BER performance comparison of non−coherent UWB

receivers in CM1 channel for Nf = 1, 2 namely(a) TR Rxr (b) DTR Rxr (c)

ED−OOK Rxr (d) ED−PPM Rxr . . . . . . . . . . . . . . . . . . . . . . . . 54

3.6 BER Performance Comparison of Non−Coherent UWB receivers in (a) CM1

channel for Nf = 1 (b) CM1 channel for Nf = 2 (c) CM2 channel for Nf = 1

(d) CM2 channel for Nf = 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.1 UWB TR system for Cooperative Communication . . . . . . . . . . . . . . . . 62

4.2 UWB DTR system for Cooperative Communication . . . . . . . . . . . . . . . 64

4.3 BER performance of UWB TR system using cooperative AF strategy with var-

ious combining schemes in CM1 channel for (a) Nf = 1 (b) Nf = 2 . . . . . . 124

4.4 BER performance of UWB TR system using cooperative AF strategy with var-

ious combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2 . . . . . . 125

4.5 Analytic vs Simulated BER performance comparison of UWB TR system us-

ing AF strategy having Nf = 1, 2 for various combining schemes namely (a)

Optimum Linear Combining (b) Linear Combining and (c) Selective Combining. 127

xvii



LIST OF FIGURES

4.6 BER performance of UWB DTR system using cooperative AF strategy with

various combining schemes in CM1 channel for (a) Nf = 1 (b) Nf = 2 . . . . 128

4.7 BER performance of UWB DTR system using cooperative AF strategy with

various combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2 . . . . 129

4.8 Analytic vs Simulated BER performance comparison of UWB DTR system

using AF strategy having Nf = 1, 2 for various combining schemes namely (a)

Optimum Linear Combining (b) Linear Combining and (c) Selective Combining. 131

4.9 BER performance of UWB TR system using cooperative DTF strategy with

various combining schemes in CM1 channel for (a) Nf = 1 (b) Nf = 2 . . . . 132

4.10 BER performance of UWB TR system using cooperative DTF strategy with

various combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2 . . . . 133

4.11 Analytic vs Simulated BER performance comparison of UWB TR system using

DTF strategy having Nf = 1, 2 for various combining schemes namely (a)

Optimum Linear Combining (b) Linear Combining and (c) Selective Combining. 135

4.12 BER performance of UWB DTR system using cooperative DTF strategy with

various combining schemes in CM1 channel for (a) Nf = 1 (b) Nf = 2 . . . . 136

4.13 BER performance of UWB DTR system using cooperative DTF strategy with

various combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2 . . . . 137

4.14 Analytic vs Simulated BER performance comparison of UWB DTR system us-

ing DTF strategy having Nf = 1, 2 for various combining schemes namely (a)

Optimum Linear Combining (b) Linear Combining and (c) Selective Combining. 139

5.1 UWB ED−OOK Receiver for Cooperative Communication . . . . . . . . . . . 146

5.2 BER performance of UWB ED−OOK system using cooperative AF strategy

with various combining schemes in UWB CM1 channel for (a) Nf = 1 (b)

Nf = 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

5.3 BER performance of UWB ED−OOK system using cooperative AF strategy

with various combining schemes in UWB CM2 channel for (a) Nf = 1 (b)

Nf = 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

5.4 Analytic vs Simulated BER performance comparison of UWB ED−OOK sys-

tem using AF strategy havingNf = 1, 2 for various combining schemes namely

(a) Optimum Linear Combining (b) Linear Combining and (c) Selective Com-

bining. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

xviii



LIST OF FIGURES

5.5 Dual−Hop Cooperative System Model with single−link and (a) L = 5 relay

paths (b) L = 10 relay paths . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

5.6 BER performance of UWB ED−OOK system using dual−hop cooperative AF

strategy in UWB CM1 channel with (a) Optimum Linear Diversity Combin-

ing 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 forL = 0, 1, 2, 5, 10

relay paths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5.7 BER performance of UWB ED−OOK system using cooperative DTF strategy

with various combining schemes in UWB CM1 channel for (a) Nf = 1 (b)

Nf = 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

5.8 BER performance of UWB ED−OOK system using cooperative DTF strategy

with various combining schemes in UWB CM2 channel for (a) Nf = 1 (b)

Nf = 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

5.9 Analytic vs Simulated BER performance comparison of UWB ED−OOK sys-

tem using DTF strategy in UWB CM1 channel having Nf = 1, 2 for (a) Op-

timum Linear Diversity Combining scheme (b) Linear Diversity Combining

scheme and (c) Selective Diversity Combining scheme. . . . . . . . . . . . . . 179

5.10 BER performance of UWB ED−OOK system using dual−hop cooperative DTF

strategy in UWB CM1 channel with (a) Optimum Linear Diversity Combin-

ing 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 forL = 0, 1, 2, 5, 10

relay paths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

6.1 ED−PPM Receiver for Cooperative Communication . . . . . . . . . . . . . . 190

6.2 BER performance of UWB ED−PPM system using cooperative AF strategy

with various combining schemes in CM1 channel for (a) Nf = 1 (b) Nf = 2 . . 216

6.3 BER performance of UWB ED−PPM system using cooperative AF strategy

with various combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2 . . 217

6.4 Analytic vs Simulated BER performance comparison of UWB ED−PPM sys-

tem using AF strategy in CM1 channel having Nf = 1, 2 for various combining

schemes namely (a) Optimum Linear Combining (b) Linear Combining (c) Se-

lective Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

xix



LIST OF FIGURES

6.5 Dual−Hop Cooperative System Model with single−link and (a) L=5 relay

paths (b) L=10 relay paths . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

6.6 BER performance of UWB ED−PPM system using dual-hop cooperative AF

strategy in CM1 channel with (a) Optimum Linear Diversity Combining forL =

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 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

6.7 BER performance of UWB ED−PPM system using cooperative DTF strategy

with various combining schemes in CM1 channel for (a) Nf = 1 (b) Nf = 2 . . 223

6.8 BER performance of UWB ED−PPM system using cooperative DTF strategy

with various combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2 . . 224

6.9 Analytic vs Simulated BER performance comparison of UWB ED−PPM sys-

tem using DTF strategy in CM1 channel having Nf = 1, 2 for various combin-

ing schemes namely (a) Optimum Linear Combining (b) Linear Combining (c)

Selective Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

6.10 BER performance of UWB ED−PPM system using dual−hop Cooperative DTF

strategy in CM1 channel with (a) Optimum Linear Diversity Combining forL =

0, 1, 2, 5, 10 relay paths (b) Linear Diversity Combining for L = 0, 1, 2, 5, 10 re-

lay paths and (c) Selective Diversity Combining for L = 0, 1, 2, 5, 10 relay paths 228

6.11 BER performance comparison of non−coherent UWB receivers using dual−hop

Cooperative DTF strategy over CM1 environment with (a) Optimum Linear Di-

versity Combining (b) Linear Diversity Combining and (c) Selective Diversity

Combining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

xx



List of Abbreviations

AC : Autocorrelation

ADC : Analog to Digital Converter

AF : Amplify and Forward

ARAKE : All RAKE

ATR : Averaged Transmitted Reference

BEP : Bit Error Probability

BER : Bit Error Rate

BPF : Band-Pass Filter

BW : Bandwidth

CF : Characteristic Function

CIR : Channel Impulse Response

CMI : Cross Modulation Interference

CSI : Channel State Information

D : Destination

DF : Decode and Forward

DH : Delay Hopping

DL : Delay Line

DP : Dual-Pulse

DPSK : Differential Phase Shift Keying

DS : Direct Sequence

DTF : Detect and Forward

DTR : Differential Transmitted Reference

ECC : Electronic Communication Commission

ED : Energy Detector

EGC : Equal Gain Combining

xxi



List of Abbreviations

FCC : Federal Communication Commission

FR : Fixed Relaying

FSR : Frequency-Shifted Reference

GA : Gaussian Approximation

GDR : Group Delay Ripple

GFSK : Gaussian frequency shift keying

GLRT : Generalised Likelihood Ratio Test

IID : Independent and Identically Distributed

IPI : Inter Pulse Interference

IR : Impulse Radio

ISI : Inter Symbol Interference

ITS : Intelligent Transportation Systems

LOS : Line of Sight

MA : Multiple Access

MAI : Multiple Access Interference

MB : Multi-Band

MD : Multiple-Differential

MGF : Moment Generating Function

MIMO : Multiple Input Multiple Output

ML : Maximum Likelihood

MMSE : Minimum Mean Squared Error

MRC : Maximal Ratio Combining

MSDD : Multiple Symbol Differential Detection

MUI : Multi-User Interference

NB : Narrowband

NLOS : Non-Line of Sight

OFDM : Orthogonal Frequency Division Multiplexing

OOK : On-Off Keying

PAL : Precise Location Asset

PAM : Pulse Amplitude Modulation

PC : Personal Computer

PDF : Probability Density Function

xxii



List of Abbreviations

PDP : Power Delay Profile

PDR : Packet Delivery Ratio

PPM : Pulse Position Modulation

PRAKE : Partial Combining RAKE

PSD : Power Spectral Density

QoS : Quality of Service

R : Relay

RATR : Recursive Averaged Transmitted Reference

R-D : Relay-Destination

RTR : Recursive Transmitted Reference

S : Source

SD : Single-Differential

S-D : Source-Destination

SNR : Signal to Noise Ratio

SOVA : Soft Output Viterbi decoding algorithm

SR : Selective Relaying

S-R : Source-Relay

SRAKE : Selective Combining RAKE

SV : Saleh Valenzuela

TB : Training Based

TH : Time-Hopping

TR : Transmitted Reference

TRPC : Transmitted Reference Pulse Cluster

Txr-Rxr : Transmitter-Receiver

UAV : Unmanned Aerial Vehicles

UCoRS : UWB based cooperative retransmission scheme

USB : Universal Serial Bus

UWB : Ultra-wideband

WED : Weighted Energy Detector

WSN : Wireless Sensor Networks

WT : Time-bandwidth Product

xxiii





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 MHz or a fractional bandwidth fb 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:

fb = 2
(fh − fl)
(fh + fl)

(1.1)

where, fh and fl represent the upper and lower frequencies at - 10 dB respectively [7, 8]. The

UWB systems are allowed unlicensed usage of 7.5 GHz 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 500MHz,

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 GHz

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−UWB, 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/MHz, 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

UWB 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

In a DS IR−UWB 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 b1 = 0,

b2 = 1 and c = [1, 1,−1, 1,−1,−1]. The transmitted DS IR−UWB signal for a single user is

represented as:

s
(k)
DS−UWB(t) =

√
E

∞∑
j=−∞

(1− 2b
(k)
j )

Nc∑
i=0

ci
(k)p(t− jTf − iTc) (1.2)

where, PAM modulation scheme is used for transmission. The terms b(k)
j ∈ (0, 1) denotes the

binary information and c(k)
i ∈ (−1, 1) the DS spread spectrum code for user k.

Similarly, the transmitted TH−PPM signal s(k)
TH−PPM(t) for an IR−UWB system can be

represented as [3]:

s
(k)
TH−PPM(t) =

√
E

∞∑
j=−∞

p(t− jTf − c(k)
j Tc − εb(k)

[j/Nf ]) (1.3)

where, Tf represents the frame duration, Tc the chip duration, Tb the bit duration,Nc the number

of chips per information bit, b(k)
[j/Nf ] ∈ (0, 1) the binary information, E the energy per pulse, p(t)
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(a)

(b)

Figure 1.1: (a) DS IR−UWB system having bits b1 = 0, b2 = 1 with DS PN sequence c =

[1, 1,−1, 1,−1,−1] (b) TH IR−UWB system having bits b1 = 0, b2 = 1, Nh = 3, Nf = 4 and

ε as PPM shift

denotes the gaussian second order pulse, ε the PPM shift, Nh the number of hops and Nf the

number of frames. Here, the pseudo−random TH sequence c(k)
j lies in the range 0 ≤ c

(k)
j ≤ Nh

and bit duration Tb is represented as Tb = NcTc = Tf . The Fig 1.1(b) represents a TH−UWB

signal with b0 = 1, b1 = 1, Nh = 3 and Nf = 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(t) =
L−1∑
l=0

K−1∑
k=0

αk,l exp(jφk,l)δ(t− Tl − τk,l) (1.4)

where αk,l represents the tap weight of the kth component in lth cluster, Tl the arrival time of

the lth cluster and φk,l the phase which is uniformly distributed between 0 to 2π. The modified

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

h(t) =
L−1∑
l=0

αlδ(t− τl) (1.5)

where h(t) represents the channel model, l the number of multipaths, αl the amplitude of lth tap,

τl the delay of lth tap and δ 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 dB 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, Tf > (Tmds + Tp) where

Tp is the pulse duration, Tmds = τl − τ0 the multipath delay spread, τl and τ0 are the delay of

lth and 0th pulse respectively. IEEE 802.15.4a has eight different channel environments namely

CM1−CM8, 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-

7
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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(t) with k number of delays, providing k replicas of the actual

transmitted signal c(t). The combining RAKE weights w0, w1,....wk−1 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

8
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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.

(ii) 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−UWB 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 1st 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 2nd time

slot. The received signals obtained at the destination node in 1st and 2nd 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].

9
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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:

• To prepare a conceptual background of coherent and non−coherent IR−UWB systems in

single−link and cooperative scenario.

11
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• 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.

• 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 Nf , 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

Nf , 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−UWB 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−link 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

UWB 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 10−2, 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 102. 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 dB 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,Q = 1), produces a superior outage performance gain of 7 dB at a BER of 103 in comparison

to the increase in number of relays Q (where M = 1,Q = 6). UWB system with more number

of relays (Q = 4) and less number of RAKE correlators (L = 10), provides a better outage

probability than a UWB system with a single relay (Q = 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

UWB 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

UWB 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

Q = 1, improves as M increases and decreases with increase in Q. 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

10−4, 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 10−4, 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

10−5. 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

UWB 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

(i) 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 ML

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 104. 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.

(ii) 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 103, 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

UWB 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

(i) 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.

(ii) 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.

29





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 UWB 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 Td to avoid ISI [169, 170]. For a TR scheme, two pulses

represent a frame and Nf number of frames denote a bit or symbol. The transmitted TR signal

is expressed as:

sTR(t) =

Nf−1∑
i=0

[p(t− iTf ) + bip(t− iTf − Td)] (3.1)

where sTR(t) represents the transmitted TR signal, bi ∈ (−1, 1) the information bit, p(t) the

second order gaussian derivative pulse of pulse duration Tp having energy of
∫ Tp

0
p2(t)dt = Ep,

Tf the frame duration and Td =
Tf
2

the delay between the unmodulated reference and data

modulated pulse. Also, each bit is transmitted by Nf 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:

sDTR(t) =
∞∑
i=0

Nf−1∑
j=0

bip(t− jTf − iTs) (3.2)

where, Nf refers to the number of frames per symbol. As seen in Fig 3.1(a), bi represents the

differentially modulated bit sent over the frame which is obtained by differentially modulating

the information bit ai ∈ (−1, 1), with the previously obtained information bit bi−1, by a dif-

ferential encoding rule bi = aibi−1 [171]. The symbol duration is represented as Ts = NfTf

where, Tf 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 bi = 1, whereas no gaussian pulse is transmitted in case of bi = 0. The transmitted
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signal for UWB ED−OOK system is represented as:

sED−OOK(t) =
∞∑
i=0

Nf−1∑
j=0

bip(t− jTf − iTs) (3.3)

where, sED−OOK(t) represents the transmitted UWB pulse using OOK modulation scheme,

bi ∈ {0, 1} the information bit (or symbol), Nf the number of frames, Tf the frame duration

and symbol duration Ts = NfTf .

3.2.4 ED−PPM system

In ED−PPM system, the gaussian second order derivative pulse p(t) is shifted by ∆ units when

information bit (or symbol) bi = 1 is transmitted, whereas there is no shift in gaussian second

order pulse position in case of bi = 0. The transmitted signal for UWB ED−PPM system is

represented as:

sED−PPM(t) =
∞∑
i=0

Nf−1∑
j=0

p(t− jTf − iTs −∆bi) (3.4)

where, sED−PPM(t) represents the transmitted UWB pulse using PPM modulation scheme,

bi ∈ {0, 1} the information bit (or symbol), Nf the number of frames, Tf the frame duration,

Ts = NfTf the symbol duration and ∆ 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:

h(t) =
L−1∑
l=0

αlδ(t− τl) (3.5)

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∑L−1
l=0 α

2
l = 1 becomes 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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(a)

(b)

Figure 3.1: (a) DTR Transmitter (b) DTR Receiver

consumption give an edge to the non−coherent UWB receivers, over its counterpart coherent

UWB receivers, though it comes at the cost of poor BER performance. The non−coherent

UWB 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:

rTR(t) = sTR(t) ∗ h(t)

=

Nf−1∑
i=0

[p(t− iTf ) + bip(t− iTf − Td)] ∗
L−1∑
l=0

αlδ(t− τl) + n(t)

=

Nf−1∑
i=0

L−1∑
l=0

αl[p(t− iTf − τl) + bip(t− iTf − Td − τl)] + n(t)

=

Nf−1∑
i=0

[g(t− iTf ) + big(t− iTf − Td)] + n(t) (3.6)

where, n(t) denotes the zero mean gaussian process with mean N0

2
, g(t) =

∑L−1
l=0 αlp(t− τl) =

p(t)∗h(t) the aggregate signal obtained after convolving the transmitted pulse with the channel

impulse. The duration of g(t) is Tg = Tp + Tmds where Tp denotes the pulse duration and Tmds

the multipath delay spread. In order to avoid ISI, Tg ≤ Td.

As seen in 3.2(a), the received signal rTR(t) is initially passed through a bandpass filter

(BPF) having a bandwidth W and centre frequency f0. The received filtered signal is repre-

sented as:

r
′

TR(t) =

Nf−1∑
i=0

[g
′
(t− iTf ) + big

′
(t− iTf − 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 bi 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 overNf frames gives rise to an averaged template gATR(t),

which overcomes the problem of using a noisy reference template faced in TR receiver [166].

The averaged template gATR(t) is represented as:

gATR(t) = 1/Nf

Nf−1∑
i=0

r
′
(t+ (Nf − i)Tf/2)

=
√
Eg(t) + 1/(Nf

Nf−1∑
i=0

n
′
(t+ (Nf − i)Tf/2)) (3.8)
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(a)

(b)

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

The received signal r(t) is first filtered by a BPF having a BW ofW and center frequency f0

to obtain r′(t). The filtered signal r′(t) is then correlated with the averaged reference template

gATR(t) and the resultant product is then integrated over the integration time interval. Finally

the information bit bi is extracted using the decision criteria. Here, r(t) 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 g(RTR)i−1
is delayed by D units to form previously estimated

template g(RTR)(i−1)
(t−D). The filtered reference signal and previously estimated template are

multiplied by weighting factors β and α, to obtain the updated estimated template g(RTR)i
(t)

which is represented as [166]:

g(RTR)i
(t) = βr

′
(t) + αg(RTR)(i−1)

(t−D) (3.9)
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where, α = β = 0.5, delay D is equal to frame duration Tf , Td signifies the delay between

reference and data modulated pulse, g(RTR)i−1
represents the previously estimated template at

(i− 1)th iteration and g(RTR)i
(t) denotes the updated estimated template at ith iteration. The

updated estimated template is then delayed by Td units to obtain the final template signal

g(RTR)i
(t − Td), 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

decision mechanism to recover the original bit bi.

(a)

(b)

Figure 3.3: (a) RTR Receiver (b) RATR Receiver
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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 r′(t) is first averaged over Nf frames, to form averaged template gATR(t). The

estimated averaged template obtained in the previous frame g(RATR)i−1
is delayed by D units to

form previously estimated averaged template g(RATR)(i−1)
(t − D). The filtered averaged tem-

plate signal gATR(t) and previously estimated averaged templates are multiplied by weighting

factors β and α to obtain the updated estimated template g(RATR)i
(t), which is represented as

[166]:

g(RATR)i
(t) = βgATR(t) + αg(RATR)(i−1)

(t−D) (3.10)

where, g(RATR)i−1
represents the previously averaged estimated template at (i− 1)th iteration

and g(RATR)i
(t) denotes the updated estimated averaged template at ith 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 bi.

3.4.5 DTR Receiver

Fig 3.2(b) describes a DTR receiver which uses autocorrelation property to extract the original

information bit ai. The filtered received signal r′DTR(t) obtained by passing the received signal

rDTR(t) through a BPF, is first correlated with its delayed version of itself r′DTR(t − Ts). The

correlated resultant is then integrated over the integration time interval. Finally using decision

criteria, the information bit ai 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 r′(t). The filtered received signal r′(t) is then squared and passed through an integra-

tor having a integration window of Ti. The decision threshold is set to 0.5 since the channel
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(a)

(b)

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 sectionZ0 and lower sectionZ1 are subtracted to form the final decision

statistic Z = Z0 − Z1. 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:

sTR(t) =

Nf−1∑
i=0

[p(t− iTf ) + bip(t− iTf − Td)] (3.11)

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

h(t) =
L−1∑
l=0

αlδ(t− τl) (3.12)

where h(t) represents the impulse response of the channel model, L the number of multipaths,

αl the amplitude of lth tap, τl the delay of lth tap and δ the Dirac Delta function. The received

TR signal is represented as:

rTR(t) = sTR(t) ∗ h(t)

=

Nf−1∑
i=0

[
p(t− iTf ) + bip(t− iTf − Td) ∗

L−1∑
l=0

αlδ(t− τl)
]

+ n(t)

=

Nf−1∑
i=0

L−1∑
l=0

αl

[
p(t− iTf − τl) + bip(t− iTf − Td − τl)

]
+ n(t) (3.13)

where, ∗ denotes the convolution operator, Nf the number of frames per symbol, Tf the frame

duration, Td the delay between a reference and data modulated pulse, p(t) the second order

derivative gaussian pulse of duration Tp, bi ∈ {−1, 1} the information bit (or symbol) and n(t)

the AWGN noise. The filtered received TR signal is given by:

r
′

TR(t) =

Nf−1∑
i=0

L−1∑
l=0

αl

[
p
′
(t− iTf − τl) + bip

′
(t− iTf − Td − τl)

]
+ n

′
(t) (3.14)

The filtered received signal r′TR(t) is then correlated with its own delayed version and the re-

sultant is then passed through an integrator to obtain decision statistics ZTR which is expressed

as:

ZTR =

Nf−1∑
i=0

∫ iTf+Td+Ti

iTf+Td

r
′

TR(t)r
′

TR(t− Td)dt

= Y +N1 +N2 +N3 (3.15)

where, Y is the correlator signal output,N1,N2 andN3 are the noise terms. Here, Ti = Tp+Tmds

refers to the integration time interval and Tmds the multipath delay spread. The signal term Y is

solved as follows:
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Y =

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

g(t− iTf ) + big(t− iTf − Td)dt
]

=

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

{
L−1∑
l=0

αlp(t− iTf − τl)bi
L−1∑
m=0

αmp(t− iTf − Td − τm)

}
dt

]
= Nfbi

[ ∫ iTf+Td+Ti

iTf+Td

∑
l=m

α2
l p

2(t− iTf − τl)dt+
∑
l 6=m

∑
αlαmR(τl − τm)︸ ︷︷ ︸

value=0

]

= Nfbi

(∑
l=m

α2
l︸ ︷︷ ︸

value=1

)
Ep

= NfbiEp (3.16)

where,Ep =
∫ iTf+Td+Ti
iTf+Td

p2(t−iTf−τl)dt represents the pulse energy andR(τ) =
∫∞
∞ p(t)p(t−

τ)dt the autocorrelation function of signal. If min {(τl − τm)} > Tp for l 6= m, then IPI can be

avoided. The channel gains are normalized in nature to form,
∑

l α
2
l = 1.

The filtering of AWGN process having PSD N0

2
with a BPF W , results in noise terms n(t).

The autocorrelation function of noise θ(τ) is given by [175]:-

θ(τ) = E[n(t)n(t− τ)] =
N0

2

Sin(πWτ)

πWτ
cos(2πfcτ) (3.17)

where, E[.] denotes the statistical expectation operator and fc carrier frequency of BPF.

Since the Bandwidth is assumed to be sufficiently large, the frequency response of the received

signal g(t) at destination node falls inside the PSD θ(f) of n(t). As PSD θ(f) is sufficiently

flat, the autocorrelation function of noise can be simplified as θ(τ) = N0

2
δ(τ) [175]. The noise

variances are solved as follows.

V ar(N1) = E[N2
1 ] =

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

∫ iTf+Td+Ti

iTf+Td

( L−1∑
l=0

αlbip(t− iTf − τl)
L−1∑
m=0

αm

bip(τ − iTf − τm)

)
E[n

′
(t− iTf − Td)n

′
(τ − iTf − Td)]dtdτ

]
=

Nf−1∑
i=0

b2
i

[ ∫ iTf+Td+Ti

iTf+Td

∫ iTf+Td+Ti

iTf+Td

∑
l

αlp(t− iTf − τl)
∑
m

αmp(τ − iTf − τm)

θ
′
(t− τ)dtdτ

]
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=
NfN0b

2
i

2

[ ∫ iTf+Td+Ti

iTf+Td

∑
l=m

α2
l p

2(t− iTf − τl)dt+
∑
l 6=m

∑
αlαmR(τl − τm)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
i

2

(∑
l=m

α2
l︸ ︷︷ ︸

value=1

)
Ep

=
NfN0b

2
iEp

2
(3.18)

where,
∫ iTf+Td+Ti
iTf+Td

θ
′
(t− τ)dτ = N0δ(t−τ)

2
= N0

2
.

V ar(N2) = E[N2
2 ] =

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

∫ iTf+Td+Ti

iTf+Td

( L−1∑
l=0

αlp(t− iTf − Td − τl)
L−1∑
m=0

αmp(τ − iTf − Td − τm)

)
E[n

′
(t− iTf )n

′
(τ − iTf )]dtdτ

]
=

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

∫ iTf+Td+Ti

iTf+Td

∑
l

αlp(t− iTf − Td − τl)
∑
m

αmp(τ − iTf

−Td − τm)θ
′
(t− τ)dtdτ

]
=

NfN0

2

[ ∫ iTf+Td+Ti

iTf+Td

∑
l=m

α2
l p

2(t− iTf − τl)dt+
∑
l 6=m

∑
αlαmR(τl − τm)︸ ︷︷ ︸

value=0

]

=
NfN0

2

(∑
l=m

α2
l︸ ︷︷ ︸

value=1

)
Ep

=
NfN0Ep

2
. (3.19)

V ar(N3) = E[N2
3 ] =

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

∫ iTf+Td+Ti

iTf+Td

E
[{

n
′
(t− iTf )n

′
(τ − iTf − Td)

}2
]

dtdτ

=

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

∫ iTf+Td+Ti

iTf+Td

θ
′2

(t− τ)dtdτ

]

=

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

∫ iTf+Td+Ti

iTf+Td+Ti−t
θ
′2

(u)dtdu

]

=

Nf−1∑
i=0

[ ∫ iTf+Td+Ti

iTf+Td

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (3.20)
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The variance of [n2(t)] tends to Dirac-Delta function, hence the integral vanishes outside the

range [−t, Ti − t]. We then apply Parsevals Theorem to solve equation 3.20. The SNR at the

output of the correlator is given by SNRTR:

SNRTR =

∑
Y 2

V ar(N1) + V ar(N2) + V ar(N3)

=
(NfbiEp)

2

NfN0Ep
2

+
NfN0b2iEp

2
+

NfN
2
0WTi
2

=
(NfEp)

2

NfN0Ep +
NfN

2
0WTi
2

=

((
N0

Ep

)
1

Nf

+

(
N0

Ep

)2
WTi
2Nf

)−1

(3.21)

Therefore, the BER of UWB TR system is represented as:

BERTR = Q

[(
2

(
N0

Eb

)
+

(
N0

Eb

)2

2NfTiW

)−0.5]
(3.22)

where, Eb = 2NfEp, represents the energy per bit and Q denotes the Q-function.

3.5.2 DTR System

The received DTR signal is denoted as:

rDTR(t) = sDTR(t) ∗ h(t) + n(t)

=
∞∑
i=0

Nf−1∑
j=0

L−1∑
l=0

αl

[
p(t− jTf − iTs − τl)

]
+ n(t)

=
∞∑
i=0

Nf−1∑
j=0

bi

[
g(t− jTf − iTs)

]
+ n(t) (3.23)

where, rDTR(t) represents the received DTR signal, bi the differentially modulated bit sent

over the frame, g(t) =
∑L−1

l=0 αlp(t − τl) the aggregate signal response and n(t) the AWGN

noise. Also, bi the differentially modulated bit sent over the frame is obtained by modulating

the information bit, ai ∈ (−1, 1), with the previously obtained differentially modulated bit

bi−1 using a differential encoding rule bi = aibi−1. The received signal rDTR(t) is then passed

through a BPF of bandwidth W , to give r′DTR(t) which is expressed as:

r
′

DTR(t) =
∞∑
i=0

Nf−1∑
j=0

bi

[
g′(t− jTf − iTs)

]
+ n′(t)

=
∞∑
i=0

Nf−1∑
j=0

L−1∑
l=0

αl

[
p
′
(t− jTf − iTs − τl)

]
+ n

′
(t) (3.24)
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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 ZDTR, which is represented as:

ZDTR =

Nf−1∑
j=0

∫ jTf+iTs+Ti

jTf+iTs

r
′

DTR(t)r
′

DTR(t− Ts)dt

= Y +N1 +N2 +N3 (3.25)

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

3.26.

=

Nf−1∑
j=0

∫ jTf+iTs+Ti

jTf+iTs

[∑
l

αlbip
′
(t− jTf − iTs) + n

′
(t)

][∑
m

αmbi−1p
′
(t− jTf − iTs)

+n
′
(t− Ts)

]
(3.26)

where, Y is the correlator signal output,N1,N2 andN3 are the noise terms. Here, Ti = Tp+Tmds

refers to the integration time interval and Tmds the multipath delay spread. The signal term Y is

solved as follows:

Y =

Nf−1∑
j=0

[ ∫ jTf+iTs+Ti

jTf+iTs

big
′
(t− jTf − iTs)bi−1g

′
(t− jTf − iTs)dt

]

=

Nf−1∑
i=0

[ ∫ jTf+iTs+Ti

jTf+iTs

( L−1∑
l=0

αlbip
′
(t− jTf − iTs − τl)

L−1∑
m=0

αmbi−1p
′
(t− jTf − iTs − τm

)

)
dt

]
= Nfbibi−1

[ ∫ jTf+iTs+Ti

jTf+iTs

∑
l=m

α2
l p
′2(t− jTf − iTs − τl)dt+

∑
l 6=m

∑
αlαmR(τl − τm)︸ ︷︷ ︸

value=0

]

= Nfbibi−1

(∑
l=m

α2
l︸ ︷︷ ︸

value=1

)
Ep

= Nfbibi−1Ep (3.27)

where, Ep =
∫ jTf+iTf+Ti
jTf+iTs

p
′2(t − jTf − iTs − τl)dt represents the energy of the pulse while

the autocorrelation function of pulse is defined as R(τ) =
∫∞
∞ p

′
(t)p

′
(t − τ)dt. To avoid IPI,

min {(τl − τm)} > Tp for l 6= m. The channel gains are taken to be normalized in nature hence,∑
l α

2
l = 1. As explained in the section 3.5.1, the autocorrelation of noise can be simplified as

θ(τ) = N0

2
δ(τ) [175]. The noise variances are solved as follows.

V ar(N1) = E[N2
1 ] =

Nf−1∑
j=0

[ ∫ jTf+iTs+Ti

jTf+iTs

∫ jTf+iTs+Ti

jTf+iTs

( L−1∑
l=0

αlbip
′
(t− jTf − iTs − τl)

L−1∑
m=0
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αmbip
′
(τ − jTf − iTs − τm

)
E[n

′
(t− Ts)n

′
(τ − Ts)]dtdτ

]
=

Nf−1∑
j=0

b2
i

[ ∫ jTf+iTs+Ti

jTf+iTs

∫ jTf+iTs+Ti

jTf+iTs

∑
l

αlp
′
(t− jTf − iTs − τl)

∑
m

αmp
′
(τ −

jTf − iTs − τm)θ
′
(t− τ)dtdτ

]
=

NfN0b
2
i

2

[ ∫ jTf+iTs+Ti

jTf+iTs

∑
l=m

α2
l p
′2(t− jTf − iTs − τl)dt+

∑
l 6=m

∑
αlαmR(τl − τm)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
i

2

(∑
l=m

α2
l︸ ︷︷ ︸

value=1

)
Ep

=
NfN0b

2
iEp

2
(3.28)

where,
∫ jTf+iTs+Ti
jTf+iTs

θ
′
(t− τ)dτ = N0δ(t−τ)

2
= N0

2
.

V ar(N2) = E[N2
2 ] =

Nf−1∑
j=0

[ ∫ jTf+iTs+Ti

jTf+iTs

∫ jTf+iTs+Ti

jTf+iTs

( L−1∑
l=0

αlbi−1p
′
(t− jTf − iTs − τl)

L−1∑
m=0

αmbi−1p
′
(τ − jTf − iTs − τm)

)
E[n

′
(t)n

′
(τ)]dtdτ

]

=

Nf−1∑
j=0

b2
i−1

[ ∫ jTf+iTs+Ti

jTf+iTs

∫ jTf+iTs+Ti

jTf+iTs

∑
l

αlp
′
(t− jTf − iTs − τl)

∑
m

αmp(τ −

jTf − iTs − τm)θ
′
(t− τ)dtdτ

]
=

NfN0b
2
i−1

2

[ ∫ jTf+iTs+Ti

jTf+iTs

∑
l=m

α2
l p
′2(t− jTf − iTs − τl)dt+

∑
l 6=m

∑
αlαmR(τl − τm)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
i−1

2

(∑
l=m

α2
l︸ ︷︷ ︸

value=1

)
Ep

=
NfN0b

2
i−1Ep

2
. (3.29)

V ar(N3) = E[N2
3 ] =

Nf−1∑
j=0

[ ∫ jTf+iTs+Ti

jTf+iTs

∫ jTf+iTs+Ti

jTf+iTs

E
[{

n
′
(t)n

′
(τ − Ts)

}2
]
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dtdτ

=

Nf−1∑
j=0

[ ∫ jTf+iTs+Ti

jTf+iTs

∫ jTf+iTs+Ti

jTf+iTs

θ
′2

(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+iTs+Ti

jTf+iTs

∫ jTf+iTs+Ti

jTf+iTs+Ti−t
θ
′2

(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ jTf+iTs+Ti

jTf+iTs

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (3.30)

The variance of n′
2

(t) tends to Dirac-Delta function, hence the integral vanishes outside the

range [−t, Ti − t]. Parsevals Theorem is applied to solve equation 3.30. The SNR at the output

of the correlator is given by SNRDTR:

SNRDTR =

∑
Y 2

V ar(N1) + V ar(N2) + V ar(N3)

=
(Nfbibi−1Ep)

2

NfN0b2iEp
2

+
NfN0b2i−1Ep

2
+

NfN
2
0WTi
2

=
(NfEp)

2

NfN0Ep
2

+
NfN0Ep

2
+

NfN
2
0WTi
2

=

((
N0

NfEp

)
+

(
N0

NfEp

)2
NfWTmds

2

)−1

(3.31)

The BER of UWB DTR system is denoted as:

BERDTR = Q

[((
N0

Eb

)
+

(
N0

Eb

)2
NfWTmds

2

)−0.5]
(3.32)

where,Eb = NfEp is the energy per bit and is half of that TR scheme because it doesn’t transmit

a reference 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:

rED−OOK(t) = sED−OOK(t) ∗ h(t)

=
∞∑
i=0

Nf−1∑
j=0

bip(t− jTf − iTs) ∗
L−1∑
l=0

αlδ(t− τl) + n(t)

=
L−1∑
l=0

αlg(t− jTf − iTs − τl) + n(t) (3.33)
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where, ∗ represents the convolution operator, g(t) = sED−OOK(t) ∗ δ(t − τl) the aggregate

received signal and n(t) the noise term. Here, Ts = NfTf denotes the symbol duration, Nf the

number of frames per symbol and Tf the frame duration. The received signal rED−OOK(t) is

then passed through a ED−OOK receiver, whose decision statistics ZED−OOK is as follows:

ZED−OOK =

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

r2
ED−OOK(t)dt

= A1︸︷︷︸
signal

+A2 + A3︸ ︷︷ ︸
noiseterm

= sig︸︷︷︸
signal

+ Znoise︸ ︷︷ ︸
noise−term

(3.34)

Replacing the value of equation 3.33 in equation 3.34, we obtain the decision statistics of

ED−OOK system ZED−OOK in equation 3.35. The equation 3.35 holds good in case of no

IPI.

=

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

( L−1∑
l=0

αlg(t− jTf − iTs − τl) + n(t)

)2

dt

=

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+Ti

iTs+jTf

g2(t− jTf − iTs − τl)dt+ 2

Nf−1∑
j=0

L−1∑
l=0

αl

∫ iTs+jTf+Ti

iTs+jTf

g(t− jTf − iTs − τl)n(t)dt+

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

n2(t)dt (3.35)

where, Ti = Tmds + Tp represents the integration time interval. Also, Tp denotes the pulse

duration and Tmds the multipath delay spread. The signal term obtained from A1 is represented

as:

A1 =

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+Ti

iTs+jTf

g2(t− jTf − iTs − τl)dt

= sig = NfE (3.36)

where, E =
∫ iTs+jTf+Ti
iTs+jTf

g2(t − jTf − iTs − τl)dt denotes the received signal energy due to

transmission of information bit bi ∈ {0, 1}. The noise variance is evaluated by solving the

decision variablesA2 andA3. As explained before in Section 3.5.1, the autocorrelation function

of noise is approximated as θ(τ) = N0

2
δ(τ) [175]. The noise variances are evaluated as follows.

σ2
N1

= E[A2
2] = 2

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+Ti

iTs+jTf

∫ iTs+jTf+Ti

iTs+jTf

g(t− jTf − iTs − τl)

g(τ − jTf − iTs − τl)E[n(t)n(τ)]dtdτ
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= 2Nf

∫ iTs+jTf+Ti

iTs+jTf

g(t− jTf − iTs − τl)g(τ − jTf − iTs − τl)

θ(t− τ)dtdτ

= 2Nf
N0

2

∫ iTs+jTf+Ti

iTs+jTf

g2(t− jTf − iTs − τl)dt

= NfN0E (3.37)

where, E[n(t)n(τ)] = θ(t− τ) = N0

2
δ(t− τ) and

∫ iTs+jTf+Ti
iTs+jTf

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N2

= E[A2
3] =

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

∫ iTs+jTf+Ti

iTs+jTf

E
[{

n2(t)
}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dτdt = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (3.38)

where, the value of E
[
{n2(t)}2

]
=

N2
0

2
is evaluated in Appendix A. Parseval’s theorem is

applied to solve equation 3.38.

The SNR obtained is represented as follows:

ρED−OOK =
(sig)2

σ2
Znoise

=
(NfE)2

NfN0E +NfN2
0WTi

(3.39)

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

BERED−OOK = Q

[
1

2

[(
N0

NfE

)
+

(
N0

NfE

)2

NfWTi

]−0.5]
(3.40)

3.5.4 ED−PPM System

The received ED−PPM signal is denoted as:

rED−PPM(t) = sED−PPM(t) ∗ h(t)

=
∞∑
i=0

Nf−1∑
j=0

p(t− jTf − iTs −∆bi) ∗
L−1∑
l=0

αlδ(t− τl) + n(t)

=
L−1∑
l=0

αlg(t− jTf − iTs −∆bi − τl) + n(t) (3.41)

where, ∗ denotes the convolution operator, Ts = NfTf the symbol duration, Tf the frame

duration, Nf the number of frames per symbol, bi ∈ {0, 1} the information bit, p(t) the second

order gaussian derivative pulse and ∆ the PPM shift. The aggregate signal response g(t) is
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represented as g(t−jTf− iTs−∆bi−τl) = sED−PPM(t)∗δ(t−τl). The received signal is then

passed through a ED−PPM receiver, whose decision statistics Z is represented as Z = Z0−Z1

where, Z0 and Z1 denote the decision statistics due to transmission of information bit 0 and 1

respectively.

Z0 =

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

r2
ED−PPM(t)dt

= B1︸︷︷︸
signal

+ B2 +B3︸ ︷︷ ︸
noise−term

= s0︸︷︷︸
signal

+ Znoise−0︸ ︷︷ ︸
noise−term

(3.42)

Z1 =

Nf−1∑
j=0

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

r2
ED−PPM(t)dt

= C1︸︷︷︸
signal

+ C2 + C3︸ ︷︷ ︸
noise−term

= s1︸︷︷︸
signal

+ Znoise−1︸ ︷︷ ︸
noise−term

(3.43)

where, Ti = Tmds + Tp represents the integration time interval. Replacing the value of equation

3.41 in equation 3.42, we obtain decision statistics Z0 in equation 3.44, which is shown below.

In case of no IPI, equation 3.44 holds true.

Z0 =

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

( L1−1∑
l=0

αlg(t− jTf − iTs −∆bi − τl) + n(t)

)2

=

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+Ti

iTs+jTf

g2(t− jTf − iTs −∆bi − τl)dt+ 2

Nf−1∑
j=0

L−1∑
l=0

αl

∫ iTs+jTf+Ti

iTs+jTf

g(t− jTf − iTs −∆bi − τl)n(t)dt+

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

n2(t)dt (3.44)

The signal component B1 is obtained from decision variable Z0.

B1 =

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+Ti

iTs+jTf

g2(t− jTf − iTs −∆bi − τl)dt

= s0 = NfE0 (3.45)

where, E0 =
∫ iTs+jTf+Ti
iTs+jTf

g2(t − jTf − iTs − ∆bi − τl)dt denotes the received signal energy

component in Z0. The decision variables B2 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 θ(τ) can be approximated as θ(τ) = N0

2
δ(τ) [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 B2 and B3 obtained from Z1 are as follows:

σ2
N1

= E[B22] = 2

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+Ti

iTs+jTf

∫ iTs+jTf+Ti

iTs+jTf

g(t− jTf − iTs −∆bi − τl)

g(τ − jTf − iTs −∆bi − τl)E[n(t)n(τ)]dtdτ

= 2Nf

∫ iTs+jTf+Ti

2iTs+jTf

∫ iTs+jTf+Ti

iTs+jTf

g(t− jTf − iTs −∆bi − τl)g(τ − jTf

−iTs −∆bi − τl)θ(t− τ)dtdτ

= 2Nf
N0

2

∫ iTs+jTf+Ti

iTs+jTf

g2(t− jTf − iTs −∆bi − τl)dt = NfN0E0. (3.46)

where, E[n(t)n(τ)] = θ(t− τ) = N0

2
∆(t− τ) and

∫ iTs+jTf+Ti
iTs+jTf

N0

2
∆(t− τ)dτ = N0

2
.

σ2
N2

= E[B2
3 ] =

Nf−1∑
j=0

∫ iTs+jTf+Ti

iTs+jTf

∫ iTs+jTf+Ti

iTs+jTf

E
[{

n2(t)
}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dtdτ = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (3.47)

where, the value of E
[
{n2(t)}2

]
=

N2
0

2
is derived in equation A.2 of Appendix A. Parseval’s

theorem is used to solve equation 3.47. The total noise term Znoise−0 has a total variance of

σ2
Znoise−0

= σ2
N1

+ σ2
N2

= NfN0E0 +NfN
2
0WTi.

Similarly, the decision statistics Z1 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 IPI.

Z1 =

Nf−1∑
j=0

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

( L−1∑
l=0

αlg(t− jTf − iTs −∆bi − τl) + n(t)

)2

=

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

g2(t− jTf − iTs −∆bi − τl)dt+ 2

Nf−1∑
j=0

L−1∑
l=0

αl

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

g(t− jTf − iTs −∆bi − τl)n(t)dt+

Nf−1∑
j=0∫ iTs+jTf+∆+Ti

iTs+jTf+∆

n2(t)dt (3.48)

The signal component C1 is obtained from decision variable Z1.

C1 =

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

g2(t− jTf − iTs −∆bi − τl)dt

= s1 = NfE1 (3.49)
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where, E1 =
∫ iTs+jTf+∆+Ti
iTs+jTf+∆

g2(t− jTf − iTs −∆bi − τl)dt denotes the received signal energy

component in Z1.

Similarly, the noise variances C2 and C3 obtained from Z1 are as follows.

σ2
N1

= E[C2
2 ] = 2

Nf−1∑
j=0

L−1∑
l=0

α2
l

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

∫ iTs+jTf+∆+Ti

2iTs+jTf+∆

g(t− jTf − iTs −∆bi

−τl)g(τ − jTf − iTs −∆bi − τl)E[n(t)n(τ)]dtdτ

= 2Nf

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

g(t− jTf − iTs −∆bi − τl)g(τ − jTf

−iTs −∆bi − τl)θ(t− τ)dtdτ

= 2Nf
N0

2

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

g2(t− jTf − iTs −∆bi − τl,1)dt

= NfN0E1 (3.50)

σ2
N2

= E[C2
3 ] =

Nf−1∑
j=0

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

∫ iTs+jTf+∆+Ti

iTs+jTf+∆

E
[ {

n2(t)
}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dτdt = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (3.51)

where, the value of E
[
{n2(t)}2

]
=

N2
0

2
is solved in equation A.2 of Appendix A. Parseval’s

theorem is applied to solve equation 3.51. The noise term Znoise−1 has a total variance of

σ2
Znoise−1

= σ2
N1

+ σ2
N2

= NfN0E1 +NfN
2
0WTi. The decision statistics Z is represented as:

Z = Z0 − Z1 =

Bit0︷ ︸︸ ︷
( s0︸︷︷︸

signal

+ Znoise−0︸ ︷︷ ︸
noise−term

)−
Bit1︷ ︸︸ ︷

( s1︸︷︷︸
signal

+ Znoise−1︸ ︷︷ ︸
noise−term

)

=

︷ ︸︸ ︷
(

TotalSignal
s0 − s1︸ ︷︷ ︸

sig

) +

︷ ︸︸ ︷
(

TotalNoise
Znoise−0 − Znoise−1︸ ︷︷ ︸

Znoise

) (3.52)

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

ρED−PPM =

(
sig2

σ2
Znoise

)
=

(
[Nf (E0 − E1)]2

NfN0(E0 − E1) + 2NfN2
0WTi

)
(3.53)

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

BERED−PPM = Q

[(
2

( N0

Nf (E0−E1)
) + ( N0

Nf (E0−E1)
)22NfWTi

)−0.5]
(3.54)
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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 considered53
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Figure 3.5: Analytical Vs Simulated BER performance comparison of non−coherent UWB

receivers in CM1 channel for Nf = 1, 2 namely(a) TR Rxr (b) DTR Rxr (c) ED−OOK Rxr (d)

ED−PPM Rxr
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Figure 3.6: BER Performance Comparison of Non−Coherent UWB receivers in (a) CM1 chan-

nel for Nf = 1 (b) CM1 channel for Nf = 2 (c) CM2 channel for Nf = 1 (d) CM2 channel for

Nf = 2
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for simulations are Nf = 1, 2, N = 200000, W = 2GHz, Ti = 4 ns and Fsamp = 10GHz,

where Nf represents the number of frames in one symbol, N the number of bits, W the band-

width of bandpass filter, Ti the integration interval and Fsamp the sampling frequency. A second

order Gaussian derivative pulse p(t) = (1− 4π((t)/Tk)
2)exp(−2π((t)/Tk)

2) is used for trans-

mission, where t denotes the time interval and Tk = 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 Nf = 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 Nf 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 Nf = 1, (b) UWB CM1 for Nf = 2, (c) UWB CM2 for Nf = 1 and (d) UWB CM2

for Nf = 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 Nf 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 10−4. 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 Nf =
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3.7 Concluding Remarks

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 Nf , 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 Nf = 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 10−4. 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 10−4. 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 Nf = 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 Nf = 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 1st 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 1st time slot is

amplified by an amplifying factor and then forwarded to the destination node, in the 2nd time

slot. However in case of DTF scheme, the signal received at the relay node in 1st time slot

is first demodulated using an AC receiver and forwarded to the destination node, in 2nd time

slot. The received signal obtained at the destination node using either of the relaying schemes

in the 1st and 2nd 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 1st and 2nd 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 Td [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 1st 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 1st time slot is represented as:

sTR−SD(t) =
∞∑
i=0

Nf−1∑
j=0

[
p(t− jTf − 2iTs) + bip(t− jTf − 2iTs − Td)

]
(4.1)

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

relay node is represented as:

sTR−SR(t) =
∞∑
i=0

Nf−1∑
j=0

[
p(t− jTf − 2iTs) + bip(t− jTf − 2iTs − Td)

]
(4.2)

where, sTR−SD(t) and sTR−SR(t) represents the UWB TR signal transmitted from the

source node to destination as well as relay node respectively, in 1st time slot. The other

terms such as bi ∈ (1,−1) represent the information bit, p(t) the gaussian second order

pulse, Nf the number of frames per symbol, Tf the frame duration and Ts = NfTf 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 Td.

(ii) 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 1st 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 2nd time slot. The UWB DTR signal transmitted from the source

node to the destination node in 1st time slot is represented as:

sDTR−SD(t) =
∞∑
i=0

Nf−1∑
j=0

bip(t− jTf − 2iTs) (4.3)

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

relay node is represented as:

sDTR−SR(t) =
∞∑
i=0

Nf−1∑
j=0

bip(t− jTf − 2iTs) (4.4)
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Figure 4.1: UWB TR system for Cooperative Communication

where, sDTR−SD(t) and sDTR−SR(t) represents UWB DTR signal transmitted from the

source node to destination node and relay node respectively, in 1st time slot. Here, the

differentially modulated bit bi is transmitted over the frame, which is obtained by differ-

entially modulating the information bit ai ∈ (−1, 1) with the previously obtained infor-

mation bit bi−1, by a differential encoding rule bi = aibi−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:

hk(t) =

Lk−1∑
l=0

αl,kδ(t− τl,k)

=
∑
lk

αlkδ(t− τlk) (4.5)

where, hk(t) represents the impulse response of channel and Lk the number of multipaths. Also,

αl,k (αlk) and τl,k (τlk) denotes the amplitude response and delay response of lth multipath in kth

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 αl,k follow Nakagami distribution, while δ denotes Delta

function. In order to avoid IPI and IFI in UWB TR and DTR system, received pulses must

have frame duration Tf > (Tmds + Tp), where Tp represents the pulse duration and Tmds 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 rTR(t) is first passed through a

BPF having a bandwidth W . The filtered received signal r′TR(t) is then correlated with

its delayed version r′TR(t− Td). 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 bi [2, 68]. The received TR signal at the destination node in 1st time slot

is represented as:

rTR−SD(t) = sTR−SD(t) ∗ h1(t)

=
∞∑
i=0

Nf−1∑
j=0

[
p(t− jTf − 2iTs) + bip(t− jTf − 2iTs − Td)]

∗
∑
l1

αl1δ(t− τl1)
]

+ nSD(t)

=
∞∑
i=0

Nf−1∑
j=0

∑
l1

[
αl1p(t− jTf − 2iTs − τl1) + αl1bip(t− jTf − 2iTs −

Td − τl1)
]

+ nSD(t)

=
∞∑
i=0

Nf−1∑
j=0

[
gSD(t− jTf − 2iTs) + bigSD(t− jTf − 2iTs − Td)

]
+

nSD(t) (4.6)

where, the aggregate signal response gSD(t) and gSR(t) for S−D and S−R link are ex-

pressed as gSD(t − jTf − 2iTs) = sTR−SD(t) ∗ δ(t − τl,1) and gSR(t − jTf − 2iTs) =

sTR−SR(t) ∗ δ(t − τl,2), respectively. Similarly, the received signal obtained at the relay

node in 1st time slot is denoted as:

rTR−SR(t) = sTR−SR(t) ∗ h2(t)

=
∞∑
i=0

Nf−1∑
j=0

[
p(t− jTf − 2iTs) + bip(t− jTf − 2iTs − Td)]

∗
∑
l2

αl2δ(t− τl2)
]

+ nSR(t)
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4.2 Cooperative System Model

Figure 4.2: UWB DTR system for Cooperative Communication

=
∞∑
i=0

Nf−1∑
j=0

∑
l2

[
αl2p(t− jTf − 2iTs − τl2) + αl2bip(t− jTf − 2iTs −

Td − τl2)
]

+ nSR(t)

=
∞∑
i=0

Nf−1∑
j=0

[
gSR(t− jTf − 2iTs) + bigSR(t− jTf − 2iTs − Td)

]
+

nSR(t) (4.7)

(ii) DTR Receiver: DTR receiver uses autocorrelation property to extract the information bit

ai, as observed in Fig 4.2. The received signal rDTR(t) is first filtered using a BPF to

obtain r′DTR(t). The filtered received signal r′DTR(t) is then correlated with its delayed

version r′DTR(t−Ts) 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 1st time slot is

represented as:

rDTR−SD(t) = sDTR−SD(t) ∗ h1(t)

=
∞∑
i=0

Nf−1∑
j=0

[
bip(t− jTf − 2iTs) ∗

∑
l1

αl1δ(t− τl1)
]

+ nSD(t)

=
∞∑
i=0

Nf−1∑
j=0

∑
l1

[
αl1bip(t− jTf − 2iTs − τl1)

]
+ nSD(t)

=
∞∑
i=0

Nf−1∑
j=0

[
bigSD(t− jTf − 2iTs)

]
+ nSD(t) (4.8)
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where, the aggregate signal response gSD(t) and gSR(t) are expressed as gSD(t − jTf −

2iTs) = sDTR−SD(t) ∗ δ(t − τl,1) and gSR(t − jTf − 2iTs) = sDTR−SR(t) ∗ δ(t − τl,2)

respectively. Similarly, the received signal obtained at the relay node in 1st time slot is

denoted as:

rDTR−SR(t) = sDTR−SR(t) ∗ h2(t)

=
∞∑
i=0

Nf−1∑
j=0

[
bip(t− jTf − 2iTs) ∗

∑
l2

αl2δ(t− τl2)
]

+ nSR(t)

=
∞∑
i=0

Nf−1∑
j=0

∑
l2

[
αl2bip(t− jTf − 2iTs − τl2)

]
+ nSR(t)

=
∞∑
i=0

Nf−1∑
j=0

[
bigSR(t− jTf − 2iTs)

]
+ 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 1st 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 1st time slot, is detected using a TR receiver,

whose decision statistics ZTR−SD is expressed as:

ZTR−SD =

Nf−1∑
j=0

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

rTR−SD(t)rTR−SD(t− Td)dt

= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k) + Z4(k)︸ ︷︷ ︸
noise−term

= Z1(1)︸ ︷︷ ︸
signal

+Z2(1) + Z3(1) + Z4(1)︸ ︷︷ ︸
noise−term

(4.10)

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 Ti = Tp + Tmds denotes the integration time interval. Also, Tp and Tmds

denote pulse duration and multipath delay spread respectively. The signal term obtained from

S−D link is represented as:

Z1(1) =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
)(∑

m1

αm1bip(t− jTf
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−2iTs − Td − τm1)dt

)]
= Nfbi

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

= NfbiEp

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

= NfbiEpγ1︸ ︷︷ ︸
sigSD

(4.11)

where, the pulse energy obtained from S−D link is defined as Ep =
∫ jTf+2iTs+Td+Ti
jTf+2iTs+Td

p2(t −

jTf − 2iTs− τl1)dt and autocorrelation function as R(τ) =
∫∞
∞ p(t)p(t− τ)dt. This constraint

min {(τl1 − τm1)} > Tp for l1 6= m1 is satisfied, to avoid IPI. Hence,
∑
l1 6=m1

∑
αl1αm1R(τl1 −

τm1) = 0. The channel gains αlk 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,
∑

lk
α2
lk

= γk

may be approximated as Gaussian distributed. In this case, the value is γ1.

The filtering of AWGN process having PSD N0

2
with a BPF W , results in noise terms nk(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 θk(τ) is given by [175]:-

θk(τ) = E[nk(t)nk(t− τ)] =
N0

2

Sin(πWτ)

πWτ
cos(2πfcτ) (4.12)

where, E[.] denotes the statistical expectation operator and fc 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 θk(f) of nk(t). As PSD θk(f) is sufficiently flat,

the autocorrelation function of noise can be simplified as θk(τ) = N0

2
δ(τ) [175]. Since Z2(1),

Z3(1) and Z4(1) denote the noise terms, their variances are solved as shown below.

V ar(N1) = E[Z2
2(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1p(t− jTf −

2iTs − τl1)
)(∑

m1

αm1p(τ − jTf − 2iTs − τm1)

)
E[nSD(t− Td)nSD(τ − Td

)]dtdτ

]
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=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
)(∑

m1

αm1p(τ −

jTf − 2iTs − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0

2

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

=
NfN0Ep

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

=
NfN0Epγ1

2
. (4.13)

where,
∫ jTf+2iTs+Ti
jTf+2iTs

θ1(t− τ)dτ =
∫ jTf+2iTs+Ti
jTf+2iTs

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1bip(t− jTf

−2iTs − Td − τl1)
)(∑

m1

αm1bip(τ − jTf − 2iTs − Td − τm1)

)
E[nSD(t)

nSD(τ)]dtdτ

]
=

Nf−1∑
j=0

b2
i

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l1

αl1p(t− jTf − 2iTs − Td

−τl1)
∑
m1

αm1p(τ − jTf − 2iTs − Td − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0b
2
i

2

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
iEp

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

=
NfN0b

2
iEpγ1

2
(4.14)
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V ar(N3) = E[Z2
4(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

E
[
{nSD(t)nSD(τ − Td)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

θ2
1(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td+Ti−t
θ2

1(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.15)

where, E[n2
k(t)] = N0

2
. The value of E[{n2

k(t)}
2
] =

N2
0

4
.

The decision statistic ZTR−SD at destination node in 1st time slot contains signal term

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

value of NfbiEpγ1 while the noise term Znoise−SD has a variance of σ2
Znoise−SD

=
NfN0Epγ1

2
+

NfN0b2iEpγ1
2

+
NfN

2
0WTi
2

. The SNR at the destination node from S−D link in the 1st time slot is

represented as:

ρTR−SD =
sig2

SD

σ2
Znoise−SD

=
(NfbiEpγ1)2

NfN0Epγ1
2

+
NfN0b2iEpγ1

2
+

NfN
2
0WTi
2

=
(NfEpγ1)2

NfN0Epγ1 +
NfN

2
0WTi
2

=
(Ebγ1

2
)2

N0Ebγ1
2

+
NfN

2
0WTi
2

(4.16)

where, energy per bit is given as Eb = 2NfTf .

In the 1st 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 1st time slot

is denoted by equation 4.7. The signal received at the relay node in 1st time slot is amplified by

an amplifying factor
√
βAF , and then forwarded to the destination node in 2nd time slot. The

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

sTR−RD(t) = rTR−SR(t)
√
βAF (4.17)

where, the amplifying gain is defined as
√
βAF =

√(
ESR

E{|h22(t)|}ESR+N0

)
. Also, E, ESR, h2(t)

and σ2
Znoise−SR

represent the expectation operator, signal energy, channel response and noise

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

in 2nd time slot is represented as:

rTR−RD(t) =

( ∞∑
i=0

Nf−1∑
j=0

[√
βAF

∑
l2

αl2p(t− jTf − (2i+ 1)Ts − τl2) +
√
βAF

∑
l2

αl2bi

p(t− jTf − (2i+ 1)Ts − Td − τl2) +
√
βAFnSR(t)

]
∗
∑
l3

αl3δ(t− τl3)
)

+nRD(t)

=
∞∑
i=0

Nf−1∑
j=0

[√
βAF

∑
l2

αl2
∑
l3

αl3p(t− jTf − (2i+ 1)Ts − τl2 − τl3) +
√
βAF

bi
∑
l2

αl2
∑
l3

αl3p(t− jTf − (2i+ 1)Ts − Td − τl2 − τl3)
]

+
√
βAFn

′

RD(t)

+nRD(t) (4.18)

where, n′RD(t) = nSR(t) ∗ h3(t) =
∑

l3
αl3nSR(t − τl,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, nRD(t) represent the noise response of R−D link.

The received signal rTR−RD(t) obtained at the destination node in the 2nd time slot is now

passed through a TR receiver, whose decision statistics ZTR−RD is expressed as:

ZTR−RD =

Nf−1∑
j=0

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

rTR−RD(t)rTR−RD(t− Td)dt

= Z1(3)︸ ︷︷ ︸
signal

+Z2(3) + Z3(3) + Z4(3) + Z5(3) + Z6(3) + Z7(3) + Z8(3) + Z9(3)︸ ︷︷ ︸
noiseterm

(4.19)

The signal term Z1(3) obtained from R−D link is expressed as:

Z1(3) =

Nf−1∑
j=0

βAF

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3p(t− jTf − (2i+ 1)Ts − τl2

−τl3)
)(∑

m2

αm2

∑
m3

αm3bip(t− jTf − (2i+ 1)Ts − Td − τm2 − τm3)

)
dt

]
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= βAFNfbi

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts − τl2

−τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

= βAFNfbiEp

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

= βAFNfbiEpγ2γ3 (4.20)

where, the pulse energy obtained from R−D link is defined as Ep =
∫ jTf+(2i+1)Ts+Td+Ti
jTf+(2i+1)Ts+Td

p2(t−

jTf − (2i + 1)Ts − τl2 − τl3)dt and autocorrelation function as R(τ) =
∫∞
∞ p(t)p(t − τ)dt.

This condition min {(τl2 − τm2)} > Tp for l2 6= m2 or min {(τl3 − τm3)} > Tp for l3 6= m3 is

satisfied to avoid IPI. Hence,
∑
l2 6=m2

∑
αl2αm2R(τl2 − τm2)

∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3) = 0.

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
∑

l2
α2
l2

= γ2 and
∑

l3
α2
l3

= γ3. As described earlier, since the PSD

θk(f) of noise is sufficiently flat, the autocorrelation function of noise can be approximated as

θk(τ) = N0

2
δ(τ)[175]. To solve the decision variables Z2(3), Z3(3), Z4(3), Z5(3), Z6(3), Z7(3),

Z8(3) and Z9(3) containing noise terms, variance is evaluated. The variance of noise terms are

as solved below.

V ar(N1) = E[Z2
2(3)] = β2

AF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3p(t− jTf − (2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf −

(2i+ 1)Ts − τm2 − τm3)

)
E[n

′

RD(t− Td)n
′

RD(τ − Td)]dtdτ
]

= β2
AFNf

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3p(t− jTf

−(2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − τm2 −

τm3)

)
θ
′

3(t− τ)dtdτ

]
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= β2
AFNf

(
γ3N0

2

)[∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)

Ts − τl2 − τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

= β2
AFNf

(
γ3N0

2

)
Ep

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

=
β2
AFNfN0Epγ2γ

2
3

2
(4.21)

where, the value of θ′3(t − τ) is obtained from Appendix B. Hence,
∫ jTf+(2i+1)Ts+Ti
jTf+(2i+1)Ts

θ
′
3(t −

τ)dτ = γ3N0

2
.

V ar(N2) = E[Z2
3(3)] = β2

AF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3bip(t− jTf − (2i+ 1)Ts − Td − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3bip(τ − jTf

−(2i+ 1)Ts − Td − τm2 − τm3)

)
E[n

′

RD(t)n
′

RD(τ)]dtdτ

]
= β2

AFNfb
2
i

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3p(t− jTf

−(2i+ 1)Ts − Td − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts −

Td − τm2 − τm3)

)
θ
′

3(t− τ)dtdτ

]
= β2

AFNfb
2
i

(
γ3N0

2

)[∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts

−Td − τl2 − τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

= β2
AFNf

(
γ3N0

2

)
b2
iEp

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)
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=
β2
AFNfN0b

2
iEpγ2γ

2
3

2
(4.22)

V ar(N3) = E[Z2
4(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3p(t− jTf − (2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf −

(2i+ 1)Ts − τm2 − τm3)

)
E[nRD(t− Td)nRD(τ − Td)]dtdτ

]
= βAFNf

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3p(t− jTf

−(2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − τm2 −

τm3)

)
θ3(t− τ)dtdτ

]
=

βAFNfN0

2

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts − τl2

−τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

=
βAFNfN0Ep

2

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

=
βAFNfN0Epγ2γ3

2
(4.23)

where,
∫ jTf+(2i+1)Ts+Ti
jTf+(2i+1)Ts

θ3(t− τ)dτ =
∫ jTf+(2i+1)Ts+Ti
jTf+(2i+1)Ts

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N4) = E[Z2
5(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2

∑
l3

αl3bip(t− jTf − (2i+ 1)Ts − Td − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3bip(τ −

jTf − (2i+ 1)Ts − Td − τm2 − τm3)

)
E[nRD(t)nRD(τ)]dtdτ

]
= βAFNfb

2
i

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2
∑
l3

αl3p(t−
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jTf − (2i+ 1)Ts − Td − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts

−Td − τm2 − τm3)

)
θ3(t− τ)dtdτ

]
=

βAFNfN0b
2
i

2

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts −

Td − τl2 − τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

=
βAFNfN0b

2
iEp

2

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

=
βAFNfN0b

2
iEpγ2γ3

2
(4.24)

V ar(N5) = E[Z2
6(3)] = β2

AF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

E
[{

n
′

RD(t)n
′

RD(τ − Td)
}2
]
dtdτ

]
= β2

AF

Nf−1∑
j=0

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

θ
′2

3 (t− τ)dtdτ

= β2
AFNf

∫ Ti

0

(
γ3N0

2

)2

2Wdt

=
β2
AFNfN

2
0WTiγ

2
3

2
. (4.25)

V ar(N6) = E[Z2
7(3)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

E
[
{nRD(t)nRD(τ − Td)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

θ2
3(t− τ)dtdτ

= Nf

∫ Ti

0

N2
0 2Wdt

4

=
NfN

2
0WTi
2

(4.26)
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V ar(N7) = E[Z2
8(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

E
[
n
′

RD(t)n
′

RD(τ)nRD(t− Td)nRD(τ − Td)
]
dtdτ

= βAFNf

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

θ3(t− τ)θ
′

3(t− τ)dtdτ

= βAFNf

∫ Ti

0

(
γ3N0

2

)(
N0

2

)
2Wdt

=
βAFNfN

2
0WTiγ3

2
. (4.27)

V ar(N8) = E[Z2
9(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

E
[
n
′

RD(t− Td)n
′

RD(τ − Td)nRD(t)nRD(τ)

]
dtdτ

= βAFNf

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

θ
′

3(t− τ)θ3(t− τ)dtdτ

= βAFNf

∫ Ti

0

(
γ3N0

2

)(
N0

2

)
2Wdt

=
βAFNfN

2
0WTiγ3

2
. (4.28)

The decision statistic ZTR−RD obtained at the destination node in 2nd time slot contains

signal term sigRD and the noise term Znoise−RD. It is observed from the derivations that the

signal term sigRD has a value of βAFNfbiEpγ2γ3 while the noise term Znoise−RD has a variance

of σ2
Znoise−RD

=
βAFNfN0Epγ2γ3(1+b2i+βAF γ3+βAF b

2
i γ3)

2
+

NfN
2
0WTi
2

(1+β2
AFγ

2
3 +2βAFγ3). The SNR

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

ρTR−RD =
sig2

RD

σ2
Znoise−RD

=
(βAFNfbiEpγ2γ3)2

βAFNfN0Epγ2γ3(1+b2i+βAF γ3+βAF b
2
i γ3)

2
+

NfN
2
0WTi(1+β2

AF γ
2
3+2βAF γ3)

2

=
(βAFNfbiEpγ2γ3)2

βAFNfN0Epγ2γ3(1 + βAFγ3) +
NfN

2
0WTi(1+β2

AF γ
2
3+2βAF γ3)

2

=
(βAFEbγ2γ3

2
)2

βAFN0Ebγ2γ3(1+βAF γ3)
2

+
NfN

2
0WTi(1+β2

AF γ
2
3+2βAF γ3)

2

(4.29)

where, b2
i = 1 and Eb = 2NfEp 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 ZTR−SD and ZTR−RD obtained in 1st and 2nd

time slots respectively, are linearly combined to form final decision statistic Ztotal = ZTR−SD +

ZTR−RD = stotal−signal+Znoise−total. The individual decision statistics obtained from S−D and

R−D links are as follows:

ZTR−SD = sigSD + Znoise−SD (4.30)

ZTR−RD = sigRD + Znoise−RD (4.31)

The final decision statistic Ztotal is represented as:

Ztotal = ZTR−SD + ZTR−RD

= sigSD + sigRD︸ ︷︷ ︸
stotal−signal

+Znoise−SD + Znoise−RD︸ ︷︷ ︸
Znoise−total

(4.32)

The noise value Znoise−total has a total variance of σ2
Znoise−total

= σ2
Znoise−SD

+ σ2
Znoise−RD

as

solved in equation 4.33. Here, sigSD and Znoise−SD represents the signal and noise terms ob-

tained from S−D channel link, while sigRD and Znoise−RD denotes the signal and noise terms

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

σ2
Znoise−total

= E[Znoise−total]
2

= E[(Znoise−SD + Znoise−RD)]2

= σ2
Znoise−SD

+ σ2
Znoise−RD

(4.33)

where, E[Z2
noise−SD] = σ2

Znoise−SD
, E[Z2

noise−RD] = σ2
Znoise−RD

and E[Znoise−SDZnoise−RD] = 0,

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:

ρTR−AF−LC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)
=

(
(U)2

V +W

)
(4.34)

where, U = Ebγ1
2

+ βAFEbγ2γ3
2

, V = N0Ebγ1
2

+
NfN

2
0WTi
2

and

W = βAFN0Ebγ2γ3(1+βAF γ3)
2

+
NfN

2
0WTi(1+β2

AF γ
2
3+2βAF γ3)

2
.

In order to extract the information bit bi, the final decision statistic Ztotal is compared to the

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

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

ẑ =

0, H0 : Z = Ztotal = ZTR−SD + ZTR−RD ≤ 0

1, H1 : Z = Ztotal = ZTR−SD + ZTR−RD > 0

 (4.35)
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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 fρAF (γ1, γ2, γ3) of the channel in case of linear combining

is represented as:

fρTR−AF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
(4.36)

where, µk and σ2
k 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 fρTR−AF (γ1, γ2, γ3) = fρTR−AF (γ1)fρTR−AF

(γ2)fρTR−AF (γ3). Finally, we obtain the BER of UWB TR system using linear combining,

which is expressed as:

BERTR−AF−LC =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρTR−AF−LC

)
fρTR−AF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρTR−AF−LC

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.37)

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
(U)2

V +W

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.38)

B. Selective Combining

In selective combining, the SNR corresponding to the decision statistics ZTR−SD and ZTR−RD,

are compared and the one with the highest SNR is chosen. ρTR−SD and ρTR−RD 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 ρTR−AF−SC = Max {ρTR−SD, ρTR−RD}. Therefore, the

BER of UWB TR system using cooperative dual−hop AF strategy with selective combining is

represented as:

BERTR−AF−SC =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρTR−AF−SC

)
fρTR−AF (γ1, γ2, γ3)dγ1dγ2dγ3
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=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρTR−AF−SC

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.39)

Since the joint PDF of channel link is IID distributed, it is given by fρTR−AF (γ1, γ2, γ3) =

fρTR−AF (γ1)fρTR−AF (γ2)fρTR−AF (γ3).

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
Max {ρTR−SD, ρTR−RD}

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.40)

C. Optimum Linear Combining

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

2nd time slots respectively, are optimally combined to form the final decision statistic Ztotal =

ZTR−SD +κZTR−RD. The optimal combining factor κ =
(σ2
Znoise−SD

)sigRD

(σ2
Znoise−RD

)sigSD
is solved in equation

C.4 of Appendix C. The final decision statistic Ztotal obtained at the destination node using

optimum linear combining scheme is denoted by equation 4.42.

Ztotal = ZTR−SD + κZTR−RD

= sigSD + κsigRD︸ ︷︷ ︸
stotal−signal

+Znoise−SD + κ(Znoise−RD)︸ ︷︷ ︸
Znoise−total

(4.41)

For solving the noise term, we evaluate its variance.

σ2
Znoise−total

= E[Znoise−total]
2

= E[(Znoise−SD + κZnoise−RD)]2

= σ2
Znoise−SD

+ κ2σ2
Znoise−RD

(4.42)

where, 2κE[Znoise−SDZnoise−RD] = 0, because the cross correlation of two independent noise

terms are 0. Also, σ2
Znoise−total

and stotal−signal represent the total noise variance and total signal

term respectively. The SNR at the destination node due to optimum linear combining is duly

expressed as:

ρTR−AF−LOC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + κsigRD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)
=

(
(U)2

V + κ2W

)
(4.43)

where, U = Ebγ1
2

+ κβAFEbγ2γ3
2

, V = N0Ebγ1
2

+
NfN

2
0WTi
2

and

W = βAFN0Ebγ2γ3(1+βAF γ3)
2

+
NfN

2
0WTi(1+β2

AF γ
2
3+2βAF γ3)

2
.
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The final decision statistic Ztotal is compared to the decision threshold, in order to retrieve

the information bit bi. The decision threshold is determined using PAM modulation scheme.

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

ẑ =

0, H0 : Z = Ztotal = ZTR−SD + κZTR−RD ≤ 0

1, H1 : Z = Ztotal = ZTR−SD + κZTR−RD > 0

 (4.44)

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

fρTR−AF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
(4.45)

As the joint PDF of channel link is IID distributed, it is given by fρTR−AF (γ1, γ2, γ3) = fρTR−AF

(γ1)fρTR−AF (γ2)fρTR−AF (γ3).

Subsequently, the BER of UWB TR system using dual−hop cooperative AF strategy, with

optimum linear combining is denoted as:

BERTR−AF−LOC =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρTR−AF−LOC

)
fρTR−AF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρTR−AF−LOC

1√
(2π(σ2

SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+

−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (4.46)

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
U2

V + κ2W

)
1√

(2π(σ2
SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (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 1st 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 ZDTR−SD is expressed as:

ZDTR−SD =

Nf−1∑
j=0

∫ jTf+2iTs+Ti

jTf+2iTs

rDTR−SD(t)rDTR−SD(t− Ts)dt
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= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k) + Z4(k)︸ ︷︷ ︸
noise−term

= Z1(1)︸ ︷︷ ︸
signal

+Z2(1) + Z3(1) + Z4(1)︸ ︷︷ ︸
noise−term

(4.48)

where, the index k ∈ {1, 2, 3} represents S−D, S−R and R−D link respectively, as mentioned

in equation 4.5 and Ti = Tp + Tmds the integration time interval. Here, Tp and Tmds denotes

pulse duration and multipath delay spread, respectively. Replacing the value of equation 4.8 in

equation 4.49, the value of ZDTR−SD is obtained in equation 4.50.

=

Nf−1∑
j=0

∫ jTf+2iTs+Ti

jTf+2iTs

([∑
l1

αl1bip(t− jTf − 2iTs − τl1)
]

+ nSD(t)

)([∑
m1

αm1bi−1

p(t− jTf − 2iTs − τm1)

]
+ nSD(t− Ts)

)
(4.49)

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

Z1(1) =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1bip(t− jTf − 2iTs − τl1)
)(∑

m1

αm1bi−1p(t− jTf −

2iTs − τm1)dt

)]
= Nfbibi−1

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

= Nfbibi−1Ep

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

. (4.50)

where, the pulse energy obtained from S−D link is defined as Ep =
∫ jTf+2iTs+Ti
jTf+2iTs

p2(t− jTf −

2iTs − τl1)dt and autocorrelation function as R(τ) =
∫∞
∞ p(t)p(t − τ)dt. To avoid IPI, the

assumption used is min {(τl1 − τm1)} > Tp for l1 6= m1. Hence,
∑
l1 6=m1

∑
αl1αm1R(τl1 −

τm1) = 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
∑

l1
α2
l1

= γ1. As described in Section 4.3.1, the PSD θk(f) of noise is

sufficiently flat, so the autocorrelation function of noise can be approximated as θk(τ) = N0

2
δ(τ)

[175]. Since Z2(1), Z3(1) and Z4(1) denote the noise terms, their variances are solved as

follows:

V ar(N1) = E[Z2
2(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1bip(t− jTf − 2iTs −
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τl1)

)(∑
m1

αm1bip(τ − jTf − 2iTs − τm1)

)
E[nSD(t− Ts)nSD(τ − Ts)]dtdτ

]

=

Nf−1∑
j=0

b2
i

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
)(∑

m1

αm1p(τ − jTf − 2iTs − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0b
2
i

2

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
iEp

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

=
NfN0b

2
iEpγ1

2
(4.51)

where,
∫ jTf+2iTs+Ti
jTf+2iTs

θ1(t− τ)dτ =
∫ jTf+2iTs+Ti
jTf+2iTs

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1bi−1p(t− jTf − 2iTs

−τl1)
)(∑

m1

αm1bi−1p(τ − jTf − 2iTs − τm1)

)
E[{nSD(t)nSD(τ)}]dtdτ

]

=

Nf−1∑
j=0

b2
i−1

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
)(∑

m1

αm1p(τ − jTf − 2iTs − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0b
2
i−1

2

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
i−1Ep

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

=
NfN0b

2
i−1Epγ1

2
(4.52)
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V ar(N3) = E[Z2
4(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

E
[
{nSD(t)nSD(τ − Ts)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

θ2
1(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs+Ti−t
θ2

1(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.53)

where, E[n2
k(t)] = N0

2
. Hence, the value of E[{n2

k(t)}
2
] =

N2
0

4
.

The decision statistic ZDTR−SD obtained at the destination node in 1st time slot contains

signal term and the noise term. It is noted from the above derivations that the signal term sigSD

has a value of Nfbibi−1Epγ1, while the noise term Znoise−SD has a variance of σ2
Znoise−SD

=

NfN0b2iEpγ1
2

+
NfN0b2i−1Epγ1

2
+

NfN
2
0WTi
2

. Therefore, the SNR obtained at the destination node

from S−D link in the 1st time slot is represented as:

ρDTR−SD =
sig2

SD

σ2
Znoise−SD

=
(Nfbibi−1Epγ1)2

NfN0b2iEpγ1
2

+
NfN0b2i−1Epγ1

2
+

NfN
2
0WTi
2

=
(NfEpγ1)2

NfN0Epγ1 +
NfN

2
0WTi
2

=
(Ebγ1)2

N0Ebγ1 +
NfN

2
0WTi
2

(4.54)

where, b2
i = b2

i−1 = 1 and energy per bit for a DTR-PAM system is Eb = NfEp.

UWB DTR signal transmitted from the source node to the relay node, in 1st time slot is

represented by equation 4.4. At relay node, the signal received in 1st time slot, denoted by equa-

tion 4.9, is now amplified by an amplifying factor
√
βAF , and then forwarded to the destination

node in 2nd time slot. This amplified UWB DTR signal transmitted from the relay node to the

destination node is represented as:

sDTR−RD(t) = rDTR−SR(t)
√
βAF (4.55)
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The amplifying gain is defined as
√
βAF =

√(
ESR

E{|h22(t)|}ESR+N0

)
where, ESR, h2(t) and

σ2
Znoise−SR

represent 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 2nd time slot, is represented as:

rDTR−RD(t) =
∞∑
i=0

Nf−1∑
j=0

[(√
βAF bigSR(t− jTf − 2iTs)

)
+ nSR(t)

]
∗
∑
l3

αl3δ(t− τl3) +

nRD(t)

=
∞∑
i=0

Nf−1∑
j=0

[√
βAF

(∑
l2

αl2bip(t− jTf − 2iTs − τl2) + nSR(t)

)]
∗
∑
l3

αl3δ(t− τl3) + nRD(t)

=
∞∑
i=0

Nf−1∑
j=0

[√
βAF

∑
l2

αl2
∑
l3

αl3bip(t− jTf − (2i+ 1)Ts − τl2 − τl3) +

√
βAFn

′

RD(t)

]
+ nRD(t) (4.56)

where, n′RD(t) = nSR(t) ∗ h3(t) =
∑

l3
αl3nSR(t − τl,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

nRD(t) represents the noise response of R−D link.

The received signal rDTR−RD(t) obtained at the destination node in the 2nd time slot is

passed through a DTR receiver, whose decision statistics ZDTR−RD is expressed as:

ZDTR−RD =

Nf−1∑
j=0

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

rDTR−RD(t)rDTR−RD(t− Ts)dt

= Z1(3)︸ ︷︷ ︸
signal

+Z2(3) + Z3(3) + Z4(3) + Z5(3) + Z6(3) + Z7(3) + Z8(3) + Z9(3)︸ ︷︷ ︸
noiseterm

(4.57)

The value of ZDTR−RD is obtained in equation 4.59, by replacing the value of equation 4.57 in

equation 4.58.

=

Nf−1∑
j=0

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

[(∑
l2

αl2
∑
l3

αl3
√
βAF bip(t− jTf − (2i+ 1)Ts − τl2 − τl3) +

√
βAFn

′

RD(t) + nRD(t)

)(∑
m2

αm2

∑
m3

αm3

√
βAF bi−1p(t− jTf − (2i+ 1)Ts − τm2

−τm3) +
√
βAFn

′

RD(t− Ts) + nRD(t− Ts)
)
dt

]
(4.58)
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The signal term Z1(3) obtained from R−D link is expressed as:

Z1(3) =

Nf−1∑
j=0

βAF

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3bip(t− jTf − (2i+ 1)Ts − τl2

−τl3)
)(∑

m2

αm2

∑
m3

αm3bi−1p(t− jTf − (2i+ 1)Ts − τm2 − τm3)

)
dt

]

= βAFNfbibi−1

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts − τl2

−τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

= βAFNfbibi−1Ep

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

= βAFNfbibi−1Epγ2γ3 (4.59)

where, the pulse energy obtained from R−D link is represented as Ep =
∫ jTf+(2i+1)Ts+Ti
jTf+(2i+1)Ts

p2(t−

jTf−(2i+1)Ts−τl2−τl3)dt and autocorrelation function asR(τ) =
∫∞
∞ p(t)p(t−τ)dt. If this

condition min {(τl2 − τm2)} > Tp for l2 6= m2 or min {(τl3 − τm3)} > Tp for l3 6= m3 is satis-

fied, then IPI becomes negligent. Hence,
∑
l2 6=m2

∑
αl2αm2R(τl2−τm2)

∑
l3 6=m3

∑
αl3αm3R(τl3−

τm3) = 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
∑

l2
α2
l2

= γ2 and
∑

l3
α2
l3

= γ3. It is already described in Section 4.3.1

that, if the PSD θk(f) of noise is sufficiently flat, the autocorrelation function of noise can be

approximated as θk(τ) = N0

2
δ(τ)[175]. To solve the decision variables Z2(3), Z3(3), Z4(3),

Z5(3), Z6(3), Z7(3), Z8(3) and Z9(3) containing noise terms, we evaluate its variance, which

is solved below.

V ar(N1) = E[Z2
2(3)] = β2

AF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3bi

p(t− jTf − (2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3bip(τ − jTf −

(2i+ 1)Ts − τm2 − τm3)

)
E[n

′

RD(t− Td)n
′

RD(τ − Td)]dtdτ
]
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= β2
AFNfb

2
i

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3p(t− jTf −

(2i+ 1)Ts − τl2 − τl3)
∑
m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − τm2 − τm3))
θ
′

3(t− τ)dtdτ

= β2
AFNfb

2
i

(
γ3N0

2

)[∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts

−τl2 − τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

= β2
AFNf

(
γ3N0

2

)
b2
iEp

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

=
β2
AFNfN0b

2
iEpγ2γ

2
3

2
(4.60)

where, the value of θ′3(t − τ) is obtained from Appendix B. Hence,
∫ jTf+(2i+1)Ts+Ti
jTf+(2i+1)Ts

θ
′
3(t −

τ)dτ = γ3N0

2
.

V ar(N2) = E[Z2
3(3)] = β2

AF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3bi−1p(t− jTf − (2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3bi−1p(τ − jTf −

(2i+ 1)Ts − τm2 − τm3)

)
E[n

′

RD(t)n
′

RD(τ)]dtdτ

]
= β2

AFNfb
2
i−1

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3p(t− jTf −

(2i+ 1)Ts − τl2 − τl3)
∑
m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − τm2 − τm3))
θ
′

3(t− τ)dtdτ

]
= β2

AFNfb
2
i−1

(
γ3N0

2

)[∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts
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−τl2 − τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

= β2
AFNf

(
γ3N0

2

)
b2
i−1Ep

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

=
β2
AFNfN0b

2
i−1Epγ2γ

2
3

2
(4.61)

V ar(N3) = E[Z2
4(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3bip(t− jTf − (2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf −

(2i+ 1)Ts − τm2 − τm3)

)
E[nRD(t− Td)nRD(τ − Td)]dtdτ

]
= βAFNfb

2
i

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3p(t− jTf

−(2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − τm2

−τm3)

)
θ3(t− τ)dtdτ

]
=

βAFNfb
2
iN0

2

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts

−τl2 − τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

=
βAFNfN0b

2
iEp

2

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

=
βAFNfN0b

2
iEpγ2γ3

2
(4.62)

where,
∫ jTf+(2i+1)Ts+Ti
jTf+(2i+1)Ts

θ3(t− τ)dτ =
∫ jTf+(2i+1)Ts+Ti
jTf+(2i+1)Ts

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N4) = E[Z2
5(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
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∑
l3

αl3bi−1p(t− jTf − (2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3bi−1p(τ − jTf

−(2i+ 1)Ts − τm2 − τm3)

)
E[nRD(t)nRD(τ)]dtdτ

]
= βAFNfb

2
i−1

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l2

αl2
∑
l3

αl3p(t−

jTf − (2i+ 1)Ts − τl2 − τl3)
)(∑

m2

αm2

∑
m3

αm3p(τ − jTf − (2i+ 1)Ts

−τm2 − τm3)

)
θ3(t− τ)dtdτ

]
=

βAFNfN0b
2
i−1

2

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

p2(t− jTf − (2i+ 1)Ts

−τl2 − τl3)dt+

︷ ︸︸ ︷∑
l2

∑
m2

αl2αm2︸ ︷︷ ︸
l2 6=m2

R(τl2 − τm2)
∑
l3

∑
m3

αl3αm3︸ ︷︷ ︸
l3 6=m3

R(τl3 − τm3)

Value=0

]

=
βAFNfN0b

2
i−1Ep

2

(︷ ︸︸ ︷∑
l2

α2
l2︸ ︷︷ ︸

l2=m2

∑
l3

α2
l3︸ ︷︷ ︸

l3=m3

Value=γ2γ3

)

=
βAFNfN0b

2
i−1Epγ2γ3

2
(4.63)

V ar(N5) = E[Z2
6(3)] = β2

AF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

E
[{

n
′

RD(t)n
′

RD(τ − Td)
}2
]
dtdτ

]
= β2

AFNf

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

θ
′2

3 (t− τ)dtdτ

= β2
AFNf

∫ Ti

0

(
γ3N0

2

)2

2Wdt

=
β2
AFNfN

2
0WTiγ

2
3

2
. (4.64)

V ar(N6) = E[Z2
7(3)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

E
[
{nRD(t)nRD(τ − Td)}2

]
dtdτ

]
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= Nf

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

θ2
3(t− τ)dtdτ

= Nf

∫ Ti

0

N2
0 2Wdt

4

=
NfN

2
0WTi
2

(4.65)

V ar(N7) = E[Z2
8(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

E
[
n
′

RD(t)n
′

RD(τ)nRD(t− Td)nRD(τ − Td)
]
dtdτ

]
= βAFNf

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

θ3(t− τ)θ
′

3(t− τ)dtdτ

= βAFNf

∫ Ti

0

(
γ3N0

2

)(
N0

2

)
2Wdt

=
βAFNfN

2
0WTiγ3

2
. (4.66)

V ar(N8) = E[Z2
9(3)] = βAF

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

E
[
n
′

RD(t− Td)n
′

RD(τ − Td)nRD(t)nRD(τ)

]
dtdτ

]
= βAFNf

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

θ
′

3(t− τ)θ3(t− τ)dtdτ

= βAFNf

∫ Ti

0

(
γ3N0

2

)(
N0

2

)
2Wdt

=
βAFNfN

2
0WTiγ3

2
. (4.67)

The decision statistic ZDTR−RD obtained at the destination node in 2nd time slot contains

signal term sigRD and the noise term Znoise−RD. From the derivations, it is inferred that the

signal term sigRD has a value of βAFNfbibi−1Epγ2γ3 while the noise term Znoise−RD has a

variance of σ2
Znoise−RD

=
βAFNfN0Epγ2γ3(b2i+b

2
i−1+βAF b

2
i γ3+βAF b

2
i−1γ3)

2
+

NfN
2
0WTi
2

(1 + β2
AFγ

2
3 +

2βAFγ3). The SNR at the destination node in 2nd time slot due to R−D link, is represented as:

ρDTR−RD =
sig2

RD

σ2
Znoise−RD

=
(βAFNfEpγ2γ3)2

βAFNfN0Epγ2γ3(b2i+b
2
i−1+βAF b

2
i γ3+βAF b

2
i−1γ3)

2
+

NfN
2
0WTi
2

(1 + β2
AFγ

2
3 + 2βAFγ3)

=
(βAFEbγ2γ3)2

βAFN0Ebγ2γ3(b2i+b
2
i−1+βAF b

2
i γ3+βAF b

2
i−1γ3)

2
+

NfN
2
0WTi
2

(1 + β2
AFγ

2
3 + 2βAFγ3)

(4.68)
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where, b2
i = b2

i−1 = (bibi−1)2 = 1 and Eb = NfEp 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 ZDTR−SD and ZDTR−RD obtained in 1st and 2nd

time slots respectively, are linearly combined to form final decision statisticZtotal = ZDTR−SD+

ZDTR−RD = stotal−signal + Znoise−total. The individual decision statistics obtained from S−D

and R−D links are as follows:

ZDTR−SD = sigSD + Znoise−SD (4.69)

ZDTR−RD = sigRD + Znoise−RD (4.70)

The final decision statistic Ztotal is evaluated in equation 4.72.

Ztotal = ZDTR−SD + ZDTR−RD

= sigSD + sigRD︸ ︷︷ ︸
stotal−signal

+Znoise−SD + Znoise−RD︸ ︷︷ ︸
Znoise−total

(4.71)

The total noise variance σ2
Znoise−total

= σ2
Znoise−SD

+ σ2
Znoise−RD

corresponding to the noise term

Znoise−total is already solved in equation 4.33. Therefore, the SNR evaluated at the destination

node due to linear combining is expressed as:

ρDTR−AF−LC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)
=

(
(U1)2

V1 +W1

)
(4.72)

where, U1 = Ebγ1 + βAFEbγ2γ3, V1 = N0Ebγ1 +
NfN

2
0WTi
2

and

W1 = βAFN0Ebγ2γ3(1 + βAFγ3) +
NfN

2
0WTi
2

(1 + β2
AFγ

2
3 + 2βAFγ3).

In order to extract the information bit, the final decision statistic Ztotal is compared to the

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

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

ẑ =

0, H0 : Z = Ztotal = ZDTR−SD + ZDTR−RD ≤ 0

1, H1 : Z = Ztotal = ZDTR−SD + ZDTR−RD > 0

 (4.73)
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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 fρAF (γ1, γ2, γ3) of the channel in case of

linear combining is also gaussian and is represented as:

fρDTR−AF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
(4.74)

where, µk and σ2
k 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 fρDTR−AF (γ1, γ2, γ3) =

fρDTR−AF (γ1)fρDTR−AF (γ2)fρDTR−AF (γ3). Thus, the BER of UWB DTR system using linear

combining is expressed as:

BERDTR−AF−LC =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρDTR−AF−LC

)
fρDTR−AF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρDTR−AF−LC

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.75)

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
(U1)2

V1 +W1

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.76)

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 ρDTR−AF−SC = Max {ρDTR−SD, ρDTR−RD}. ρDTR−SD and ρDTR−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:

BERDTR−AF−SC =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρDTR−AF−SC

)
fρDTR−AF (γ1, γ2, γ3)dγ1dγ2dγ3
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=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρTR−SC−AF

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+

−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.77)

Since the joint PDF of channel link is IID distributed, it can be denoted as fρDTR−AF (γ1, γ2, γ3) =

fρDTR−AF (γ1)fρDTR−AF (γ2)fρDTR−AF (γ3).

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
Max {ρDTR−SD, ρDTR−RD}

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (4.78)

C. Optimum Linear Combining

The decision statistics at the destination node from S−D and R−D links in 1st and 2nd time slots

respectively, are optimally combined to form the final decision statistic Ztotal = ZDTR−SD +

κZDTR−RD. The optimal combining factor κ =
(σ2
Znoise−SD

)sigRD

(σ2
Znoise−RD

)sigSD
is solved in equation C.4 of

Appendix C. The final decision statistic Ztotal obtained at the destination node using optimum

linear combining scheme, is denoted by equation 4.81.

Ztotal = ZDTR−SD + κZDTR−RD

= sigSD + κsigRD︸ ︷︷ ︸
stotal−signal

+Znoise−SD + κ(Znoise−RD)︸ ︷︷ ︸
Znoise−total

(4.79)

The total noise variance σ2
Znoise−total

= σ2
Znoise−SD

+κ2σ2
Znoise−RD

is solved in equation 4.43. The

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

ρDTR−AF−LOC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + κsigRD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

=

(
(U1)2

V1 + κ2W1

)
(4.80)

where, U1 = Ebγ1 + κβAFEbγ2γ3, V1 = N0Ebγ1 +
NfN

2
0WTi
2

and

W1 = βAFN0Ebγ2γ3(1 + βAFγ3) +
NfN

2
0WTi
2

(1 + β2
AFγ

2
3 + 2βAFγ3).

In order to extract the transmitted bit, the final decision statistic Ztotal is compared to the

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

ẑ =

0, H0 : Z = Ztotal = ZDTR−SD + κZDTR−RD ≤ 0

1, H1 : Z = Ztotal = ZDTR−SD + κZDTR−RD > 0

 (4.81)

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

fρDTR−AF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
(4.82)

Since the joint PDF of channel link is IID distributed, it is represented as fρDTR−AF (γ1, γ2, γ3) =

fρDTR−AF (γ1)fρDTR−AF (γ2)fρDTR−AF (γ3).

Subsequently, the BER of UWB DTR system using dual−hop cooperative AF strategy with

optimum linear combining is denoted as:

BERDTR−AF−LOC =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρDTR−AF−LOC

)
fρDTR−AF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
√
ρDTR−AF−LOC

1√
(2π(σ2

SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+

−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (4.83)

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
U2

1

V1 + κ2W1

)
1√

(2π(σ2
SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (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 1st time slot, is represented by equation 4.6 and 4.7, respectively. The received signal at

the relay node rTR−SR(t) is passed through a TR receiver, whose decision statistics ZSR is as

follows:

ZTR−SR =

Nf−1∑
j=0

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

rTR−SR(t)rTR−SR(t− Td)dt

= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k) + Z4(k)︸ ︷︷ ︸
noise−term

= Z1(2)︸ ︷︷ ︸
signal

+Z2(2) + Z3(2) + Z4(2)︸ ︷︷ ︸
noise−term

(4.85)

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, Ti = Tmds+Tp represents the integration time interval, Tmds the multipath

delay spread and Tp the pulse duration. The signal term obtained from S−R link is expressed

as:

Z1(2) =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l2

αl2p(t− jTf − 2iTs − τl2)
∑
m2

αm2bip(t− jTf −

2iTs − Td − τm2)

)
dt

]
= Nfbi

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l2=m2

α2
l2
p2(t− jTf − 2iTs − τl2)dt

+
∑
l2 6=m2

∑
αl2αm2R(τl2 − τm2)︸ ︷︷ ︸

value=0

]

= NfbiEp

(∑
l2

α2
l2

)
︸ ︷︷ ︸

value=γ2

= NfbiEpγ2︸ ︷︷ ︸
sigSR

(4.86)

where, the energy of pulse obtained from S−D link is represented asEp =
∫ jTf+2iTs+Td+Ti
jTf+2iTs+Td

p2(t−

jTf − 2iTs − τl2)dt and autocorrelation function as R(τ) =
∫∞
∞ p(t)p(t− τ)dt. This condition

min {(τl2 − τm2)} > Tpfor l2 6= m2 is satisfied, in order to avoid IPI. Hence,
∑
l2 6=m2

∑
αl2αm2R(τl2−

τm2) = 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
∑

l2
α2
l2

= γ2. As described in Section 4.3.1, the PSD of noise θk(f) is suf-

ficiently flat, so its autocorrelation function can be simplified as θk(τ) = N0

2
δ(τ) [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 Z2(2), Z3(2) and Z4(2) denote the noise terms, so their variances
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are evaluated as shown below.

V ar(N1) = E[Z2
2(2)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l2

αl2p(t− jTf −

2iTs − τl2)
∑
m2

αm2p(τ − jTf − 2iTs − τm2)

)
E[nSR(t− Td)nSR(τ − Td)]

dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l2

αl2p(t− jTf − 2iTs − τl2)
∑
m2

αm2p(τ − jTf −

2iTs − τm2)

)
θ2(t− τ)dtdτ

]
=

NfN0

2

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l2=m2

α2
l2
p2(t− jTf − 2iTs − τl2)dt+

∑
l2 6=m2

∑
αl2αm2R(τl2 − τm2)︸ ︷︷ ︸

value=0

]

=
NfN0Ep

2

(∑
l2

α2
l2

)
︸ ︷︷ ︸

value=γ2

=
NfN0Epγ2

2
(4.87)

where, E[nSR(t)nSR(τ)] = θ2(t− τ) = N0

2
δ(t− τ) and

∫ 2iTs+jTf+Td+Ti
2iTs+jTf+Td

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(2)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l2

αl2bip(t− jTf −

2iTs − Td − τl2)
∑
m2

αm2bip(τ − jTf − 2iTs − Td − τm2)

)
E[nSR(t)nSR(τ)]

dtdτ

]
=

Nf−1∑
j=0

b2
i

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l2

αl2p(t− jTf − 2iTs − Td −

τl2)
∑
m2

αm2p(τ − jTf − 2iTs − Td − τm2)

)
θ2(t− τ)dtdτ

]
=

NfN0b
2
i

2

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l2=m2

α2
l2
p2(t− jTf − 2iTs − τl2)dt+

∑
l2 6=m2

∑
αl2αm2R(τl2 − τm2)︸ ︷︷ ︸

value=0

]
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=
NfN0b

2
iEp

2

(∑
l2

α2
l2

)
︸ ︷︷ ︸

value=γ2

=
NfN0b

2
iEpγ2

2
(4.88)

V ar(N3) = E[Z2
4(2)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

E
[
{nSR(t)nSR(τ − Td)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

θ2
2(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td+Ti−t
θ2

2(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.89)

The value of E[{n2
k(t)}

2
] = E[{n2

SR(t)}2
] =

N2
0

4
. The variance of [n2

k(t)] tends to a Dirac Delta

function, where the integral vanishes outside the range [−t, Ti− t]. Parsevals theorem is applied

to solve equation 4.91.

The decision statistic ZTR−SR obtained at the destination node in the 1st time slot contains

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

a value of NfbiEpγ2, while the noise term Znoise−SR has a variance of σ2
Znoise−SR

=
NfN0Epγ2

2
+

NfN0b2iEpγ2
2

+
NfN

2
0WTi
2

.

To extract the information bit b′i, the decision statistic ZTR−SR obtained at the relay node is

compared to the decision threshold, which is 0 in case of PAM signalling. The decision criteria

ẑ can be expressed as:

b
′

i = ẑ =

0, H0 : Z = ZTR−SR ≤ 0

1, H1 : Z = ZTR−SR > 0

 (4.90)

Finally the information bit b′i is extracted. The received signal obtained at the destina-

tion node rTR−SD(t) in 1st time slot is detected using a TR receiver, whose decision statistics

ZTR−SD is as follows:

ZTR−SD =

Nf−1∑
j=0

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

rTR−SD(t)rTR−SD(t− Td)dt
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= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k) + Z4(k)︸ ︷︷ ︸
noise−term

= Z1(1)︸ ︷︷ ︸
signal

+Z2(1) + Z3(1) + Z4(1)︸ ︷︷ ︸
noise−term

(4.91)

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 Ti = Tp + Tmds where, Tp and Tmds

denote pulse duration and multipath delay spread respectively. The signal term obtained from

S−D link is expressed as:

Z1(1) =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
∑
m1

αm1bip(t− jTf −

2iTs − Td − τm1)

)
dt

]
= Nfbi

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

= NfbiEp

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

= NfbiEpγ1︸ ︷︷ ︸
sigSD

(4.92)

where, the pulse energy obtained from S−D link is represented as Ep =
∫ jTf+2iTs+Ti
jTf+2iTs

p2(t −

jTf−2iTs−τl1)dt and autocorrelation function asR(τ) =
∫∞
∞ p(t)p(t−τ)dt. If the assumption

min {(τl1 − τm1)} > Tpfor l1 6= m1 is satisfied, then IPI is avoided. Hence,
∑
l1 6=m1

∑
αl1αm1R(τl1−

τm1) = 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
∑

l1
α2
l1

= γ1. As described in the Section 4.3.1, the autocorrelation function of

noise can be approximated as θk(τ) = N0

2
δ(τ) [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

Z2(1), Z3(1) and Z4(1) containing noise terms, we evaluate its variances as shown below.

V ar(N1) = E[Z2
2(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1p(t− jTf −

2iTs − τl1)
∑
m1

αm1p(τ − jTf − 2iTs − τm1)

)
E[nSR(t− Td)nSR(τ − Td)]

dtdτ

]
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=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
∑
m1

αm1p(τ −

jTf − 2iTs − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0

2

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

=
NfN0Ep

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

=
NfN0Epγ1

2
(4.93)

where, E[nSD(t)nSD(τ)] = θ1(t− τ) = N0

2
δ(t− τ) and

∫ 2iTs+jTf+Td+Ti
2iTs+jTf+Td

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(2)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1bip(t− jTf −

2iTs − Td − τl1)
∑
m1

αm1bip(τ − jTf − 2iTs − Td − τm1)

)
E[nSD(t)nSD

(τ)]dtdτ

]
=

Nf−1∑
j=0

b2
i

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

(∑
l1

αl1p(t− jTf − 2iTs − Td −

τl1)
∑
m1

αm1p(τ − jTf − 2iTs − Td − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0b
2
i

2

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
iEp

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

=
NfN0b

2
iEpγ1

2
(4.94)

V ar(N3) = E[Z2
4(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td
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E
[
{nSD(t)nSD(τ − Td)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

θ2
1(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td

∫ jTf+2iTs+Td+Ti

jTf+2iTs+Td+Ti−t
θ2

1(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.95)

The value of E[{n2
k(t)}

2
] = E[{n2

SD(t)}2
] =

N2
0

4
. As discussed earlier, the variance of [n2

k(t)]

tends to a Dirac Delta function, where the integral vanishes outside the range [−t, Ti − t].

Parsevals theorem is then applied to solve equation 4.97.

The SNR obtained at the relay node is denoted as:

ρTR−SR−DTF =
sig2

SR

σ2
Znoise−SR

=
(NfbiEpγ2)2

NfN0Epγ2
2

+
NfN0b2iEpγ2

2
+

NfN
2
0WTi
2

=
(NfEpγ2)2

NfN0Epγ2 +
NfN

2
0WTi
2

=
(Ebγ2

2
)2

N0Ebγ2
2

+
NfN

2
0WTi
2

(4.96)

where, information bit bi = 1 is transmitted from source node to relay node and energy per bit

is denoted as Eb = 2NfEp. At the relay node, if information bit b′i = 0 is received, then an

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

Pe = Q

(
√
ρTR−SR−DTF

)
fρDTF (γ2)dγ2 (4.97)

where, the PDF of S−R link is expressed as fρDTF (γ2) = 1√
(2π(σ2

SR))
exp

[
−(γ2−µSR)2

2(σ2
SR)

]
. Further-

more, µSR and σ2
SR denotes the mean and variance of S−R link of UWB channel respectively.

After extraction of information bit b′i at the relay node, the UWB signal transmitted from the

relay node to the destination node in 2nd time slot is represented as:

sTR−RD(t) =
∞∑
i=0

Nf−1∑
j=0

[
p(t− jTf − (2i+ 1)Ts) + b

′

ip(t− jTf − (2i+ 1)Ts − Td)
]
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(4.98)

where, b′i represents the information bit detected at the relay node. The received signal rTR−RD(t)

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

rTR−RD(t) = sTR−RD(t) ∗ h3(t)

=
∞∑
i=0

Nf−1∑
j=0

[
p(t− jTf − (2i+ 1)Ts) + b

′

ip(t− jTf − (2i+ 1)Ts − Td)]

∗
∑
l3

αl3δ(t− τl3)
]

+ nRD(t)

=
∞∑
i=0

Nf−1∑
j=0

∑
l3

[
αl3p(t− jTf − (2i+ 1)Ts − τl3) + αl3b

′

ip(t− jTf − (2i+ 1)

Ts − Td − τl3)
]

+ nRD(t)

=
∞∑
i=0

Nf−1∑
j=0

[
gRD(t− jTf − (2i+ 1)Ts) + b

′

igRD(t− jTf − (2i+ 1)Ts − Td)
]

+nRD(t) (4.99)

The aggregate signal response gRD(t) is expressed as gRD(t) =
∑

l3
αl3p(t − τl3). The

noise (AWGN) obtained from R−D link is denoted by nRD(t). The received signal rTR−RD(t)

obtained at the destination node is demodulated using a TR receiver. In case of correct detection

at relay node, the decision statistics ZTR−RD at destination node is expressed as:

ZTR−RD =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

rTR−RD(t)rTR−RD(t− Td)dt

= Z1(3)︸ ︷︷ ︸
signal

+Z2(3) + Z3(3) + Z4(3)︸ ︷︷ ︸
noise−term

(4.100)

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

The signal term sigRD for R−D link is represented as:

Z1(3) =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l3

αl3p(t− jTf − (2i+ 1)Ts − τl3)
∑
m3

αm3b
′

ip(t−

jTf − (2i+ 1)Ts − Td − τm3)

)
dt

]
= Nfb

′

i

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∑
l3=m3

α2
l3
p2(t− jTf − (2i+ 1)Ts − τl3)dt

+
∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3)︸ ︷︷ ︸

value=0

]
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= Nfb
′

iEp

(∑
l3

α2
l3

)
︸ ︷︷ ︸

value=γ3

= Nfb
′

iEpγ3︸ ︷︷ ︸
sigRD

(4.101)

where, Ep =
∫ jTf+(2i+1)Ts+Td+Ti
jTf+(2i+1)Ts+Td

p2(t − jTf − (2i + 1)Ts − τl3)dt represents the pulse energy

obtained from S−D link and R(τ) =
∫∞
∞ p(t)p(t − τ)dt the autocorrelation function of pulse

signal. The constraint min {(τl3 − τm3)} > Tp for l3 6= m3 is satisfied, to avoid IPI. Hence,∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3) = 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 Central Limit Theorem
∑

l3
α2
l3

= γ3. As described in Section 4.3.1, the

autocorrelation function of noise can be simplified as θk(τ) = N0

2
δ(τ) [175]. The decision

variables Z2(3), Z3(3) and Z4(3) denote the noise terms, so their variances are evaluated as

shown below.

V ar(N1) = E[Z2
2(3)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l3

αl3p(t− jTf

−(2i+ 1)Ts − τl3)
∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − τm3)

)
E[nRD(t− Td)

nRD(τ − Td)]dtdτ
]

=

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l3

αl3p(t− jTf − 2iTs − τl3)
∑
m3

αm3p(τ − jTf

−2iTs − τm3)

)
θ3(t− τ)dtdτ

]
=

NfN0

2

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∑
l3=m3

α2
l3
p2(t− jTf − (2i+ 1)Ts − τl3)dt

+
∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3)︸ ︷︷ ︸

value=0

]

=
NfN0Ep

2

(∑
l3

α2
l3

)
︸ ︷︷ ︸

value=γ3

=
NfN0Epγ3

2
(4.102)
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where, E[nRD(t)nRD(τ)] = θ3(t−τ) = N0

2
δ(t−τ) and

∫ (2i+1)Ts+jTf+Td+Ti
(2i+1)Ts+jTf+Td

N0

2
δ(t−τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(2)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l3

αl3bip(t−

jTf − (2i+ 1)Ts − Td − τl3)
∑
m3

αm3bip(τ − jTf − (2i+ 1)Ts − Td − τm3)

)
E[nRD(t)nRD(τ)]dtdτ

]
=

Nf−1∑
j=0

b2
i

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

(∑
l3

αl3p(t− jTf − (2i+ 1)

Ts − Td − τl3)
∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − Td − τm3)

)
θ3(t− τ)dtdτ

]

=
NfN0b

2
i

2

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∑
l3=m3

α2
l3
p2(t− jTf − 2iTs − τl3)dt

+
∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
iEp

2

(∑
l3

α2
l3

)
︸ ︷︷ ︸

value=γ3

=
NfN0b

2
iEpγ3

2
(4.103)

V ar(N3) = E[Z2
4(1)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

E
[
{nRD(t)nRD(τ − Td)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

θ2
3(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td

∫ jTf+(2i+1)Ts+Td+Ti

jTf+(2i+1)Ts+Td+Ti−t
θ2

3(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.104)

The value of E[{n2
k(t)}

2
] = E[{n2

RD(t)}2
] =

N2
0

4
. As discussed earlier, the variance of [n2

k(t)]

tends to a Dirac Delta function, where the integral vanishes outside the range [−t, Ti − t].
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Parsevals theorem is applied to solve equation 4.106.

At the destination node, the decision statisticZTR−SD contains signal term sigSD = Z1(1) =

NfEpb
2
i γ1 and noise term Znoise−SD = Z2(1) + Z3(1) + Z4(1) in 1st time slot. The noise term

Znoise−SD has a total variance of σ2
Znoise−SD

= σ2
N1

+ σ2
N2

+ σ2
N3

=
NfN0Epγ1

2
+

NfN0b2iEpγ1
2

+

NfN
2
0WTi
2

. Similarly, the decision statistic ZTR−RD obtained from R−D link contains signal

term sigRD = Z1(3) = NfEpb
′2

i γ3 and noise term Znoise−RD = Z2(3) + Z3(3) + Z4(3) in 2nd

time slot. The noise term Znoise−RD has a total variance of σ2
Znoise−RD

= σ2
N1

+ σ2
N2

+ σ2
N3

=

NfN0Epγ3
2

+
NfN0b

′2
i Epγ3
2

+
NfN

2
0WTi
2

.

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

links in 1st and 2nd time slots respectively, are represented as:

ρSD−DTF =
(NfEpbiγ1)2

NfN0Epγ1
2

+
NfN0b2iEpγ1

2
+

NfN
2
0WTi
2

=
(NfEpγ1)2

NfN0Epγ1 +
NfN

2
0WTi
2

=
(Ebγ1

2
)2

N0Ebγ1
2

+
NfN

2
0WTi
2

(4.105)

ρRD−DTF =
(NfEpb

′
iγ3)2

NfN0Epγ3
2

+
NfN0b

′2
i Epγ3
2

+
NfN

2
0WTi
2

=
(NfEpγ3)2

NfN0Epγ3 +
NfN

2
0WTi
2

=
(Ebγ3

2
)2

N0Ebγ3
2

+
NfN

2
0WTi
2

(4.106)

where, bi = b
′
i = 1 in case of correct detection. Hence, information bit b′i = 1 is forwarded from

the relay to destination node in 2nd 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 ZTR−SD

and ZTR−RD obtained from S−D and R−D links in the 1st and 2nd time slots respectively,

are linearly combined to form Ztotal = ZTR−SD + ZTR−RD = stotal−signal + Znoise−total,
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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

σ2
Znoise−total

= σ2
Znoise−SD

+ σ2
Znoise−RD

corresponding to the noise term Znoise−total is solved in

equation 4.33.

In case of correct detection, we obtain b
′
i = 1 at the relay node when information bit 1

(bi = 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:

ρDTF−LC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(NfEpγ1 +NfEpγ3)2

NfN0Epγ1 +NfN0Epγ3 +NfN2
0WTi

=
(Ebγ1

2
+ Ebγ3

2
)2

N0Ebγ1
2

+ N0Ebγ3
2

+NfN2
0WTi

(4.107)

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 ẑ can be expressed as:

ẑ =

0, H0 : Z = Ztotal = ZTR−SD + ZTR−RD ≤ 0

1, H1 : Z = Ztotal = ZTR−SD + ZTR−RD > 0

 (4.108)

ii) Incorrect Detection at Relay Node: In case of incorrect detection, information bit b′i = 0

is detected at relay node when bi = 1 is transmitted from source node to relay node. The

incorrect bit b′i = 0 is then forwarded to the destination node. Therefore, the SNR obtained at

the destination node due to incorrect detection is represented as:

ρDTF−LC−ID =
(sigSD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(NfEpγ1)2

NfN0Epγ1 +NfN0Epγ3 +NfN2
0WTi

=
(Ebγ1

2
)2

N0Ebγ1
2

+ N0Ebγ3
2

+NfN2
0WTi

(4.109)

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

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − sigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (4.110)

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,
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sigRD = 0.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (4.111)

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 fρAF (γ1γ3) of the channel in case of linear combining

is therefore, represented as:

fρDTF (γ1, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3 (4.112)

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

BERLC−DTF =

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−CD

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
√
ρDTF−LC−ID

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−CD

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
√
ρDTF−LC−ID

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(Pe) (4.113)

Since the joint PDF is IID distributed, it can be represented as fρDTF (γ1, γ3) = fρDTF (γ1)

fρDTF (γ3). 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:

=

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−CD

)
1

2π
√

(σ2
SDσ

2
RD)

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−ID

)
1

2π
√

(σ2
SDσ

2
RD)

exp[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(Pe) (4.114)

Selective Combining

(i) Correct Detection at Relay Node: In selective combining, the SNR obtained from S−D and

R−D links in 1st and 2nd time slots respectively are compared, and the one with the highest SNR

103



4.4 Performance Analysis of a Cooperative DTF AC System

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:

f(x, y) =
1

2πσSDσRD
exp−

[
(x− µSD)2 + (y − µRD)2

2σSDσRD

]
(4.115)

where, x and y represent independent gaussian random variables with means µSD, µRD and

variances σ2
SD, σ2

RD of S−D and R−D channel links respectively. Hence, the probability that

S−D link is selected is represented as:

P1 = f(x) =

∫ ∞
−∞

∫ ∞
y

f(x, y)dxdy (4.116)

Therefore, the probability of selecting R−D link is P3 = 1− P1.

ii) Incorrect Detection at relay node: In case of incorrect detection, information bit b′i = 0

is detected at the relay node, when information bit bi = 1 is transmitted from source node to

relay node. In the next time slot, the incorrectly detected bit b′i = 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−DTF =

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF

)
fρDTF (γ1)dγ1 + P3

∫ ∞
0

Q

(
√
ρRD−DTF

)
fρDTF (γ3)dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF )

)
fρDTF (γ1)dγ1

+P3

∫ ∞
0

(
1−Q

(
1

2

√
ρRD−DTF

))
fρDTF (γ3)dγ3

)
Pe (4.117)

=

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0

Q

(
√
ρRD−DTF

)
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0(

1−Q
(
√
ρRD−DTF

))
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(Pe) (4.118)

where, fρDTF (γ1) = 1√
(2π(σ2

SD))
exp

[
−(γ1−µSD)2

2σ2
SD

]
and fρDTF (γ3) = 1√

(2π(σ2
RD))

exp

[
−(γ3−µRD)2

2σ2
RD

]
represent the PDF of S−D and R−D channel links respectively.
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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 1st and 2nd time slots respectively, are optimally combined to

give final decision statistic Ztotal = ZTR−SD + κZTR−RD. The optimal combining factor κ has

a value of κ =
(σ2
Znoise−SD

)sRD

(σ2
Znoise−RD

)sSD
as solved in equation C.4 of Appendix C. The final decision

statistic Ztotal obtained at the destination node using optimum linear combining is represented

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:

ρDTF−LOC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(
(sigSD + κsigRD)2

σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)
=

(NfEpγ1 + κNfEpγ3)2

(NfN0Epγ1 +
NfN

2
0WTi
2

) + κ2(NfN0Epγ3 +
NfN

2
0WTi
2

)

=
(Ebγ1

2
+ κEbγ3

2
)2

(N0Ebγ1
2

+
NfN

2
0WTi
2

) + κ2(N0Ebγ3
2

+
NfN

2
0WTi
2

)
(4.119)

=
(Ebγ1

2
+ κEbγ3

2
)2

(X1 + κ2Y1)
(4.120)

where, X1 = N0Ebγ1
2

+
NfN

2
0WTi
2

and Y1 = N0Ebγ3
2

+
NfN

2
0WTi
2

. Also, bi = b
′
i = 1 in case of

correct detection.

The final decision statistic is compared to the decision threshold, in order to extract the

information bit. The final decision criteria ẑ can be expressed as:

ẑ =

0, H0 : Z = Ztotal = ZTR−SD + κZTR−RD ≤ 0

1, H1 : Z = Ztotal = ZTR−SD + κZTR−RD > 0

 (4.121)

ii) Incorrect Detection at Relay Node: In case of incorrect detection, b′i = 0 is detected at

the relay node, when bi = 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:

ρDTF−LOC−ID =
(sigSD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)
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=
(NfEpγ1)2

(NfN0Epγ1 +
NfN

2
0WTi
2

) + κ2(NfN0Epγ3 +
NfN

2
0WTi
2

)

=
(Ebγ1

2
)2

(N0Ebγ1
2

+
NfN

2
0WTi
2

) + κ2(N0Ebγ3
2

+
NfN

2
0WTi
2

)
(4.122)

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

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − κsigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (4.123)

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.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (4.124)

Thus, the BER evaluated at the destination node using optimum linear combining is repre-

sented as:

BERLOC−DTF =

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LOC−CD

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
√
ρDTF−LOC−ID

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LOC−CD

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LOC−ID

)
fρDTF (γ1)fρDTF (γ3)

dγ1dγ3

)
(Pe) (4.125)

where, fρDTF (γ1, γ3) = fρDTF (γ1)fρDTF (γ3) 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 1st 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 rDTR−SR(t) obtained at the relay node is passed through a DTR receiver, whose decision

statistics ZDTR−SR is solved below.

ZDTR−SR =

Nf−1∑
j=0

∫ jTf+2iTs+Ti

jTf+2iTs

rDTR−SR(t)rDTR−SR(t− Ts)dt
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= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k) + Z4(k)︸ ︷︷ ︸
noise−term

= Z1(2)︸ ︷︷ ︸
signal

+Z2(2) + Z3(2) + Z4(2)︸ ︷︷ ︸
noise−term

(4.126)

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, Ti = Tmds+Tp represents the integration time interval. Also, Tmds and Tp

denote multipath delay spread and pulse duration respectively. Replacing the value of equation

4.9 in equation 4.129, we obtain the value of ZDTR−SR in equation 4.130.

=

Nf−1∑
j=0

∫ jTf+2iTs+Ti

jTf+2iTs

([∑
l2

αl2bip(t− jTf − 2iTs − τl2)
]

+ nSR(t)

)([∑
m2

αm2bi−1

p(t− jTf − 2iTs − τm2)

]
+ nSR(t− Ts)

)
(4.127)

The signal term obtained from S−R link is expressed as:

Z1(2) =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l2

αl2bip(t− jTf − 2iTs − τl2)
∑
m2

αm2bi−1p(t− jTf −

2iTs − τm2)

)
dt

]
= Nfbibi−1

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l2=m2

α2
l2
p2(t− jTf − 2iTs − τl2)dt

+
∑
l2 6=m2

∑
αl2αm2R(τl2 − τm2)︸ ︷︷ ︸

value=0

]

= Nfbibi−1Ep

(∑
l2

α2
l2

)
︸ ︷︷ ︸

value=γ2

= Nfbibi−1Epγ2︸ ︷︷ ︸
sigSR

(4.128)

where, Ep =
∫ jTf+2iTs+Ti
jTf+2iTs

p2(t− jTf − 2iTs− τl2)dt represents the pulse energy obtained from

S−D link and R(τ) =
∫∞
∞ p(t)p(t − τ)dt as autocorrelation function. Under this assumption,

min {(τl2 − τm2)} > Tp for l2 6= m2, IPI is avoided. Hence,
∑
l2 6=m2

∑
αl2αm2R(τl2− τm2) = 0.

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
∑

l2
α2
l2

= γ2. As described in Section 4.3.1, since the PSD θk(f) of noise is suffi-

ciently flat, the autocorrelation function of noise can be approximated as θk(τ) = N0

2
δ(τ)[175].
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To solve the decision variables Z2(2), Z3(2) and Z4(2) containing noise terms, we evaluate its

variances, which is solved below.

V ar(N1) = E[Z2
2(2)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l2

αl2bip(t− jTf − 2iTs

−τl2)
∑
m2

αm2bip(τ − jTf − 2iTs − τm2)

)
E[nSR(t− Ts)nSR(τ − Ts)]dtdτ

]

=

Nf−1∑
j=0

b2
i

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

∑
l2

αl2p(t− jTf − 2iTs − τl2)
∑
m2

αm2

p(τ − jTf − 2iTs − τm2)θ2(t− τ)dtdτ

]
=

NfN0b
2
i

2

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l2=m2

α2
l2
p2(t− jTf − 2iTs − τl2)dt

+
∑
l2 6=m2

∑
αl2αm2R(τl2 − τm2)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
iEp

2

(∑
l2

α2
l2

)
︸ ︷︷ ︸

value=γ2

=
NfN0b

2
iEpγ2

2
(4.129)

where,
∫ jTf+2iTs+Ti
jTf+2iTs

θ2(t− τ)dτ =
∫ jTf+2iTs+Ti
jTf+2iTs

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(2)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l2

αl2bi−1p(t− jTf − 2iTs

−τl2)
∑
m2

αm2bi−1p(τ − jTf − 2iTs − τm2)

)
E[{nSR(t)nSR(τ)}]dtdτ

]

=

Nf−1∑
j=0

b2
i−1

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l2

αl2p(t− jTf − 2iTs − τl2)
∑
m2

αm2

p(τ − jTf − 2iTs − τm2)

)
θ2(t− τ)dtdτ

]
=

NfN0b
2
i−1

2

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l2=m2

α2
l2
p2(t− jTf − 2iTs − τl2)dt

+
∑
l2 6=m2

∑
αl2αm2R(τl2 − τm2)︸ ︷︷ ︸

value=0

]
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=
NfN0b

2
i−1Ep

2

(∑
l2

α2
l2

)
︸ ︷︷ ︸

value=γ2

=
NfN0b

2
i−1Epγ2

2
(4.130)

V ar(N3) = E[Z2
4(2)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

E
[
{nSR(t)nSR(τ − Ts)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

θ2
2(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs+Ti−t
θ2

2(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.131)

where, E[n2
k(t)] = N0

2
. Hence, the value of E[{n2

k(t)}
2
] =

N2
0

4
.

The decision statistic ZDTR−SR obtained at destination node in the 1st time slot contains

signal term and the noise term. From the derivations, it is noted that the signal term sigSR

has a value of Nfbibi−1Epγ2 while the noise term Znoise−SR has a variance of σ2
Znoise−SR

=

NfN0b2iEpγ2
2

+
NfN0b2i−1Epγ2

2
+

NfN
2
0WTi
2

.

To extract the information bit b′i, the decision statistic ZDTR−SR 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 ẑ can be expressed as:

b
′

i = ẑ =

0, H0 : Z = ZDTR−SR ≤ 0

1, H1 : Z = ZDTR−SR > 0

 (4.132)

where, b′i represents the extracted information bit at the relay node. The received signal

obtained at the destination node rDTR−SD(t) in 1st time slot is detected using a DTR receiver,

whose decision statistics ZDTR−SD is as follows:

ZDTR−SD =

Nf−1∑
j=0

∫ jTf+2iTs+Ti

jTf+2iTs

rDTR−SD(t)rDTR−SD(t− Ts)dt
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= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k) + Z4(k)︸ ︷︷ ︸
noise−term

= Z1(1)︸ ︷︷ ︸
signal

+Z2(1) + Z3(1) + Z4(1)︸ ︷︷ ︸
noise−term

(4.133)

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, Ti represents the integration time interval. The value of ZDTR−SD is

obtained in the equation below, by replacing the value of equation 4.8 in equation 4.136.

=

Nf−1∑
j=0

∫ jTf+2iTs+Ti

jTf+2iTs

([∑
l1

αl1bip(t− jTf − 2iTs − τl1)
]

+ nSD(t)

)([∑
m1

αm1bi−1

p(t− jTf − 2iTs − τm1)

]
+ nSD(t− Ts)

)
(4.134)

The signal term obtained from S−D link is as follows.

Z1(1) =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1bip(t− jTf − 2iTs − τl1)
∑
m1

αm1bi−1p(t− jTf −

2iTs − τm1)

)
dt

]
= Nfbibi−1

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt+

∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

= Nfbibi−1Ep

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

= Nfbibi−1Epγ1︸ ︷︷ ︸
sigSD

(4.135)

where, the pulse energy is represented as Ep =
∫ jTf+2iTs+Ti
jTf+2iTs

p2(t − jTf − 2iTs − τl1)dt and

autocorrelation function as R(τ) =
∫∞
∞ p(t)p(t− τ)dt. To overcome IPI, the assumption taken

is min {(τl1 − τm1)} > Tp for l1 6= m1. Hence,
∑

l1 6=m1

∑
αl1αm1

R(τl1 − τm1) = 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
∑

l1
α2
l1

= γ1. As described in Section 4.3.1, since the PSD

θk(f) of noise is sufficiently flat, the autocorrelation function of noise can be simplified as

θk(τ) = N0

2
δ(τ)[175]. Since Z2(1), Z3(1) and Z4(1) denote the noise terms, their variances are
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solved as shown below.

V ar(N1) = E[Z2
2(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1bip(t− jTf − 2iTs

−τl1)
∑
m1

αm1bip(τ − jTf − 2iTs − τm1)

)
E[nSD(t− Ts)nSD(τ − Ts)]dtdτ

]

=

Nf−1∑
j=0

b2
i

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
∑
m1

αm1

p(τ − jTf − 2iTs − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0b
2
i

2

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)

]
︸ ︷︷ ︸

value=0

=
NfN0b

2
iEp

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1

=
NfN0b

2
iEpγ1

2
(4.136)

where,
∫ jTf+2iTs+Ti
jTf+2iTs

θ1(t− τ)dτ =
∫ jTf+2iTs+Ti
jTf+2iTs

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1bi−1p(t− jTf − 2iTs

−τl1)
∑
m1

αm1bi−1p(τ − jTf − 2iTs − τm1)

)
E[{nSD(t)nSD(τ)}]dtdτ

]

=

Nf−1∑
j=0

b2
i−1

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

(∑
l1

αl1p(t− jTf − 2iTs − τl1)
∑
m1

αm1

p(τ − jTf − 2iTs − τm1)

)
θ1(t− τ)dtdτ

]
=

NfN0b
2
i−1

2

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∑
l1=m1

α2
l1
p2(t− jTf − 2iTs − τl1)dt

+
∑
l1 6=m1

∑
αl1αm1R(τl1 − τm1)︸ ︷︷ ︸

value=0

]

=
NfN0b

2
i−1Ep

2

(∑
l1

α2
l1

)
︸ ︷︷ ︸

value=γ1
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=
NfN0b

2
i−1Epγ1

2
(4.137)

V ar(N3) = E[Z2
4(1)] =

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

E
[
{nSD(t)nSD(τ − Ts)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs

θ2
1(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+2iTs+Ti

jTf+2iTs

∫ jTf+2iTs+Ti

jTf+2iTs+Ti−t
θ2

1(u)dtdu

]

=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.138)

where, E[n2
k(t)] = N0

2
. Hence, the value of E[{n2

k(t)}
2
] =

N2
0

4
. The variance of [n2

k(t)] tends

to a Dirac Delta function, where the integral vanishes outside the range [−t, Ti − t]. Parsevals

theorem is applied to solve equation 4.141.

The SNR obtained at the relay node in 1st time slot is denoted as:

ρDTR−SR−DTF =
(Nfbibi−1Epγ2)2

NfN0Epb2i γ2
2

+
NfN0b2i−1Epγ2

2
+

NfN
2
0WTi
2

=
(NfEpγ2)2

NfN0Epγ2 +
NfN

2
0WTi
2

=
(Ebγ2)2

N0Ebγ2 +
NfN

2
0WTi
2

. (4.139)

where, b2
i = b2

i−1 = (bibi−1)2 = 1 and energy per bit is denoted as Eb = NfTf . An error

occurs at the relay node if it detects an information bit b′i = 0, when information bit bi = 1 is

transmitted from source node to relay node. Hence, the probability of error obtained at the relay

node is expressed as:

Pe = Q

(
√
ρDTR−SR−DTF

)
fρDTF (γ2)dγ2 (4.140)

where, the PDF of S−R link is expressed as fρDTF (γ2) = 1√
(2π(σ2

SR))
exp

[
−(γ2−µSR)2

2(σ2
SR)

]
. Further-

more, µSR and σ2
SR denote the mean and variance of S−R link of UWB channel respectively.
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After extraction of information bit b′i at the relay node, the signal transmitted from the relay

node to the destination node in 2nd time slot is represented as:

sDTR−RD(t) =
∞∑
i=0

Nf−1∑
j=0

[
b
′

ip(t− jTf − (2i+ 1)Ts)

]
(4.141)

where, b′i represents the information bit detected at the relay node. The received signal rDTR−RD(t)

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

rDTR−RD(t) = sDTR−RD(t) ∗ h3(t)

=
∞∑
i=0

Nf−1∑
j=0

[
b
′

ip(t− jTf − (2i+ 1)Ts)] ∗
∑
l3

αl3δ(t− τl3)
]

+ nRD(t)

=
∞∑
i=0

Nf−1∑
j=0

∑
l3

[
αl3b

′

ip(t− jTf − (2i+ 1)Ts − τl3)
]

+ nRD(t)

=
∞∑
i=0

Nf−1∑
j=0

[
b
′

igRD(t− jTf − (2i+ 1)Ts)

]
+ nRD(t) (4.142)

The aggregate signal response gRD(t) obtained from R−D link is expressed as gRD(t) =∑
l3
αl3p(t − τl3) whereas, the noise (AWGN) term is denoted by nRD(t). The received sig-

nal rDTR−RD(t) obtained at the destination node is demodulated using a DTR receiver, whose

decision statistics ZDTR−RD is expressed as:

ZDTR−RD =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

rDTR−RD(t)rDTR−RD(t− Ts)dt

= Z1(3)︸ ︷︷ ︸
signal

+Z2(3) + Z3(3) + Z4(3)︸ ︷︷ ︸
noise−term

(4.143)

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 ZDTR−RD in equation 4.147.

=

Nf−1∑
j=0

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

([∑
l3

αl3b
′

ip(t− jTf − (2i+ 1)Ts − τl3)
]

+ nRD(t)

)([∑
m3

αm3b
′

i−1p(t− jTf − (2i+ 1)Ts − τm3)

]
+ nRD(t− Ts)

)
(4.144)

The signal term sigRD obtained from R−D link is represented as:

Z1(3) =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l3

αl3b
′

ip(t− jTf − (2i+ 1)Ts − τl3)
∑
m3

αm3b
′

i−1p(t

−jTf − (2i+ 1)Ts − τm3)

)
dt

]
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= Nfb
′

ib
′

i−1

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∑
l3=m3

α2
l3
p2(t− jTf − 2iTs − τl3)dt

+
∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3)︸ ︷︷ ︸

value=0

]

= Nfb
′

ib
′

i−1Ep

(∑
l3

α2
l3

)
︸ ︷︷ ︸

value=γ3

= Nfb
′

ib
′

i−1Epγ3︸ ︷︷ ︸
sigRD

. (4.145)

where, the energy of pulse is represented as Ep =
∫ jTf+2iTs+Ti
jTf+2iTs

p2(t − jTf − 2iTs − τl3)dt

and autocorrelation function as R(τ) =
∫∞
∞ p(t)p(t − τ)dt. To avoid IPI, this condition

min {(τl3 − τm3)} > Tp for l3 6= m3, is satisfied. Hence,
∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3) = 0.

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
∑

l3
α2
l3

= γ3. As described in Section 4.3.1, the PSD of noise θk(f) is sufficiently

flat so the autocorrelation function can be simplified as θk(τ) = N0

2
δ(τ) [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 Z2(3), Z3(3) and Z4(3) containing the noise terms, variances is

evaluated as shown below.

V ar(N1) = E[Z2
2(3)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l3

αl3b
′

ip(t− jTf −

(2i+ 1)Ts − τl3)
∑
m3

αm3b
′

ip(τ − jTf − (2i+ 1)Ts − τm3)

)
E[nRD(t− Ts)

nRD(τ − Ts)]dtdτ
]

=

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l3

αl3b
′

ip(t− jTf − (2i+ 1)Ts − τl3)
∑
m3

αm3b
′

ip(τ

−jTf − (2i+ 1)Ts − τm3)

)
θ3(t− τ)dtdτ

]
=

NfN0b
′2

i

2

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∑
l3=m3

α2
l3
p2(t− jTf − (2i+ 1)Ts − τl3)dt

+
∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3)︸ ︷︷ ︸

value=0

]
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=
NfN0b

′2

i Ep
2

(∑
l3

α2
l3

)
︸ ︷︷ ︸

value=γ3

=
NfN0b

′2

i Epγ3

2
(4.146)

where, E[nRD(t)nRD(τ)] = θ3(t− τ) = N0

2
δ(t− τ) and

∫ (2i+1)Ts+jTf+Ti
(2i+1)Ts+jTf

N0

2
δ(t− τ)dτ = N0

2
.

V ar(N2) = E[Z2
3(3)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l3

αl3b
′

i−1p(t− jTf −

(2i+ 1)Ts − τl3)
∑
m3

αm3b
′

i−1p(τ − jTf − (2i+ 1)Ts − τm3)

)
E[nRD(t)nRD(τ)]

dtdτ

]
=

Nf−1∑
j=0

b
′2

i−1

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

(∑
l3

αl3p(t− jTf − (2i+ 1)Ts

−τl3)
∑
m3

αm3p(τ − jTf − (2i+ 1)Ts − τm3)

)
θ3(t− τ)dtdτ

]

=
NfN0b

′2

i−1

2

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∑
l3=m3

α2
l3
p2(t− jTf − (2i+ 1)Ts − τl3)dt

+
∑
l3 6=m3

∑
αl3αm3R(τl3 − τm3)︸ ︷︷ ︸

value=0

]

=
NfN0b

′2

i−1Ep
2

(∑
l3

α2
l3

)
︸ ︷︷ ︸

value=γ3

=
NfN0b

′2

i−1Epγ3

2
(4.147)

V ar(N3) = E[Z2
4(3)] =

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

E
[
{nRD(t)nRD(τ − Ts)}2

]
dtdτ

]
=

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

θ2
3(t− τ)dtdτ

]

=

Nf−1∑
j=0

[ ∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts

∫ jTf+(2i+1)Ts+Ti

jTf+(2i+1)Ts+Ti−t
θ2

3(u)dtdu

]
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=

Nf−1∑
j=0

[ ∫ Ti

0

N2
0

4
2Wdt

]
=

NfN
2
0WTi
2

. (4.148)

The value of E[{n2
k(t)}

2
] = E[{n2

RD(t)}2
] =

N2
0

4
. As discussed before in Section 4.3.1, the

variance of [n2
k(t)] tends to a Dirac Delta function, where the integral vanishes outside the range

[−t, Ti − t]. Parsevals theorem is then applied to solve equation 4.151.

The decision statisticZDTR−SD obtained from destination node contains signal term sigSD =

Z1(1) = NfEpbibi−1γ1 and noise term Znoise−SD = Z2(1) +Z3(1) +Z4(1) in 1st time slot. The

noise term Znoise−SD has a total variance of σ2
Znoise−SD

= σ2
N1

+ σ2
N2

+ σ2
N3

=
NfN0b2iEpγ1

2
+

NfN0b2i−1Epγ1

2
+

NfN
2
0WTi
2

. Similarly, the decision statistic ZDTR−RD obtained from destina-

tion node contains signal term sigRD = Z1(3) = NfEpb
′
ib
′
i−1γ3 and noise term Znoise−RD =

Z2(3) + Z3(3) + Z4(3) in 2nd time slot. The noise term Znoise−RD has a total variance of

σ2
Znoise−RD

= σ2
N1

+ σ2
N2

+ σ2
N3

=
NfN0b

′2
i Epγ3
2

+
NfN0b

′2
i−1Epγ3

2
+

NfN
2
0WTi
2

.

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

links in 1st and 2nd time slots respectively, are represented as:

ρSD−DTF =
sig2

SD

σ2
Znoise−SD

=
(NfEpbibi−1γ1)2

NfN0b2iEpγ1
2

+
NfN0b2i−1Epγ1

2
+

NfN
2
0WTi
2

=
(NfEpb

2
i γ1)2

NfN0Epb2
i−1γ1 +

NfN
2
0WTi
2

=
(Ebγ1)2

N0Ebγ1 +
NfN

2
0WTi
2

(4.149)

ρRD−DTF =
sig2

RD

σ2
Znoise−RD

=
(NfEpb

′
ib
′
i−1γ3)2

NfN0Epb
′2
i γ3

2
+

NfN0b
′2
i−1Epγ3

2
+

NfN
2
0WTi
2

=
(NfEpb

′
ib
′
i−1γ3)2

NfN0Epγ3 +
NfN

2
0WTi
2

=
(Ebγ3)2

N0Ebγ3 +
NfN

2
0WTi
2

(4.150)

where, bi = b
′
i = 1 in case of correct detection. For a DTR−PAM system, b2

i = b2
i−1 =

(bibi−1)2 = b
′2
i = b

′2
i−1 = (b

′
ib
′
i−1)2 = 1 and Eb = NfEp. Hence, information bit b′i = 1 is
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forwarded from the relay to destination node in 2nd 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

i) Correct Detection at Relay Node: The decision statistics ZDTR−SD and ZDTR−RD obtained

at the destination node in the 1st and 2nd time slots respectively, are linearly combined to give

Ztotal = ZDTR−SD + ZDTR−RD = stotal−signal + Znoise−total, as mentioned in equation 4.72.

The individual decision statistics obtained from S−D and R−D links are mentioned in equation

4.70 and 4.71, respectively. The total noise variance σ2
Znoise−total

= σ2
Znoise−SD

+ σ2
Znoise−RD

corresponding to the noise term Znoise−total is 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′i = 1 is received at the relay node, when information bit (bi = 1)

is transmitted from the source node to the relay node. The correctly detected bit b′i = 1 is then

forwarded to the destination node. Subsequently, the SNR at destination node due to correct

detection is represented as:

ρDTF−LC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(NfEpγ1 +NfEpγ3)2

NfN0Epγ1 +NfN0Epγ3 +NfN2
0WTi

=
(Ebγ1 + Ebγ3)2

N0Ebγ1 +N0Ebγ3 +NfN2
0WTi

(4.151)

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 ẑ can be expressed as:

ẑ =

0, H0 : Z = Ztotal = ZDTR−SD + ZDTR−RD ≤ 0

1, H1 : Z = Ztotal = ZDTR−SD + ZDTR−RD > 0

 (4.152)

ii) Incorrect Detection at Relay Node: In case of incorrect detection, the relay node detects

information bit b′i = 0, when information bit (bi = 1) is transmitted from the source node

to the relay node. The erroneously detected bit b′i = 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:

ρDTF−LC−ID =
(sigSD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(NfEpγ1)2

NfN0Epγ1 +NfN0Epγ3 +NfN2
0WTi

=
(Ebγ1)2

N0Ebγ1 +N0Ebγ3 +NfN2
0WTi

(4.153)

Using probability theory, the generalized BER in case of incorrect detection is calculated

as:

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − sigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (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, sigRD = 0.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (4.155)

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 fρAF (γ1, γ3) of the channel in case of linear

combining is represented as:

fρDTF (γ1, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3 (4.156)

Therefore, the final BER of UWB DTR system using linear combining is expressed as:

BERLC−DTF =

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−CD

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
√
ρDTF−LC−ID

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−CD

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
√
ρDTF−LC−ID

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(Pe) (4.157)
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Since the joint PDF is IID distributed, it can be represented as fρDTF (γ1, γ3) = fρDTF (γ1)

fρDTF (γ3).

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:

=

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−CD

)
1

2π
√

(σ2
SDσ

2
RD)

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LC−ID

)
1

2π
√

(σ2
SDσ

2
RD)

exp[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(Pe) (4.158)

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 1st and 2nd 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:

f(x, y) =
1

2πσSDσRD
exp−

[
(x− µSD)2 + (y − µRD)2

2σSDσRD

]
(4.159)

where, x and y represent independent gaussian random variables with means µSD, µRD and

variances σ2
SD, σ2

RD of S−D and R−D channel links respectively. Hence, the probability that

S−D channel link is selected is represented as:

P1 = f(x) =

∫ ∞
−∞

∫ ∞
y

f(x, y)dxdy (4.160)

Therefore, the probability of selecting R−D channel link is P3 = 1− P1.

ii)Incorrect Detection at relay node: In case of incorrect detection, information bit b′i = 0 is

detected at the relay node, when information bit bi = 1 is transmitted from source node to relay

node. In the next time slot, this erroneously detected bit b′i = 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−DTF =

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF

)
fρDTF (γ1)dγ1 + P3

∫ ∞
0

Q

(
√
ρRD−DTF

)
fρDTF (γ3)dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF )

)
fρDTF (γ1)dγ1
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+P3

∫ ∞
0

(
1−Q

(
1

2

√
ρRD−DTF

))
fρDTF (γ3)dγ3

)
Pe (4.161)

=

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0

Q

(
√
ρRD−DTF

)
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(
√
ρSD−DTF

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0(

1−Q
(
√
ρRD−DTF

))
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(Pe) (4.162)

where, fρDTF (γ1) = 1√
(2π(σ2

SD))
exp

[
−(γ1−µSD)2

2σ2
SD

]
and fρDTF (γ3) = 1√

(2π(σ2
RD))

exp

[
−(γ3−µRD)2

2σ2
RD

]
represent the PDF of S−D and R−D channel links respectively.

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 1st and 2nd time slots respectively, are optimally combined to give

final decision statistic Ztotal = ZDTR−SD + κZDTR−RD. The optimal combining factor κ has

a value of κ =
(σ2
Znoise−SD

)sRD

(σ2
Znoise−RD

)sSD
as solved in equation C.4 of Appendix C. The final decision

statistic Ztotal obtained at the destination node using optimum linear combining is represented

by equation 4.81.

The SNR evaluated at the destination node due to optimum linear combining is represented

as:

ρDTF−LOC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(
(sigSD + κsigRD)2

σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)
=

(NfEpγ1 + κNfEpγ3)2

(NfN0Epγ1 +
NfN

2
0WTi
2

) + κ2(NfN0Epγ3 +
NfN

2
0WTi
2

)

=
(Ebγ1 + κEbγ3)2

(N0Ebγ1 +
NfN

2
0WTi
2

) + κ2(N0Ebγ3 +
NfN

2
0WTi
2

)
=

(Ebγ1 + κEbγ3)2

X1 + κ2Y1

(4.163)

where, X1 = N0Ebγ1 +
NfN

2
0WTi
2

and Y1 = N0Ebγ3 +
NfN

2
0WTi
2

. Also, bi = b
′
i = 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 ẑ can be expressed as:
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ẑ =

0, H0 : Z = Ztotal = ZDTR−SD + κZDTR−RD ≤ 0

1, H1 : Z = Ztotal = ZDTR−SD + κZDTR−RD > 0

 (4.164)

ii) Incorrect Detection at Relay Node: In case of incorrect detection, the relay node detects

information bit b′i = 0 when bi = 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:

ρDTF−LOC−ID =
(sigSD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

=
(NfEpγ1)2

(NfN0Epγ1 +
NfN

2
0WTi
2

) + κ2(NfN0Epγ3 +
NfN

2
0WTi
2

)

=
(Ebγ1)2

(N0Ebγ1 +
NfN

2
0WTi
2

) + κ2(N0Ebγ3 +
NfN

2
0WTi
2

)
(4.165)

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

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − κsigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (4.166)

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.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (4.167)

Finally, the BER obtained at the destination node using optimum linear combining is repre-

sented as:

BERLOC−DTF =

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LOC−CD

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
√
ρDTF−LOC−ID

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

(
Q

(
√
ρDTF−LOC−CD

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0(

Q

(
√
ρDTF−LOC−ID

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(Pe) (4.168)

where, fρDTF (γ1, γ3) = fρDTF (γ1)fρDTF (γ3) 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 Nf = 1, 2, N = 200000, W = 2 GHz, Ti = 4 ns and Fsamp = 10 GHz, where Nf

represents the number of frames in one symbol, N the number of bits, W the bandwidth of

bandpass filter, Ti the integration interval and Fsamp the sampling frequency. A second order

Gaussian derivative pulse p(t) = 1×(1−4π((t)/Tk)
2)exp(−2π((t)/Tk)

2) is used for transmis-

sion, where t denotes the time interval and Tk = 0.15 ns the pulse width control factor. The

values of means µk, and variances σ2
k 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 CM1 envi-

ronment, for Nf = 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 Nf 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

Nf = 1 and 2, can be inferred from Fig 4.4(a) and (b) respectively. At a BER of 10−4, 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 Nf 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 Nf = 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 CM1 environment, for Nf = 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 dB for Nf = 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 Nf increases from 1 to

2. This leads to degradation in BER performance.
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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) Nf = 1 (b) Nf = 2

124



Chapter 4. Performance Analysis of Non-Coherent UWB Cooperative AC System

0 5 10 15 20 25
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R

BER Performance of TR Rxr using AF strategy in UWB CM2 for Nf=1

 

 

Optimum Linear Combining
Linear Combining
Selective Combining
Single Link

(a)

0 5 10 15 20 25
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R

BER Performance of TR Rxr using AF strategy in UWB CM2 for Nf=2

 

 

Optimum Linear Combining
Linear Combining
Selective Combining
Single Link

(b)

Figure 4.4: BER performance of UWB TR system using cooperative AF strategy with various

combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2
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Figure 4.5: Analytic vs Simulated BER performance comparison of UWB TR system using

AF strategy having Nf = 1, 2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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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) Nf = 1 (b) Nf = 2

128



Chapter 4. Performance Analysis of Non-Coherent UWB Cooperative AC System

0 5 10 15 20 25
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R

BER Performance of DTR Rxr using AF strategy in UWB CM2 for Nf=1

 

 
Optimum Linear Combining
Linear Combining
Selective Combining
Single Link

(a)

0 5 10 15 20 25
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R

BER Performance of DTR Rxr using AF strategy in UWB CM2 for Nf=2

 

 

Optimum Linear Combining
Linear Combining
Selective Combining
Single Link

(b)

Figure 4.7: BER performance of UWB DTR system using cooperative AF strategy with various

combining schemes in CM2 channel for (a) Nf = 1 (b) Nf = 2
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Figure 4.8: Analytic vs Simulated BER performance comparison of UWB DTR system using

AF strategy having Nf = 1, 2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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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) Nf = 1 (b) Nf = 2
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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) Nf = 1 (b) Nf = 2
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Figure 4.11: Analytic vs Simulated BER performance comparison of UWB TR system using

DTF strategy having Nf = 1, 2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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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) Nf = 1 (b) Nf = 2
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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) Nf = 1 (b) Nf = 2
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Figure 4.14: Analytic vs Simulated BER performance comparison of UWB DTR system using

DTF strategy having Nf = 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 Nf 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 Nf = 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 Nf = 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

havingNf = 1 and 2 respectively. It is also observed that increase in number of framesNf from

1 to 2, leads to degradation in BER performance. At a BER of 10−4, optimum linear diversity

combining scheme gives a SNR improvement of 1 dB and 2 dB 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 Nf = 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 Nf . 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 10−4.

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 Nf=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 Nf = 1 and 2 respectively.

It is also observed that the increase in number of frames Nf from 1 to 2, leads to degradation

in BER performance. At a BER of 10−4, 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 Nf = 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 10−4. The BER performance degrades, as the number

of frames Nf 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 Nf = 1, 2.

The analytical and simulated BER performance of UWB DTR system has been compared

using dual−hop cooperative DTF protocol in UWB CM1 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 Nf = 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 Nf = 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 Nf , 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 Nf = 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 10−4.

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-
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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

1st 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 1st 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 2nd time slot. The received signal obtained at the destination node using either of

the relaying schemes, at the end of 1st and 2nd 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 Ts consists of Nf frames of Tf duration. A second order Gaussian Deriva-

tive UWB pulse p(t) of ultra−short duration Tp modulated by information bit (or symbol) bi,

is transmitted in each frame duration Tf . 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 1st time slot. However, in 2nd 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 1st time slot

is represented as:

sSD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

bip(t− jTf − 2iTs) (5.1)

where, E =
∫∞
−∞ p

2(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:

sSR(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

bip(t− jTf − 2iTs) (5.2)

where, p(t) denotes the second order Gaussian derivative pulse, bi ∈ (0, 1) the information bit,

Ts = NfTf the symbol duration, Nf the number of frames in one symbol and Tf 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:

hk(t) =

Lk−1∑
l=0

αl,kδ(t− τl,k) (5.3)

where, the index k ∈ (1, 2, 3) represents the S−D, S−R and R−D link respectively, hk(t) the

channel model and L the number of multipaths. Also, αl,k and τl,k denote the amplitude and

delay of the lth path in kth 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 1st time slot is represented as:

rSD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

bip(t− jTf − 2iTs) ∗
L1−1∑
l=0

αl,1δ(t− τl,1) + nSD(t)

=

L1−1∑
l=0

αl,1gSD(t− jTf − 2iTs − τl,1) + nSD(t) (5.4)

Similarly, the received signal obtained at the relay node in 1st time slot is denoted as:

rSR(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

bip(t− jTf − 2iTs) ∗
L2−1∑
l=0

αl,2δ(t− τl,2) + nSR(t)

=

L2−1∑
l=0

αl,2gSR(t− jTf − 2iTs − τl,2) + nSR(t) (5.5)

where, the aggregate signal response gSD(t) and gSR(t) is represented as gSD(t− jTf − 2iTs−

τl,1) = sSD(t) ∗ δ(t − τl,1) and gSR(t − jTf − 2iTs − τl,2) = sSR(t) ∗ δ(t − τl,2) respectively.

Here, ∗ denotes the convolution operator. The noise (AWGN) terms at S−D and S−R link

are expressed as nSD(t) and nSR(t) respectively. It may also be noted that the multipath delay

spread Tmds > Tp, 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 1st slot, is represented by equation 5.4 and 5.5 respectively. In the

1st time slot, the signal received at the destination node is detected using an ED−OOK receiver,

whose decision statistics ZSD is expressed as:

ZSD =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

r2
SD(t)dt

= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k)︸ ︷︷ ︸
noise−term

= Z1(1)︸ ︷︷ ︸
signal

+Z2(1) + Z3(1)︸ ︷︷ ︸
noise−term

(5.6)

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, Ti = Tp + Tmds represents the integration time interval. Here, Tp and

Tmds denotes pulse duration and multipath delay spread, respectively. Replacing the value of

equation 5.4 in equation 5.6, we obtain the value of ZSD in equation 5.7. The equation 5.7 holds

true only under the constraint, that there is no IPI at the receiver end.

ZSD =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

( L1−1∑
l=0

αl,1gSD(t− jTf − 2iTs − τl,1) + nSD(t)

)2

=

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs − τl,1)dt+ 2

Nf−1∑
j=0

L1−1∑
l=0

αl,1

∫ 2iTs+jTf+Ti

2iTs+jTf

gSD(t− jTf − 2iTs − τl,1)nSD(t)dt+

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

n2
SD(t)dt (5.7)

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

Z1(1) =

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs − τl,1)dt

= sigSD = Z1(1) = NfESDγ1 (5.8)

where, ESD =
∫ 2iTs+jTf+Ti

2iTs+jTf
g2
SD(t − jTf − 2iTs − τl,1)dt denotes the received signal energy

obtained from S−D link, due to transmission of information bit bi ∈ {0, 1} in 1st time slot. The

channel gains αl,k 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
∑

lk
α2
lk

= γk may be approximated as Gaussian distributed. The

decision variables Z2(1) and Z3(1) denote the noise terms, so their variances are evaluated as

shown below.

The filtering of AWGN process having PSD N0

2
with a BPF W , results in noise terms nk(t).

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 θk(τ) is given by [175]:-

θk(τ) = E[nk(t)nk(t− τ)] =
N0

2

Sin(πWτ)

πWτ
cos(2πfcτ) (5.9)

where, E[.] denotes the statistical expectation operator and fc 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 θk(f) of nk(t). As PSD of noise θk(f) is suffi-

ciently flat, its autocorrelation function can be simplified as θk(τ) = N0

2
δ(τ) [175]. The noise

variances calculated for S−D link is as follows.

σ2
N1

= E[Z2
2(1)] = 2

Nf−1∑
j=0

L2−1∑
l=0

α2
l,1

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

gSD(t− jTf − 2iTs − τl,1)

gSD(τ − jTf − 2iTs − τl,1)E[nSD(t)nSD(τ)]dtdτ

= 2Nfγ1

∫ 2iTs+jTf+Ti

2iTs+jTf

gSD(t− jTf − 2iTs − τl,1)gSD(τ − jTf − 2iTs − τl,1)

θ1(t− τ)dtdτ

= 2Nfγ1
N0

2

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs − τl,1)dt

= NfN0ESDγ1 (5.10)

where, E[nSD(t)nSD(τ)] = θ1(t− τ) = N0

2
δ(t− τ) and

∫ 2iTs+jTf+Ti
2iTs+jTf

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N2

= E[Z2
3(1)] =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

E
[ {

n2
SD(t)

}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dτdt = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (5.11)

where, the value of E
[
{n2

SD(t)}2

]
=

N2
0

2
is solved in equation A.2 of Appendix A. As the vari-

ance of [n2
k(t)] tends to Dirac-Delta function, the integral vanishes outside the range [−t, Ti−t].

Parsevals Theorem is applied to solve equation 5.11.

The signal received at the relay node in 1st time slot, is amplified by an amplifying factor
√
βAF and forwarded to the destination node in 2nd time slot. The amplified signal transmitted
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from the relay node to the destination node is represented as:

sRD(t) = rSR(t)
√
βAF (5.12)

where, the amplifying gain is defined as
√
βAF =

√(
ESR

E{|h22(t)|}ESR+N0

)
and E denotes

the expectation operator. Here, ESR, h2(t) and σ2
Znoise−SR

= NfN0ESRγ2 + NfN
2
0WTi repre-

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 2nd time slot is represented as:

rRD(t) =

(√
βAF

L2−1∑
l=0

αl,2gSR(t− jTf − (2i+ 1)Ts − τl,2) + nSR(t)

)
∗
L3−1∑
l=0

αl,3δ(t−

τl,3) + nRD(t)

=
√
βAF

L2−1∑
l=0

αl,2

L3−1∑
l=0

αl,3gSR(t− jTf − (2i+ 1)Ts − τl,2 − τl,3) +
√
βAFn

′

RD(t)

+nRD(t) (5.13)

where, n′RD(t) = nSR(t) ∗ h3(t) =
∑L3−1

l=0 αl,3nSR(t − τl,3) represents the aggregate noise

response after convolving the noise response of S−R link with channel response of R−D link

h3(t) and nRD(t) denotes the noise response of R−D link.

The received signal rRD(t) obtained at the destination node in the 2nd time slot, is passed

through a ED−OOK receiver, whose decision statistics ZRD is expressed as:

ZRD =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

r2
RD(t)dt

= Z1(3)︸ ︷︷ ︸
signal

+Z2(3) + Z3(3) + Z4(3) + Z5(3) + Z6(3)︸ ︷︷ ︸
noiseterm

(5.14)

Replacing the value of equation 5.13 in equation 5.14, we obtain the value of ZRD in equation

5.15.

=

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

(√
βAF

L2−1∑
l=0

L3−1∑
l=0

αl,2αl,3gSR(t− jTf − (2i+ 1)Ts − τl,2 − τl,3)

+
√
βAFn

′

RD(t) + nRD(t)

)2

dt (5.15)

The signal term obtained from R−D link is represented as:

Z1(3) = βAF

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

g2
SR(t− jTf − (2i+ 1)Ts − τl,2

−τl,3)dt
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= Z1(3) = βAFNfERDγ2γ3 (5.16)

where, ERD =
∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf
g2
SR(t− jTf − (2i+ 1)Ts− τl,2− τl,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
∑

l2
α2
l2

= γ2 and
∑

l3
α2
l3

= γ3. As described

earlier, since the PSD θk(f) of noise is sufficiently flat, the autocorrelation function of noise

can be approximated as θk(τ) = N0

2
δ(τ)[175]. As the decision variables Z2(3), Z3(3), Z4(3),

Z5(3) and Z6(3) contain noise terms, their variances are evaluated as shown below.

σ2
N1

= E[Z2
2(3)] = 2β2

AF

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

gSR(t− jTf − (2i+ 1)Ts

−τl,2 − τl,3)gSR(τ − jTf − (2i+ 1)Ts − τl,2 − τl,3)E[n
′

RD(t)n
′

RD(τ)]dtdτ ]

= 2β2
AFNfγ2γ3

(
γ3
N0

2

)∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

g2
SR(t− jTf − (2i+ 1)Ts − τl,2

−τl,3)dt

= β2
AFNfN0ERDγ2γ

2
3 (5.17)

where,
∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf
θ2(t − τ)dτ =

∫ (2i+1)Ts+jTf+Ti
(2i+1)Ts+jTf

N0

2
δ(t − τ)dτ = N0

2
. The value of

E[n
′
RD(t)n

′
RD(τ)] is solved in Appendix B.

σ2
N2

= E[Z2
3(3)] = 2

√
βAF

2
Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

gSR(t− jTf − (2i+ 1)Ts − τl,2 − τl,3)gSR(τ − jTf − (2i+ 1)Ts − τl,2 − τl,3)

E[nRD(t)nRD(τ)]dtdτ

= 2βAFNfγ2γ3
N0

2

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

g2
SR(t− jTf − (2i+ 1)Ts − τl,2 − τl,3)dt

= βAFNfN0ERDγ2γ3 (5.18)

where, θ3(t− τ) = E[nRD(t)nRD(τ)] = N0

2
(t− τ) and

∫ (2i+1)Ts+jTf+Ti
(2i+1)Ts+jTf

N0

2
δ(t− τ) = N0

2
.

σ2
N3

= E[Z2
4(3)] = β2

AF

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

E
[{

n
′2

RD(t)
}2
]

dtdτ

= β2
AFNf

∫ Ti

0

2

(
γ3
N0

2

)2

2Wdt

= β2
AFNfN

2
0WTiγ

2
3 (5.19)

where, E
[{

n
′2

RD(t)
}2
]

= 3
(
γ3

N0

2

)2

−
(
γ3

N0

2

)2

= 2
(
γ3

N0

2

)2
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σ2
N4

= E[Z2
5(3)] =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

E
[{

n2
RD(t)

}2
]
dtdτ

= Nf

∫ Ti

0

N0
2

2
2Wdt

= NfN
2
0WTi (5.20)

where, the value of E
[
{n2

RD(t)}2

]
= N0

2

2
is obtained from equation A.2 of Appendix A.

σ2
N5

= E[Z2
6(3)] = 2

Nf−1∑
j=0

βAF

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

E[nRD(t)n
′

RD(t)nRD(τ)n
′

RD(τ)]dtdτ

= 2

Nf−1∑
j=0

βAF

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

E[nRD(t)nRD(τ)]E[n
′

RD(t)n
′

RD(τ)]dtdτ

= 2βAFNf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

θ3(t− τ)θ
′

3(t− τ)dtdτ

= 2βAFNf

∫ Ti

0

(
N0

2

)(
γ3
N0

2

)
2Wdt

= βAFNfN
2
0WTiγ3 (5.21)

where, E[nRD(t)n
′
RD(t)nRD(τ)n

′
RD(τ)] = E[nRD(t)nRD(τ)]E[n

′
RD(t)n

′
RD(τ)] since the noise

terms corresponding to different links are independent in nature.

The decision statistic ZSD contains signal term sigSD = Z1(1) = NfESDγ1 and noise term

Znoise−SD = Z2(1) + Z3(1). The noise term Znoise−SD has a total variance of σ2
Znoise−SD

=

NfN0ESDγ1 + NfN
2
0WTi. Similarly, the decision statistic ZRD contains signal term sigRD =

Z1(3) = βAFNfERDγ2γ3 and noise term Znoise−RD = Z2(3) + Z3(3) + Z4(3) + Z5(3) +

Z6(3). The noise term Znoise−RD has a total variance of σ2
Znoise−RD

= β2
AFNfN0ERDγ2γ

2
3 +

βAFNfN0ERDγ2γ3 + βAFNfN
2
0WTiγ

2
3 +NfN

2
0WTi + βAFNfN

2
0WTiγ3.

The SNR obtained at the destination node from S−D and R−D links in 1st and 2nd time slot

respectively, is represented as follows:

ρSD−AF =
(NfESDγ1)2

NfN0ESDγ1 +NfN2
0WTi

(5.22)

ρRD−AF =

(
(D)2

E + F

)
(5.23)
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where, D = βAFNfERDγ2γ3, E = βAFNfN0ERDγ2γ3[1 + βAFγ3] and F = NfN
2
0WTi[1 +

β2
AFγ

2
3 + βAFγ3]. 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 ZSD and ZRD obtained at the destination node in 1st and 2nd time slots

respectively, are linearly combined to form final decision statistic Ztotal = ZSD + ZRD =

stotal−signal +Znoise−total. The individual decision statistics obtained from S−D and R−D links

are as follows:

ZSD = sigSD + Znoise−SD (5.24)

ZRD = sigRD + Znoise−RD (5.25)

The final decision statistic Ztotal is represented as:

Ztotal = ZSD + ZRD

= sigSD + sigRD︸ ︷︷ ︸
stotal−signal

+Znoise−SD + Znoise−RD︸ ︷︷ ︸
Znoise−total

(5.26)

The noise termZnoise−total has a total variance of σ2
Znoise−total

= σ2
Znoise−SD

+σ2
Znoise−RD

as solved

in equation 5.27. Here, sigSD andZnoise−SD represents the signal and noise terms obtained from

S−D channel link while, sigRD and Znoise−RD denotes the signal and noise terms obtained from

R−D channel link. The total noise variance is evaluated as:

σ2
Znoise−total

= E[Znoise−total]
2

= E[(Znoise−SD + Znoise−RD)]2

= σ2
Znoise−SD

+ σ2
Znoise−RD

(5.27)

where, E[Z2
noise−SD] = σ2

Znoise−SD
, E[Z2

noise−RD] = σ2
Znoise−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.

Subsequently, the SNR at the destination node due to linear combining is expressed as:

ρAF−LC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)
=

(
(C)2

A+B

)
(5.28)
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where, A = NfN0(ESDγ1 +WTiN0), B = βAFNfN0ERDγ2γ3[1 + βAFγ3] +NfN
2
0WTi[1 +

β2
AFγ

2
3 + βAFγ3] and C = NfESDγ1 + βAFNfERDγ2γ3.

The information bit is extracted by comparing the final decision statistic Ztotal to a decision

threshold, which is calculated using OOK modulation scheme. The final decision criteria ẑ for

linear combining is represented as:

ẑ =

0, H0 : Z = Ztotal ≤ ηζ1NfESD+ηζ23βAFNfERD
2

1, H1 : Z = Ztotal >
ηζ1NfESD+ηζ23βAFNfERD

2

 (5.29)

where, ηζ1 = E[γ1] and ηζ23 = E[γ2γ3]. Also, ζ ∈ {CM1} 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 fρAF (γ1, γ2, γ3) of the channel in case of linear combining is also

gaussian and is represented as:

fρAF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
(5.30)

where, µk and σ2
k 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 fρAF (γ1, γ2, γ3) = fρAF (γ1)fρAF (γ2)fρAF (γ3).

Finally, the BER of UWB ED−OOK system using linear combining is expressed as:

BERLC−AF =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
ρAF−LC

)
fρAF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
ρAF−LC

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (5.31)

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
(C)2

A+B

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (5.32)

153



5.3 Performance Analysis of a Cooperative AF ED-OOK system

5.3.2 Selective Combining

In selective combining, the SNR corresponding to the decision variables ZSD and ZRD obtained

from S−D and R−D link respectively are compared, and the one with the highest SNR is

chosen. ρSD−AF and ρRD−AF 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 ρAF−SC =

Max {ρSD−AF , ρRD−AF}. Therefore, the BER of UWB ED−OOK system using cooperative

dual−hop AF strategy with selective combining is represented as:

BERSC−AF =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
ρAF−SC

)
fρAF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
ρAF−SC

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (5.33)

The joint PDF of channel link is IID distributed, hence it can be represented as fρAF (γ1, γ2, γ3) =

fρAF (γ1)fρAF (γ2)fρAF (γ3). Replacing the value of ρAF−SC in equation 5.34, we obtain the final

BER expression of UWB ED−OOK system using selective combining, in equation 5.35.

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
Max {ρSD−AF , ρRD−AF}

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (5.34)

5.3.3 Optimum Linear Combining

The decision statistics obtained at the destination node from S−D and R−D links in 1st and

2nd time slots respectively, are optimally combined to form the final decision statistic Ztotal =

ZSD + κZRD. The optimal combining factor κ =
(σ2
Znoise−SD

)sigRD

(σ2
Znoise−RD

)sigSD
is solved in equation C.4 of

Appendix C. The final decision statistic Ztotal obtained at the destination node using optimum

linear combining scheme, is denoted by equation 5.36.

Ztotal = ZSD + κZRD

= sigSD + κsigRD︸ ︷︷ ︸
stotal−signal

+Znoise−SD + κ(Znoise−RD)︸ ︷︷ ︸
Znoise−total

(5.35)

For solving the noise term, we evaluate its variance which is solved below.

σ2
Znoise−total

= E[Znoise−total]
2
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= E[(Znoise−SD + κZnoise−RD)]2

= σ2
Znoise−SD

+ κ2σ2
Znoise−RD

(5.36)

where, 2κE[Znoise−SDZnoise−RD] = 0, because the cross correlation of two independent noise

terms are 0. Also, σ2
Znoise−total

and stotal−signal represent 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:

ρAF−LOC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + κsigRD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)
=

(
(X)2

A+ κ2B

)
(5.37)

where, X = NfESDγ1 + κβAFNfERDγ2γ3, A = NfN0(ESDγ1 + WTiN0) and

B = βAFNfN0ERDγ2γ3[1 + βAFγ3] +NfN
2
0WTi[1 + β2

AFγ
2
3 + βAFγ3].

In order to recover the transmitted bit, the final decision statistic Ztotal is compared to the

decision threshold, which depends on OOK signalling. The decision criteria ẑ for optimum

linear combining is represented as:

ẑ =

0, H0 : Z = Ztotal ≤ ηζ1NfESD+κηζ23βAFNfERD
2

1, H1 : Z = Ztotal >
ηζ1NfESD+κηζ23βAFNfERD

2

 (5.38)

where, ηζ1 = E[γ1] and ηζ23 = E[γ2γ3]. Also, ζ ∈ {CM1} represents UWB CM1 channel. The

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

fρAF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
(5.39)

Since the joint PDF of channel link is IID distributed, it is represented as fρAF (γ1, γ2, γ3) =

fρAF (γ1)fρAF (γ2)fρAF (γ3).

Finally, the BER of UWB ED−OOK system using dual−hop cooperative AF strategy with

optimum linear combining is denoted as:

BERLOC−AF =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
ρAF−LOC

)
fρAF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
ρAF−LOC

1√
(2π(σ2

SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (5.40)
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=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(
1

2

√
X2

A+ κ2B

)
1√

(2π(σ2
SD))

1√
(2π(κ2σ2

SR))

1√
(2π(κ2σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (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 1st 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:

rSD(t) =

L1−1∑
l=0

αl,1bigSD(t− jTf − 2iTs − τl,1) + nSD(t) (5.42)

rSR(t) =

L2−1∑
l=0

αl,2bigSR(t− jTf − 2iTs − τl,2) + nSR(t) (5.43)

where, the aggregate signal response gSD(t) and gSR(t) at S−D link and S−R link respectively

are expressed as gSD(t−jTf −2iTs−τl,1) =
√
E
∑∞

i=−∞
∑Nf−1

j=0 p(t−jTf −2iTs)∗δ(t−τl,1)

and gSR(t− jTf − 2iTs − τl,2) =
√
E
∑∞

i=−∞
∑Nf−1

j=0 p(t− jTf − 2iTs) ∗ δ(t− τl,2).

The received signal obtained at the relay node rSR(t) is passed through a ED−OOK receiver,

whose decision statistics ZSR is as follows:

ZSR =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

r2
SR(t)dt

= Z1(k)︸ ︷︷ ︸
signal

+Z2(k) + Z3(k)︸ ︷︷ ︸
noise−term

= Z1(2)︸ ︷︷ ︸
signal

+Z2(2) + Z3(2)︸ ︷︷ ︸
noise−term

(5.44)

where, the index k ∈ {1, 2, 3} denotes S−D, S−R and R−D link respectively, as mentioned in

equation 5.3. Here, Ti = Tp+Tmds represents the integration time interval, Tp the pulse duration

and Tmds the multipath delay spread. Further, multipath delay spread should be Tmds > Tp to

avoid any interference among the symbols. Replacing the value of equation 5.44 in equation

5.45, we obtain the value of ZSR in equation 5.46. The equation 5.46 holds true only when there
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is no IPI at the receiver end.

=

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

( L2−1∑
l=0

αl,2bigSR(t− jTf − 2iTs − τl,2) + nSR(t)

)2

=

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

L2−1∑
l=0

α2
l,2b

2
i g

2
SR(t− jTf − 2iTs − τl,2)dt+ 2

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

L2−1∑
l=0

αl,2bigSR(t− jTf − 2iTs − τl,2)nSR(t)dt+

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

n2
SR(t)dt (5.45)

Therefore, the signal component sigSR is represented as:

Z1(2) =

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2b

2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SR(t− jTf − 2iTs − τl,2)dt

= sigSR = NfESRb
2
i γ2 (5.46)

where, ESR =
∫∞
−∞ g

2
SR(t − jTf − 2iTs − τl,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 θk(f) of noise is sufficiently flat, the autocorre-

lation function can be approximated as θk(τ) = N0

2
δ(τ) [175]: The noise variances σ2

N1
and σ2

N2

are obtained by solving the decision variables Z2(k) and Z3(k), containing the noise terms.

σ2
N1

= E[Z2
2(k)] = E[Z2

2(2)]

= 2

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2b

2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SR(t− jTf − 2iTs − τl,2)

E[nSR(t)nSR(τ)]dtdτ

= 2Nfγ2b
2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

gSR(t− jTf − 2iTs − τl,2)gSR(τ − jTf

−2iTs − τl,2)θ2(t− τ)dtdτ

= 2Nfγ2
N0

2
b2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SR(t− jTf − 2iTs − τl,2)dt

= NfN0ESRb
2
i γ2 (5.47)

where, E[nSR(t)nSR(τ)] = θ2(t− τ) = N0

2
δ(t− τ) and

∫ 2iTs+jTf+Ti
2iTs+jTf

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N2

= E[Z2
3(k)] = E[Z2

3(2)]
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=

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

E[
{
n2
SR(t)

}2
]dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dτdt = Nf

∫ Ti

0

N2
0

2
2Wdt

= NfN
2
0WTi (5.48)

As discussed in Section 5.3, the variance of [n2
k(t)] tends to a Dirac Delta function, where the

integral vanishes outside the range [−t, Ti − t]. Further, we apply Parsevals theorem to solve

Equation 5.49. The value of E[{n2
SR(t)}2

] is evaluated in Appendix A. Similarly, the value of

E[{n2
SD(t)}2

] and E[{n2
RD(t)}2

] are also obtained from Appendix A.

In order to extract the information bit b′i, the decision statistic ZSR obtained at the relay node

is compared to the decision threshold. The decision threshold is taken to be ηζkNfESR
2

, for OOK

modulation scheme. The decision criteria ẑ can be expressed as:

b
′

i = ẑ =

0, H0 : Z = ZSR ≤
ηζkNfESR

2

1, H1 : Z = ZSR >
ηζkNfESR

2

 (5.49)

where, ηζk = E {γk} = E {γ2} for S−R link. Here, ζ ∈ {CM1} denotes UWB CM1 channel.

The received signal obtained at the destination node rSD(t) at the end of 1st time slot, is

detected using a ED−OOK receiver, whose decision statistics ZSD is as follows:

ZSD =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

r2
SD(t)dt

= Z1(1)︸ ︷︷ ︸
signal

+Z2(1) + Z3(1)︸ ︷︷ ︸
noise−term

(5.50)

The value of ZSD 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.

=

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

( L1−1∑
l=0

αl,1

Nf−1∑
j=0

bigSD(t− jTf − 2iTs − τl,1) + nSD(t)

)2

=

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

L1−1∑
l=0

α2
l,1b

2
i g

2
SD(t− jTf − 2iTs − τl,1)dt+ 2

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

L1−1∑
l=0

αl,1bigSD(t− jTf − 2iTs − τl,2)nSD(t)dt+

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

n2
SD(t)dt (5.51)

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 sigSD for S−D link is represented as:

Z1(1) =

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1b

2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs − τl,1)dt

= sigSD = NfESDb
2
i γ1 (5.52)

where, ESD =
∫∞
−∞ g

2
SD(t− jTf − 2iTs− τl,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
∑

l1
α2
l1

= γ1. As described in Section 5.3, since the PSD θk(f) of

noise is sufficiently flat, the autocorrelation function of noise can be approximated as θk(τ) =

N0

2
δ(τ)[175].

The variances are evaluated for noise terms Z2(1) and Z3(1) as solved below.

σ2
N1

= E[Z2
2(k)] = E[Z2

2(1)]

= 2

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1b

2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs − τl,1)

E[nSD(t)nSD(τ)]dtdτ

= 2Nfγ2b
2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

gSD(t− jTf − 2iTs − τl,1)gSD(τ − jTf

−2iTs − τl,1)θ1(t− τ)dtdτ

= 2Nfγ1
N0

2
b2
i

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs − τl,1)dt

= NfN0ESDb
2
i γ1 (5.53)

σ2
N2

= E[Z2
3(k)] = E[Z2

3(1)]

=

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

E[
{
n2
SR(t)

}2
]dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dτdt = Nf

∫ Ti

0

N2
0

2
2Wdt

= NfN
2
0WTi (5.54)

The SNR obtained at the relay node at the end of 1st time slot is denoted as:

ρSR−DTF =
sig2

SR

σ2
Znoise−SR

=
(NfESRb

2
i γ2)

2

NfN0ESRb2
i γ2 +NfN2

0WTi
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=
(NfESRγ2)2

NfN0ESRγ2 +NfN2
0WTi

(5.55)

where, information bit bi = 1 is transmitted from source node to relay node. At the relay node,

error occurs if information bit b′i = 0 is received. Therefore, the probability of error obtained at

the relay node is expressed as:

Pe =

∫ ∞
0

Q

(
1

2

√
ρSR−DTF

)
fρDTF (γ2)dγ2 (5.56)

where, the PDF of S−R link is expressed as fρDTF (γ2) = 1√
(2π(σ2

SR))
exp

[
−(γ2−µSR)2

2(σ2
SR)

]
. Further-

more, µSR and σ2
SR denote the mean and variance of S−R link of UWB channel respectively.

After extraction of information bit b′i at the relay node, the signal transmitted from the relay

node to the destination node in 2nd time slot is represented as:

sRD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

b
′

ip(t− jTf − (2i+ 1)Ts) (5.57)

where, E =
∫∞
−∞ p

2(t)dt represents the pulse energy at each link and b′i the detected bit at relay

node. The received signal rRD(t) obtained at the destination node in 2nd time slot is represented

as:

rRD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

b
′

ip(t− jTf − (2i+ 1)Ts) ∗
L3−1∑
l=0

αl,3δ(t− τl,3) +

nRD(t)

=

L3−1∑
l=0

αl,3b
′

igRD(t− jTf − (2i+ 1)Ts − τl,3) + nRD(t) (5.58)

The aggregate signal response gRD(t) at R−D link is expressed as gRD(t−jTf−(2i+1)Ts−

τl,3) =
√
E
∑∞

i=−∞
∑Nf−1

j=0 p(t− jTf − (2i+ 1)Ts) ∗ δ(t− τl,3). The noise (AWGN) obtained

at R−D link is denoted by nRD(t). The received signal rRD(t) obtained at the destination node

in 2nd time slot, is demodulated using a ED−OOK receiver. The decision statistics ZRD in case

of correct detection is expressed as:

ZRD =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

r2
RD(t)dt

= Z1(3)︸ ︷︷ ︸
signal

+Z2(3) + Z3(3)︸ ︷︷ ︸
noise−term

(5.59)

The value of ZRD 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.

=

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

( L3−1∑
l=0

αl,3b
′

igRD(t− jTf − (2i+ 1)Ts − τl,3) +
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nRD(t)

)2

=

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

L3−1∑
l=0

α2
l,3b

′

i

2
g2
RD(t− jTf − (2i+ 1)Ts − τl,3)dt

+2

Nf−1∑
j=0

∫ (2i+1)iTs+jTf+Ti

(2i+1)Ts+jTf

L3−1∑
l=0

αl,3b
′

igRD(t− jTf − (2i+ 1)Ts − τl,3)

nRD(t)dt+

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

n2
RD(t)dt (5.60)

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

The signal term sigRD for R−D link is represented as:

Z1(3) =

Nf−1∑
j=0

L3−1∑
l=0

α2
l,3b

′

i

2
∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

g2
RD(t− jTf − (2i+ 1)Ts −

τl,3)dt

= sigRD = NfERDb
′

i

2
γ3 (5.61)

where, ERD =
∫∞
−∞ g

2
RD(t − jTf − (2i + 1)Ts − τl,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
∑

l2
α2
l2

= γ2 and
∑

l3
α2
l3

= γ3. As described

in Section 5.3, since the PSD θk(f) of noise is sufficiently flat, the autocorrelation function of

noise can be approximated as θk(τ) = N0

2
δ(τ)[175].As the decision variables Z2(3) and Z3(3)

denote the noise terms, their variances are evaluated as:

σ2
N1

= E[Z2
2(k)] = E[Z2

2(3)]

= 2

Nf−1∑
j=0

L3−1∑
l=0

α2
l,3b

′

i

2
∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

g2
RD(t− jTf

−(2i+ 1)Ts − τl,3)E[nRD(t)nRD(τ)]dtdτ

= NfN0ERDb
′

i

2
γ3 (5.62)

σ2
N2

= E[Z2
3(k)] = E[Z2

3(3)]

=

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

E[
{
n2
RD(t)

}2
]dtdτ

= NfN
2
0WTi (5.63)
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Parsevals theorem is applied to solve equation 5.64.

The decision statisticZSD obtained at destination node contains signal term sigSD = Z1(1) =

NfESDb
2
i γ1 and noise termZnoise−SD = Z2(1)+Z3(1) at the end of 1st time slot. The noise term

Znoise−SD has a total variance of σ2
Znoise−SD

= σ2
N1

+ σ2
N2

= NfN0ESDb
2
i γ1 +NfN

2
0WTi. Sim-

ilarly, the decision statistic ZRD obtained at destination node at the end of 2nd time contains sig-

nal term sigRD = Z1(3) = NfERDb
′
i

2
γ3 and noise term Znoise−RD = Z2(3) +Z3(3). The noise

term Znoise−RD has a total variance of σ2
Znoise−RD

= σ2
N1

+σ2
N2

= NfN0ERDb
′
i

2
γ3 +NfN

2
0WTi.

In case of correct detection, the individual SNR obtained at the destination node from S−D

and R−D links in 1st and 2nd time slots respectively, are represented as:

ρSD−DTF =
sig2

SD

σ2
Znoise−SD

=
(NfESDb

2
i γ1)

2

NfN0ESDb2
i γ1 +NfN2

0WTi

=
(NfESDγ1)2

NfN0ESDγ1 +NfN2
0WTi

(5.64)

ρRD−DTF =
sig2

RD

σ2
Znoise−RD

=
(NfERDb

′
i

2
γ3)

2

NfN0ERDb
′
i
2
γ3 +NfN2

0WTi

=
(NfERDγ3)2

NfN0ERDγ3 +NfN2
0WTi

(5.65)

where, bi = b
′
i = 1 in case of correct detection. Therefore, information bit b′i = 1 is for-

warded from the relay to destination node in 2nd 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

i) Correct Detection at Relay Node: The decision statistics ZSD and ZRD obtained at the

destination node in the 1st and 2nd time slots from S−D and R−D link respectively, are lin-

early combined to give Ztotal = ZSD + ZRD = stotal−signal + Znoise−total, as 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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σ2
Znoise−total

= σ2
Znoise−SD

+ σ2
Znoise−RD

corresponding to the noise term Znoise−total is evaluated

in equation 5.27.

When information bit 1 (bi = 1) is transmitted from the source node to the relay node,

b
′
i = 1 is obtained at the relay node in case of correct detection. The same detected bit b′i 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:

ρDTF−LC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(NfESDb

2
i γ1 +NfERDb

′
i

2
γ3)2

NfN0ESDb2
i γ1 +NfN0ERDb

′
i
2
γ3 + 2NfN2

0WTi

=
(NfESDγ1 +NfERDγ3)2

NfN0ESDγ1 +NfN0ERDγ3 + 2NfN2
0WTi

(5.66)

where, bi = b
′
i = 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 ẑ can be expressed as:

ẑ =

0, H0 : Z = Ztotal ≤ ηζ1NfESD+ηζ3NfERD
2

1, H1 : Z = Ztotal >
ηζ1NfESD+ηζ3NfERD

2

 (5.67)

where, ηζ1 = E[γ1] and ηζ3 = E[γ3]. Also, ζ ∈ {CM1} reprents UWB CM1 channel.

ii) Incorrect Detection at Relay Node: In case of incorrect detection, when bi = 1 is trans-

mitted from source node to relay node, the detected bit at relay node is b′i = 0. This erroneously

detected bit b′i = 0 is forwarded to the destination node. Subsequently, the SNR obtained at the

destination node due to incorrect detection is represented as:

ρDTF−LC−ID =
(sigSD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(NfESDγ1)2

NfN0(ESDγ1 + ERDγ3 + 2N0WTi)
(5.68)

Using probability theory, the generalized BER evaluated in case of incorrect detection is

expressed as:

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − sigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (5.69)
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Due to incorrect detection at relay node, information bit b′i 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.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (5.70)

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, µk and σ2
k represent the individual mean and variance of

channel links respectively. The joint PDF in case of linear combining is represented as:

fρDTF (γ1, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3.(5.71)

The final BER of UWB ED−OOK system using linear combining is expressed as:

BERLC−DTF =

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LC−CD

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LC−ID

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LC−CD

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LC−ID

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(Pe) (5.72)

where, the value of Pe is solved in equation 5.57. Since the joint PDF is IID distributed, it can

be represented as fρDTF (γ1, γ3) = fρDTF (γ1)

fρDTF (γ3).

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:

=

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LC−CD

)
1

2π
√

(σ2
SDσ

2
RD)

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LC−ID

)
1

2π
√

(σ2
SDσ

2
RD)

exp[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(Pe) (5.73)
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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 1st and 2nd 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:

f(x, y) =
1

2πσSDσRD
exp−

[
(x− µSD)2 + (y − µRD)2

2σSDσRD

]
(5.74)

where, x and y denote independent Gaussian random variables with means µSD, µRD and vari-

ances σ2
SD, σ2

RD of S−D and R−D channel links respectively. The probability that S−D channel

link is selected is represented as:

P1 = f(x) =

∫ ∞
−∞

∫ ∞
y

f(x, y)dxdy (5.75)

Therefore, the probability of selecting R−D channel link is P3 = 1− P1.

ii) Incorrect Detection at relay node: If information bit bi = 1 is transmitted from source

node to relay node, b′i = 0 is detected at the relay node, then an incorrect detection takes place.

This incorrectly detected bit b′i = 0 is 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−DTF =

(
P1

∫ ∞
0

Q

(
1

2

√
ρSD−DTF

)
fρDTF (γ1)dγ1 + P3

∫ ∞
0

Q

(
1

2

√
ρRD−DTF

)
fρDTF (γ3)dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(
1

2

√
ρSD−DTF )

)
fρDTF (γ1)dγ1

+P3

∫ ∞
0

(
1−Q

(
1

2

√
ρRD−DTF

))
fρDTF (γ3)dγ3

)
Pe (5.76)

=

(
P1

∫ ∞
0

Q

(
1

2

√
ρSD−DTF

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0

Q

(
1

2

√
ρRD−DTF

)
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(
1

2

√
ρSD−DTF

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0(

1−Q
(

1

2

√
ρRD−DTF

))
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(Pe) (5.77)

where, fρDTF (γ1) = 1√
(2π(σ2

SD))
exp

[
−(γ1−µSD)2

2σ2
SD

]
and fρDTF (γ3) = 1√

(2π(σ2
RD))

exp

[
−(γ3−µRD)2

2σ2
RD

]
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 1st and 2nd time slots respectively, are optimally combined to give final decision statistic

Ztotal = ZSD + κZRD. The optimal combining factor κ has a value of κ =
(σ2
Znoise−SD

)sRD

(σ2
Znoise−RD

)sSD
,

as solved in equation C.4 of Appendix C. The final decision statistic Ztotal obtained at the

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:

ρDTF−LOC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(
(sigSD + κsigRD)2

σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)
= =

(NfESDγ1 + κNfERDγ3)2

X1 + κ2Y1

(5.78)

where,X1 = NfN0ESDγ1+NfN
2
0WTi and Y1 = NfN0ERDγ3+NfN

2
0WTi. Also, bi = b

′
i = 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 ẑ can be expressed as:

ẑ =

0, H0 : Z = Ztotal ≤ ηζ1NfESD+κηζ3NfERD
2

1, H1 : Z = Ztotal >
ηζ1NfESD+κηζ3NFERD

2

 (5.79)

ii) Incorrect Detection at Relay Node:- In case of incorrect detection, b′i = 0 is detected

at the relay node, when bi = 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:

ρDTF−LOC−ID =
(sigSD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

=
(NfESDγ1)2

X1 + κ2Y1

(5.80)

In case of incorrect detection, the generalized BER is represented as:

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − κsigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (5.81)
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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, sigRD = 0.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (5.82)

Subsequently, the BER obtained at the destination node using optimum linear combining is

represented as:

BERLOC−DTF =

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LOC−CD

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LOC−ID

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LOC−CD

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LOC−ID

)
fρDTF (γ1)fρDTF (γ3)

dγ1dγ3

)
(Pe) (5.83)

where, fρDTF (γ1, γ3) = fρDTF (γ1)fρDTF (γ3) because the channel gains are IID and Gaussian

distributed. The value of Pe is evaluated as given in equation 5.57. The joint PDF in case of

optimum linear combining is expressed as:

fρDTF (γ1, γ3) =
1√

(2πσ2
SD)

1√
(2πκ2σ2

RD)
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ3 (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.

BERLOC−DTF =

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LOC−CD

)
1

2π
√
σ2
SDκ

2σ2
RD

exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

(
Q

(
1

2

√
ρDTF−LOC−ID

)
1

2π
√
σ2
SDκ

2σ2
RD

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ3

)
(Pe)

(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 CM2 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 Nf = 1, 2, N = 200000, W = 2 GHz, Ti = 4 ns and Fsamp = 10 GHz,

where Nf represents the number of frames in one symbol, N the number of bits, W the band-

width of bandpass filter, Ti the integration interval and Fsamp the sampling frequency. A second

order Gaussian derivative pulse p(t) = (1− 4π((t)/Tk).
2)exp(−2π((t)/Tk)

2) is used for trans-

mission, where t denotes the time interval and Tk = 0.15 ns the pulse width control factor.

The values of means µk and variances σ2
k 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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Figure 5.2: BER performance of UWB ED−OOK system using cooperative AF strategy with

various combining schemes in UWB CM1 channel for (a) Nf = 1 (b) Nf = 2
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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) Nf = 1 (b) Nf = 2
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Figure 5.4: Analytic vs Simulated BER performance comparison of UWB ED−OOK system

using AF strategy havingNf = 1, 2 for various combining schemes namely (a) Optimum Linear

Combining (b) Linear Combining and (c) Selective Combining.
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(a)

(b)

Figure 5.5: Dual−Hop Cooperative System Model with single−link and (a) L = 5 relay paths

(b) L = 10 relay paths
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Figure 5.6: BER performance of UWB ED−OOK system using dual−hop cooperative AF strat-

egy in UWB 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.

175



5.5 Simulation Results

0 5 10 15 20 25
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R
BER Performance of ED−OOK Rxr using DTF strategy in UWB CM1 for Nf=1

 

 
Optimum Linear Combining
Linear Combining
Selective Combining
Single Link

(a)

0 5 10 15 20 25
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 in dB

B
E

R

BER Performance of ED−OOK Rxr Using DTF Strategy in UWB CM1 for Nf=2

 

 

Optimum Linear Combining
Linear Combining
Selective Combining
Single Link

(b)

Figure 5.7: BER performance of UWB ED−OOK system using cooperative DTF strategy with

various combining schemes in UWB CM1 channel for (a) Nf = 1 (b) Nf = 2
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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) Nf = 1 (b) Nf = 2
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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 Nf = 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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Figure 5.10: BER performance of UWB ED−OOK system using dual−hop cooperative DTF

strategy in UWB 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.

181



5.5 Simulation Results

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 CM1 environment, for Nf = 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 dB, with increase in Nf 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

Nf = 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 Nf 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 CM1 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 Nf = 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 Nf = 1 and 2 respectively.

It is also observed that increasing the number of frames Nf from 1 to 2, degrades the BER

performance. At a BER of 10−4, 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 Nf = 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 10−4. The BER performance

degrades as the number of frames Nf 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 Nf = 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 Nf = 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 Nf = 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, CM1, 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 Nf , 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 10−4. 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 10−4, 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.

185





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 ∆ 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 1st

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 2nd 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

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

hk(t) =

Lk−1∑
l=0

αl,kδ(t− τl,k) (6.1)

where, αl,k and τl,k represents the amplitude response and delay response of lth multipath in

kth 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 αl,k follow Nakagami distribution, while δ denotes

Delta−Dirac function. The UWB channel models chosen for simulation are CM1−CM2, 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 Ts = NfTf is composed

of Nf frames, each of duration Tf . In each frame duration Tf , a second order Gaussian deriva-

tive pulse p(t) = (1− 4π((t)/Tk)
2)exp(−2π((t)/Tk)

2) of duration Tp, modulated by informa-

tion bit bi, is transmitted. The term t denotes time interval and Tk the pulse width factor. When

bi = 1, the transmitted Gaussian second order pulse p(t) is shifted by ∆ units, while there is no

shift in pulse position, when bi = 0. The multipath delay spread of the channel Tmds satisfies

the condition Tmds >> Tp, to avoid any interference among the symbols. We also assume that

PPM shift ∆ and frame duration Tf , satisfies the relation ∆ > Tp + Tmds + Tg and Tf = 2∆,

such that there is no ISI at the receiver side. Here, Tg represents the guard band duration.

The UWB signal transmitted from the source node to relay node in 1st time slot is repre-

sented as:

sSD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

p(t− jTf − 2iTs −∆bi) (6.2)

where, the pulse energy at each link is expressed as E =
∫∞
−∞ p

2(t)dt. Similarly, UWB signal

transmitted from the source node to destination node in 1st time slot is represented as:

sSR(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

p(t− jTf − 2iTs −∆bi) (6.3)
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where, bi ∈ (0, 1) represents the information bit and ∆ the PPM shift. When bi = 1, the

transmitted Gaussian second order pulse p(t) is shifted by ∆ units, while there is no shift in

pulse position p(t), when bi = 0. The multipath delay spread of the channel satisfies the

condition Tmds >> Tp [30], to avoid IPI at the receiver end. We also assume that PPM shift

∆ and frame duration Tf , satisfies the condition ∆ > Tp + Tmds + Tg and Tf = 2∆, such that

there is no interference at the receiver side. Here, Tg represents the guard band duration.

The signal received at the destination node in 1st time slot is denoted as:

rSD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

p(t− jTf − 2iTs −∆bi) ∗
L1−1∑
l=0

αl,1δ(t− τl,1) + nSD(t)

=

L1−1∑
l=0

αl,1gSD(t− jTf − 2iTs −∆bi − τl,1) + nSD(t) (6.4)

Similarly, the signal received at the relay node in 1st time slot is denoted as:

rSR(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

p(t− jTf − 2iTs −∆bi) ∗
L2−1∑
l=0

αl,2δ(t− τl,2) + nSR(t)

=

L2−1∑
l=0

αl,2gSR(t− jTf − 2iTs −∆bi − τl,2) + nSR(t) (6.5)

where, ∗ denotes the convolution operator. The aggregate signal response gSD(t) and gSR(t)

from S−D and S−R links are represented as gSD(t−jTf−2iTs−∆bi−τl,1) = sSD(t)∗δ(t−τl,1)

and gSR(t − jTf − 2iTs −∆bi − τl,2) = sSR(t) ∗ δ(t − τl,2) respectively. The noise (AWGN)

terms at S−D and S−R link are expressed as nSD(t) and nSR(t) respectively.

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 Z10 and Z11 obtained from S−D

link in 1st time slot due to information bit 0 and 1 respectively, are passed through a subtracter

to generate the decision statistic ZSD = Z1 = Z10 − Z11. Similarly, decision statistics Z30

and Z31 obtained from R−D link in 2nd time slot due to information bit 0 and 1 respectively,

are passed through a subtracter to generate the decision statistic ZRD = Z3 = Z30 − Z31. The

decision statistics ZSD and ZRD 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 Ztotal, 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 rSD(t)

obtained at the destination node in 1st time slot, is passed through a ED−PPM receiver. The

decision statistics ZSD obtained from S−D link, is represented as ZSD = Z1 = Z10 − Z11

where, Z10 and Z11 denote the decision statistics obtained from S−D link due to transmission

of information bit 0 and 1 respectively.

Zlm =

Nf−1∑
j=0

∫ 2iTs+jTf+m∆+Ti

2iTs+jTf+m∆

r2
l (t)dt (6.6)

where, the subscripts l ∈ {1, 2, 3} denote S−D, S−R and R−D link respectively and m ∈

{0, 1} the transmitted information bit.

Z10 =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

r2
SD(t)dt

= A1︸︷︷︸
signal

+ A2 + A3︸ ︷︷ ︸
noise−term

= s10︸︷︷︸
signal

+Znoise−10︸ ︷︷ ︸
noise−term

(6.7)

Z11 =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

r2
SD(t)dt

= B1︸︷︷︸
signal

+ B2 +B3︸ ︷︷ ︸
noise−term

= s11︸︷︷︸
signal

+Znoise−11︸ ︷︷ ︸
noise−term

(6.8)
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where, Ti = Tmds + Tp represents the integration time interval. Here, Tp and Tmds denote pulse

duration and multipath delay spread respectively. The value of decision statistic Z10 is obtained

in equation 6.9, by replacing the value of equation 6.4 in equation 6.7, as shown below.

Z10 =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

( L1−1∑
l=0

αl,1gSD(t− jTf − 2iTs −∆bi − τl,1) + nSD(t)

)2

=

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs −∆bi − τl,1)dt+ 2

Nf−1∑
j=0

L1−1∑
l=0

αl,1

∫ 2iTs+jTf+Ti

2iTs+jTf

gSD(t− jTf − 2iTs −∆bi − τl,1)nSD(t)dt+

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

n2
SD(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 A1 is obtained from decision variable Z10.

A1 =

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs −∆bi − τl,1)dt

= s10 = NfE10γ1 (6.10)

where, E10 =
∫ 2iTs+jTf+Ti

2iTs+jTf
g2
SD(t−jTf−2iTs−∆bi−τl,1)dt denotes the received signal energy

component in Z10. The channel gains αl,k for IEEE 802.15.4a UWB multipath channels are

assumed to be IID Nakagami. Consequently, their squares will be IID Gamma distributed [179].

Hence, by the Central Limit Theorem, the channel gains can be approximated as Gaussian

distributed
∑

l1
α2
l1

= γ1. As the decision variables A2 and A3 denote the noise terms, their

variances are evaluated.

The noise terms nk(t) are obtained by filtering AWGN process, having a single−sided PSD

of N0

2
with a BPF, having one-sided Bandwidth of W . The autocorrelation function of noise

θk(τ) is given by [175]:

θk(τ) = E[nk(t)nk(t− τ)] =
N0

2

Sin(πWτ)

πWτ
cos(2πfcτ) (6.11)

where, E[.] denotes the statistical expectation operator and fc 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 θk(f) of nk(t). As PSD θk(f) is sufficiently flat,

the autocorrelation function of noise can be simplified as θk(τ) = N0

2
δ(τ) [175].

The noise variances are assumed to be independent of the channel under consideration.
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Hence, the noise variances A2 and A3 obtained from Z10 are as follows:

σ2
N1

= E[A22] = 2

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

gSD(t− jTf − 2iTs −∆bi −

τl,1)gSD(τ − jTf − 2iTs −∆bi − τl,1)E[nSD(t)nSD(τ)]dtdτ

= 2Nfγ1

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

gSD(t− jTf − 2iTs −∆bi − τl,1)gSD(τ − jTf

−2iTs −∆bi − τl,1)θ1(t− τ)dtdτ

= 2Nfγ1
N0

2

∫ 2iTs+jTf+Ti

2iTs+jTf

g2
SD(t− jTf − 2iTs −∆bi − τl,1)dt = NfN0E10γ1. (6.12)

where, E[nSD(t)nSDτ ] = θ1(t− τ) = N0

2
∆(t− τ) and

∫ 2iTs+jTf+Ti
2iTs+jTf

N0

2
∆(t− τ)dτ = N0

2
.

σ2
N2

= E[A2
3] =

Nf−1∑
j=0

∫ 2iTs+jTf+Ti

2iTs+jTf

∫ 2iTs+jTf+Ti

2iTs+jTf

E
[{

n2
SD(t)

}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dtdτ = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (6.13)

where, the value of E
[
{n2

SD(t)}2

]
=

N2
0

2
as solved in Appendix A. The total noise term

Znoise−10 has a total variance of σ2
Znoise−10

= σ2
N1

+ σ2
N2

= NfN0E10γ1 + NfN
2
0WTi. The

variance of n2
k(t) tends to Dirac-Delta function, where the integral vanishes outside the range

[−t, Ti − t]. This is solved using Parsevals theorem, as observed in equation 6.13.

Similarly, the decision statistics Z11 is obtained by replacing the value of equation 6.4 in

equation 6.8. In case of no IPI, equation 6.14 holds good.

Z11 =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

( L1−1∑
l=0

αl,1gSD(t− jTf − 2iTs −∆bi − τl,1) + nSD(t)

)2

=

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SD(t− jTf − 2iTs −∆bi − τl,1)dt+ 2

Nf−1∑
j=0

L1−1∑
l=0

αl,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSD(t− jTf − 2iTs −∆bi − τl,1)nSD(t)dt+

Nf−1∑
j=0∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

n2
SD(t)dt (6.14)

The signal component B1 is obtained from decision variable Z11.

B1 =

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SD(t− jTf − 2iTs −∆bi − τl,1)dt

= s11 = NfE11γ1 (6.15)
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where, E11 =
∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆
g2
SD(t − jTf − 2iTs − ∆bi − τl,1)dt denotes the received signal

energy component in Z11.

Similarly, the noise variances B2 and B3 obtained from Z11 are as follows.

σ2
N1

= E[B2
2 ] = 2

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSD(t− jTf − 2iTs −∆bi

−τl,1)gSD(τ − jTf − 2iTs −∆bi − τl,1)E[nSD(t)nSD(τ)]dtdτ

= 2Nfγ1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSD(t− jTf − 2iTs −∆bi − τl,1)gSD(τ −

jTf − 2iTs −∆bi − τl,1)θ1(t− τ)dtdτ

= 2Nfγ1
N0

2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SD(t− jTf − 2iTs −∆bi − τl,1)dt

= NfN0E11γ1 (6.16)

where, E[nSD(t)nSDτ ] = θ1(t− τ) = N0

2
∆(t− τ) and

∫ 2iTs+jTf+∆+Ti
2iTs+jTf+∆

N0

2
∆(t− τ)dτ = N0

2
.

σ2
N2

= E[B2
3 ] =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

E
[{

n2
SD(t)

}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dτdt = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (6.17)

where, the value of E
[
{n2

SD(t)}2

]
=

N2
0

2
is solved in Appendix A. The noise term Znoise−11

has a total variance of σ2
Znoise−11

= σ2
N1

+ σ2
N2

= NfN0E11γ1 +NfN
2
0WTi. Parseval’s theorem

has been used to solve equation 6.17.

The signal received at the relay node in 1st time slot, is amplified by an amplifying factor
√
βAF and then forwarded to the destination node in the 2nd time slot. The amplified signal

transmitted from the relay node to the destination node is represented as:

s3(t) = r2(t)
√
βAF = sRD(t) = rSR(t)

√
βAF (6.18)

where, index k ∈ {2, 3} represents S−R and R−D link respectively. The amplifying gain is

defined as
√
βAF =

√(
ESR

E{|h22(t)|}ESR+N0

)
. Also, ESR, h2(t) and σ2

Znoise−SR
= NfN0(E20 +

E21γ2 + 2NfN
2
0WTi) 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 2nd time slot is

represented as:

rRD(t) =

(√
βAF

L2−1∑
l=0

αl,2gSR(t− jTf − (2i+ 1)Ts −∆bi − τl,2) + nSR(t)

)
∗
L3−1∑
l=0

αl,3
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δ(t− τl,3) + nRD(t)

=
√
βAF

L2−1∑
l=0

αl,2

L3−1∑
l=0

αl,3gSR(t− jTf − (2i+ 1)Ts −∆bi − τl,2 − τl,3) +√
βAFn

′

RD(t) + nRD(t) (6.19)

where, n′RD(t) = nSR(t)∗h3(t) =
∑L3−1

l=0 αl,3nSR(t−τl,3) denotes the aggregate noise response

after convolving the noise response of S−R link with channel response of R−D link h3(t). Also,

nRD(t) represents the noise response of R−D link.

The received signal rRD(t) obtained at the destination node in 2nd time slot, is passed

through a ED−PPM receiver. The decision statistics Z30 obtained from R−D link is simpli-

fied as:

Z30 =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

r2
RD(t)dt

= C1︸︷︷︸
signal

+C2 + C3 + C4 + C5 + C6︸ ︷︷ ︸
noise−term

= s30︸︷︷︸
signal

+Znoise−30︸ ︷︷ ︸
noise−term

(6.20)

The value ofZ30 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−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

(√
βAF

L2−1∑
l=0

αl,2

L3−1∑
l=0

αl,3gSR(t− jTf − (2i+ 1)Ts −∆bi − τl,2

−τl,3) +
√
βAFn

′

RD(t) + nRD(t)

)2

(6.21)

The signal component obtained from Z30 is as follows.

C1 = βAF

Nf−1∑
j=0

L2−1∑
l=0

αl,2

L3−1∑
l=0

αl,3

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

g2
SR(t− jTf − (2i+ 1)Ts −∆bi − τl,2 −

τl,3)dt

= s30 = βAFNfE30γ2γ3 (6.22)

where, E30 =
∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf
g2
SR(t − jTf − 2iTs −∆bi − τl,2 − τl,3)dt denotes the received

signal energy component in Z30. 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
∑

l2
α2
l2

= γ2 and
∑

l3
α2
l3

= γ3. As described earlier, since the

PSD θk(f) of noise is sufficiently flat, the autocorrelation function of noise can be approximated
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as θk(τ) = N0

2
δ(τ)[175]. The noise variances obtained from Z30 are as follows:

σ2
N1

= E[C2
2 ] = 2β2

AF

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

gSR(t− jTf

−(2i+ 1)Ts −∆bi − τl,2 − τl,3)gSR(τ − jTf − (2i+ 1)Ts −∆bi − τl,2 − τl,3)

E[n
′

RD(t)n
′

RD(τ)]dtdτ

= β2
AFNfN0E30γ2γ

2
3 (6.23)

where,
∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf
θ2(t−τ)dτ =

∫ (2i+1)Ts+jTf+Ti
(2i+1)Ts+jTf

N0

2
δ(t−τ)dτ = N0

2
. The value of E[n

′
RD(t)

n
′
RD(τ)] is solved in Appendix B.

σ2
N2

= E[C2
3 ] = 2βAF

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

gSR(t

−jTf − (2i+ 1)Ts −∆bi − τl,2 − τl,3)gSR(τ − jTf − (2i+ 1)Ts −∆bi − τl,2 − τl,3)

E[nRD(t)nRD(τ)]dtdτ

= βAFNfN0E30γ2γ3 (6.24)

where, θ3(t− τ) = E[nRD(t)nRD(τ)] = N0

2
δ(t− τ) and

∫ 2iTs+jTf+Ti
2iTs+jTf

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N3

= E[C2
4 ] =

Nf−1∑
j=0

β2
AF

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

E
[{

n
′2
RD(t)

}2
]

dtdτ

= β2
AFNf

∫ Ti

0

2

(
γ3
N0

2

)2

2Wdt

= β2
AFNfN

2
0WTiγ

2
3 (6.25)

where, the value of E
[{

n
′2
RD(t)

}2
]

= 3

(
γ3

N0

2

)2

-
(
γ3

N0

2

)2

= 2

(
γ3

N0

2

)2

is obtained from

Appendix A and Appendix B.

σ2
N4

= E[C2
5 ] =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

E
[ {

n2
RD(t)

}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
2Wdτdt = Nf

∫ Ti

0

N2
0

2
2Wdt

= NfN
2
0WTi (6.26)

where, the value of E
[
{n2

RD(t)}2

]
=

N2
0

2
is as derived in Appendix A.
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σ2
N5

= E[C2
6 ] = 2

Nf−1∑
j=0

βAF

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

E[nRD(t)n
′

RD(t)nRD(τ)

n
′

RD(τ)]dtdτ

= 2βAFNf

∫ Ti

0

(
N0

2

)(
γ3
N0

2

)
2Wdt

= βAFNfN
2
0WTiγ3 (6.27)

where, E[nRD(t)n
′
RD(t)nRD(τ)n

′
RD(τ)] = E[nRD(t)nRD(τ)]E[n

′
RD(t)n

′
RD(τ)]. Since the noise

terms correspond to different links, they are independent in nature. The noise−term Znoise−30

has a total variance of σ2
Znoise−30

= σ2
N1

+ σ2
N2

+ σ2
N3

+ σ2
N4

+ σ2
N5

= β2
AFNfN0E30γ2γ

2
3 +

βAFNfN0E30γ2γ3 + βAFNfN
2
0WTiγ

2
3 +NfN

2
0WTi + βAFNfN

2
0WTiγ3.

Similarly, the decision statistics Z31 obtained from R−D link is as follows.

Z31 =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

r2
RD(t)dt

= D1︸︷︷︸
signal

+D2 +D3 +D4 +D5 +D6︸ ︷︷ ︸
noise−term

= s31︸︷︷︸
signal

+Znoise−31︸ ︷︷ ︸
noise−term

(6.28)

The value of Z31 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.

=

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

(√
βAF

L2−1∑
l=0

αl,2

L3−1∑
l=0

αl,3gSR(t− jTf

−(2i+ 1)Ts −∆bi − τl,2 − τl,3) +
√
βAFn

′

RD(t) + nRD(t)

)2

(6.29)

The signal term D1 obtained from Z31 is solved below.

D1 = βAF

Nf−1∑
j=0

L2−1∑
l=0

αl,2

L3−1∑
l=0

αl,3

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

g2
SR(t− jTf − (2i+ 1)Ts −∆bi −

τl,2 − τl,3)dt

= s31 = βAFNfE31γ2γ3 (6.30)

where, E31 =
∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆
g2
SR(t − jTf − (2i + 1)Ts −∆bi − τl,2 − τl,3)dt denotes the

received signal energy component in Z31. The noise variances obtained from Z31 are as follows:

σ2
N1

= E[D2
2] = 2β2

AF

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

∫ (2i+1)Ts+jTf+Ti

(2i+1)Ts+jTf

gSR(t− jTf
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−(2i+ 1)Ts −∆bi − τl,2 − τl,3)gSR(τ − jTf − (2i+ 1)Ts −∆bi − τl,2 − τl,3)

E[n
′

RD(t)n
′

RD(τ)]dtdτ

= β2
AFNfN0E31γ2γ

2
3 (6.31)

where,
∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆
θ2(t − τ)dτ =

∫ (2i+1)Ts+jTf+∆+Ti
(2i+1)Ts+jTf+∆

N0

2
δ(t − τ)dτ = N0

2
. The value of

E[n
′
RD(t)n

′
RD(τ)] is solved in Appendix B.

σ2
N2

= E[D2
3] = 2βAF

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+δ

gSR(t

−jTf − (2i+ 1)Ts −∆bi − τl,2 − τl,3)gSR(τ − jTf − (2i+ 1)Ts −∆bi − τl,2 − τl,3)

E[nRD(t)nRD(τ)]dtdτ

= βAFNfN0E31γ2γ3 (6.32)

where, θ3(t− τ) = E[nRD(t)nRD(τ)] = N0

2
δ(t− τ) and

∫ (2i+1)Ts+jTf+Ti
(2i+1)Ts+jTf

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N3

= E[D2
4] =

Nf−1∑
j=0

β2
AF

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

E
[{

n
′2
RD(t)

}2
]

dtdτ

= β2
AFNf

∫ Ti

0

2

(
γ3
N0

2

)2

2Wdt

= β2
AFNfN

2
0WTiγ

2
3 (6.33)

Here, the value of E
[{

n
′2
RD(t)

}2
]

= 3

(
γ3

N0

2

)2

-
(
γ3

N0

2

)2

= 2

(
γ3

N0

2

)2

is obtained from

Appendix A and Appendix B.

σ2
N4

= E[D2
5] =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

E
[{

n2
RD(t)

}2
]

dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
2Wdτdt = Nf

∫ Ti

0

N2
0

2
2Wdt

= NfN
2
0WTi (6.34)

Here, the value of E
[
{n2

RD(t)}2

]
=

N2
0

2
is derived in Appendix A.

σ2
N5

= E[D2
6] = 2

Nf−1∑
j=0

βAF

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

E[nRD(t)n
′

RD(t)nRD(τ)
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n
′

RD(τ)]dtdτ

= 2βAFNf

∫ Ti

0

(
N0

2

)(
γ3
N0

2

)
2Wdt

= βAFNfN
2
0WTiγ3 (6.35)

where, E[nRD(t)n
′
RD(t)nRD(τ)n

′
RD(τ)] = E[nRD(t)nRD(τ)]E[n

′
RD(t)n

′
RD(τ)]. Since the noise

terms correspond to different links they are independent in nature. The noise-term Znoise−31

has a total variance of σ2
Znoise−31

= σ2
N1

+ σ2
N2

+ σ2
N3

+ σ2
N4

+ σ2
N5

= β2
AFNfN0E31γ2γ

2
3 +

βAFNfN0E31γ2γ3 + βAFNfN
2
0WTiγ

2
3 +NfN

2
0WTi + βAFNfN

2
0WTiγ3.

The decision statistics ZSD and ZRD obtained from S−D and R−D links in 1st and 2nd time

slots respectively, are represented as:

ZSD = Z10 − Z11 =

Bit0︷ ︸︸ ︷
( s10︸︷︷︸

signal

+Znoise−10︸ ︷︷ ︸
noise−term

)−
Bit1︷ ︸︸ ︷

( s11︸︷︷︸
signal

+Znoise−11︸ ︷︷ ︸
noise−term

)

=

︷ ︸︸ ︷
(

TotalSignal
s10 − s11︸ ︷︷ ︸

sigSD

) +

︷ ︸︸ ︷
(

TotalNoise
Znoise−10 − Znoise−11︸ ︷︷ ︸

Znoise−SD

) (6.36)

ZRD = Z30 − Z31 =

Bit0︷ ︸︸ ︷
( s30︸︷︷︸

signal

+Znoise−30︸ ︷︷ ︸
noise−term

)−
Bit1︷ ︸︸ ︷

( s31︸︷︷︸
signal

+Znoise−31︸ ︷︷ ︸
noise−term

)

=

︷ ︸︸ ︷
(

TotalSignal
s30 − s31︸ ︷︷ ︸

sigRD

) +

︷ ︸︸ ︷
(

TotalNoise
Znoise−30 − Znoise−31︸ ︷︷ ︸

Znoise−RD

) (6.37)

where, Z10 and Z11 denote the decision statistics obtained from S−D link, when information

bit 0 and 1 are transmitted respectively. Similarly, Z30 and Z31 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 ZSD and ZRD obtained from S−D and R−D links in 1st and 2nd time

slots respectively, are linearly combined to form final decision statistic Ztotal. Also, sSD and

Znoise−SD represent signal and noise terms obtained from S−D link respectively whereas, sRD

and Znoise−RD denote signal and noise terms obtained from R−D link respectively.

Ztotal = ZSD + ZRD = (sigSD + Znoise−SD) + (sigRD + Znoise−RD)

= (sigSD + sigRD)︸ ︷︷ ︸
stotal−signal

+ (Znoise−SD + Znoise−RD)︸ ︷︷ ︸
Ztotal−noise

(6.38)
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The total noise variance σ2
Ztotal−noise

for the noise-term Ztotal−noise is evaluated as shown below.

σ2
Ztotal−noise

= E[(Znoise−total)
2] = E[(Znoise−SD + Znoise−RD)2]

= E[Z2
noise−SD] + E[Z2

noise−RD] + 2E[Znoise−SDZnoise−RD]

= σ2
Znoise−SD

+ σ2
Znoise−RD

(6.39)

where, E[Z2
noise−SD] = σ2

Znoise−SD
, E[Z2

noise−RD] = σ2
Znoise−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

noise variances σ2
Znoise−SD

and σ2
Znoise−RD

are derived in Appendix D.

Therefore, the SNR evaluated at the destination node due to linear combining is expressed

as:

ρAF−LC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=

(
(E1)2

F1 +G1

)
(6.40)

where, F1 = NfN0 {γ1(E10 + E11) + 2N0WTi},G1 = βAFNfN0γ2γ3(E30+E31) {1 + βAFγ3}

+ 2NfN
2
0WTi {1 + βAFγ

2
3 + βAFγ3} and E1 = Nfγ1(E10 − E11) + βAFNfγ2γ3(E30 − E31).

The final decision statistic Ztotal is 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 ẑ in case of linear combining is represented as:

ẑ =

0, H0 : Z = Ztotal = (Z10 − Z11) + (Z30 − Z31) > 0

1, H1 : Z = Ztotal = (Z10 − Z11) + (Z30 − Z31) ≤ 0

 (6.41)

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:

fρAF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
(6.42)

where, µk and σ2
k 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 fρAF (γ1, γ2, γ3) = fρAF (γ1)fρAF (γ2)fρAF (γ3).

Finally, the BER of UWB ED−PPM system using linear combining is expressed as:

BERLC−AF =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
ρAF−LC

2

)
fρAF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
ρAF−LC

2

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3(6.43)

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
(E1)2

2(F1 +G1)

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (6.44)

6.3.2 Selective Combining

In selective combining, the SNR obtained from S−D and R−D links respectively in 1st and 2nd

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 1st and 2nd time slot

respectively, are represented as:

ρSD−AF =
(Nfγ1(E10 − E11))2

NfN0γ1(E10 + E11) + 2NfN2
0WTi

(6.45)

ρRD−AF =
M2

N
(6.46)

where,M = βAFNfγ2γ3(E30−E31),N = βAFNfN0γ2γ3(E30+E31) {1 + βAFγ3}+2NfN
2
0WTi

{1 + βAFγ
2
3 + βAFγ3} andE1 = Nfγ1(E10−E11)+βAFNfγ2γ3(E30−E31). The SNR obtained

at destination node due to selective combining is expressed as ρAF−SC = Max {ρSD−AF , ρRD−AF}.

ρSD−AF and ρRD−AF 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−AF =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
ρAF−SC

2

)
fρAF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
ρAF−SC

2

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3(6.47)
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Since the joint PDF of channel link is IID distributed, it is given by fρAF (γ1, γ2, γ3) = fρAF (γ1)

fρAF (γ2)fρAF (γ3). Finally, the BER of UWB ED−PPM system can be represented as:

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
Max {ρSD, ρRD}

2

)
1√

(2π(σ2
SD))

1√
(2π(σ2

SR))

1√
(2π(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2σ2
SR

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ2dγ3 (6.48)

6.3.3 Optimum Linear Combining

The decision statistics obtained at the destination node in the 1st and 2nd time slots respectively,

are optimally combined by a combining factor κ, solved in equation C.4 of Appendix C, to give

a final decision statistic Ztotal.

Ztotal = ZSD + κZRD = (sigSD + Znoise−SD) + κ(sigRD + Znoise−RD)

= (sigSD + κsigRD)︸ ︷︷ ︸
stotal−signal

+ (Znoise−SD + κZnoise−RD)︸ ︷︷ ︸
Ztotal−noise

(6.49)

where, stotal−signal and Ztotal−noise represent the total signal and noise component, respectively.

The total noise variance σ2
Ztotal−noise

corresponding to the noise term σ2
Ztotal−noise

is evaluated as

shown below.

σ2
Ztotal−noise

= E[(Znoise−total)
2] = E[(Znoise−SD + κZnoise−RD)2]

= E[Z2
noise−SD] + κ2 E[Z2

noise−RD] + 2κE[Znoise−SDZnoise−RD]

= σ2
Znoise−SD

+ κ2σ2
Znoise−RD

(6.50)

where, E[Z2
noise−SD] = σ2

Znoise−SD
, E[Z2

noise−RD] = σ2
Znoise−RD

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 σ2
Znoise−SD

and σ2
Znoise−RD

are derived in Appendix D.

Therefore, the SNR calculated at the destination node due to optimum linear combining is

expressed as:

ρAF−LOC =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + κsigRD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

=

(
(S)2

F1 + κ2G1

)
(6.51)

where, F1 = NfN0 {γ1(E10 + E11) + 2N0WTi},G1 = βAFNfN0γ2γ3(E30+E31) {1 + βAFγ3}

+ 2NfN
2
0WTi {1 + βAFγ

2
3 + βAFγ3} and S = Nfγ1(E10 − E11) + κβAFNfγ2γ3(E30 − E31).
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The final decision statistic Ztotal 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:

ẑ =

0, H0 : Z = Ztotal = (Z10 − Z11) + κ(Z30 − Z31) > 0

1, H1 : Z = Ztotal > (Z10 − Z11) + κ(Z30 − Z31) ≤ 0

 (6.52)

The joint PDF in case of optimal linear combining is represented as:

fρAF (γ1, γ2, γ3) =
1√

(2π(σ2
SD))

1√
(2πκ2(σ2

SR))

1√
(2πκ2(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
(6.53)

where, µk and σ2
k 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 fρAF (γ1, γ2, γ3) = fρAF (γ1)fρAF (γ2)

fρAF (γ3). Therefore, the BER of UWB ED−PPM system using optimum linear combining is

expressed as:

BERLOC−AF =

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
ρAF−LOC

2

)
fρAF (γ1, γ2, γ3)dγ1dγ2dγ3

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
ρAF−LOC

2

)
1√

(2π(σ2
SD))

1√
(2πκ2(σ2

SR))

1√
(2πκ2(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (6.54)

=

∫ ∞
0

∫ ∞
0

∫ ∞
0

Q

(√
(S)2

2(F1 + κ2G1)

)
1√

(2π(σ2
SD))

1√
(2πκ2(σ2

SR))

1√
(2πκ2(σ2

RD))

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ2 − µSR)2

2κ2σ2
SR

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ2dγ3 (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 1st 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 rSR(t) obtained at the relay node, is passed

through a ED−PPM receiver. The decision statistics ZSR obtained at S−R link is represented

as ZSR = Z2 = Z20−Z21 where, Z20 and Z21 denote the decision statistics obtained from S−R

link due to transmission of information bit 0 and 1 respectively.

Zlm =

Nf−1∑
j=0

∫ 2iTs+jTf+mδ+Ti

2iTs+jTf+mδ

r2
l (t)dt (6.56)

where, the subscripts l ∈ {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 bi = 1 is transmitted

from source node to relay as well as destination node. Therefore, the decision statistics obtained

from S−R link is ZSR = Z2 = Z21, since Z20 = 0.

Z21 =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

r2
SR(t)dt

= P1︸︷︷︸
signal

+ P2 + P3︸ ︷︷ ︸
noise−term

= s21︸︷︷︸
signal

+Znoise−21︸ ︷︷ ︸
noise−term

(6.57)

where, Ti = Tmds+Tp represents the integration time interval. Here, Tp and Tmds denotes pulse

duration and multipath delay spread, respectively. The decision statistics Z21 may be simplified

as shown below. In case of no IPI, equation 6.65 holds true.

Z21 =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

( L2−1∑
l=0

αl,2gSR(t− jTf − 2iTs −∆bi − τl,2) + nSR(t)

)2

=

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+δ

g2
SR(t− jTf − 2iTs −∆bi − τl,1)dt+ 2

Nf−1∑
j=0

L2−1∑
l=0

αl,2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSR(t− jTf − 2iTs −∆bi − τl,2)nSR(t)dt+

Nf−1∑
j=0∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

n2
SR(t)dt (6.58)

where, information bit bi = 1 is transmitted from the source node to relay node in 1st time slot.

The signal term obtained from Z21 is evaluated below.

P1 =

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SR(t− jTf − 2iTs −∆− τl,2)dt

= s11 = NfE21γ2 (6.59)

where,E21 =
∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆
g2
SR(t−jTf−2iTs−∆−τl,2)dt denotes the received signal energy

component in Z21. 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:

σ2
N1

= E[P 2
2 ] = 2

Nf−1∑
j=0

L2−1∑
l=0

α2
l,2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSR(t− jTf − 2iTs −∆

−τl,2)gSR(τ − jTf − 2iTs −∆− τl,2)E[nSR(t)nSR(τ)]dtdτ

= 2Nfγ2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSR(t− jTf − 2iTs −∆− τl,2)gSR(τ − jTf

−2iTs −∆− τl,2)θ2(t− τ)dtdτ

= 2Nfγ2
N0

2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SR(t− jTf − 2iTs −∆− τl,2)dt

= NfN0E21γ2 (6.60)

where, E[nSR(t)nSR(τ)] = θ2(t− τ) = N0

2
δ(t− τ) and

∫ 2iTs+jTf+∆+Ti
2iTs+jTf+∆

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N2

= E[P 2
3 ] =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

E
[{

n2
SR(t)

}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dtdτ = Nf

∫ Ti

0

N2
0

2
2Wdt

= NfN
2
0WTi (6.61)

where, the value of E
[
{n2

SR(t)}2

]
=

N2
0

2
as solved in Appendix A. The variance of n2

k(t) tends

to Dirac−Delta function, where the integral vanishes outside the range [−t, Ti − t]. Parsevals

theorem is used to solve equation 6.62. The noise term has a total variance of σ2
Znoise−21

=

σ2
N1

+ σ2
N2

= NfN0E21γ2 +NfN
2
0WTi.

To extract the information bit b′i at the relay node, the decision statistic ZSR is compared to

a decision threshold. As we have used PPM scheme, the decision threshold is taken to be 0.

The decision criteria ẑ can be expressed as:

b
′

i = ẑ =

0, H0 : Z = ZSR = Z21 > 0

1, H1 : Z = ZSR = Z21 ≤ 0

 (6.62)

The received signal rSD(t) obtained at the destination node in 1st time slot, is detected

using a ED−PPM receiver, whose decision statistics ZSD obtained from S−D link is given as

ZSD = Z1 = Z10 − Z11 where, Z10 and Z11 represent the decision statistics obtained from

205



6.4 Performance Analysis of a Cooperative DTF ED-PPM System

S−D link due to transmission of information bit 0 and 1 respectively. Since it is assumed that

information bit bi = 1 is transmitted from source node to destination node, the decision statistics

obtained from S−D link is ZSD = Z1 = Z11, as Z10 = 0.

Z11 =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

r2
SD(t)dt

= Q1︸︷︷︸
signal

+ Q2 +Q3︸ ︷︷ ︸
noise−term

= s11︸︷︷︸
signal

+Znoise−11︸ ︷︷ ︸
noise−term

(6.63)

The decision statistics Z11 is simplified as shown below, taking into consideration that there is

no IPI.

Z11 =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

( L1−1∑
l=0

αl,1gSD(t− jTf − 2iTs −∆bi − τl,1) + nSD(t)

)2

=

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SD(t− jTf − 2iTs −∆− τl,1)dt+ 2

Nf−1∑
j=0

L1−1∑
l=0

αl,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSD(t− jTf − 2iTs −∆− τl,1)nSD(t)dt+

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

n2
SD(t)dt (6.64)

The signal term obtained from Z11 is given below.

Q1 =

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SD(t− jTf − 2iTs −∆− τl,1)dt

= s11 = NfE11γ1 (6.65)

where, E11 =
∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆
g2
SD(t − jTf − 2iTs − ∆bi − τl,1)dt denotes the received signal

energy component in Z11. 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
∑

l1
α2
l1

= γ1. As described in Section 6.3, since the PSD

θk(f) of noise is sufficiently flat, the autocorrelation function of noise can be approximated as

θk(τ) = N0

2
δ(τ)[175].

As the noise variances are assumed to be independent of the channel under consideration,

the variances Q2 and Q3 obtained from Z11 are as follows:

σ2
N1

= E[Q2
2] = 2

Nf−1∑
j=0

L1−1∑
l=0

α2
l,1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSD(t− jTf − 2iTs −∆

−τl,1)gSD(τ − jTf − 2iTs −∆− τl,1)E[nSD(t)nSD(τ)]dtdτ
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= 2Nfγ1

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

gSD(t− jTf − 2iTs −∆− τl,1)gSD(τ − jTf

−2iTs −∆− τl,1)θ1(t− τ)dtdτ

= 2Nfγ1
N0

2

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

g2
SD(t− jTf − 2iTs −∆− τl,1)dt

= NfN0E10γ1 (6.66)

where, E[nSD(t)nSD(τ)] = θ1(t− τ) = N0

2
δ(t− τ) and

∫ 2iTs+jTf+∆+Ti
2iTs+jTf+∆

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N2

= E[Q2
3] =

Nf−1∑
j=0

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

∫ 2iTs+jTf+∆+Ti

2iTs+jTf+∆

E
[{

n2
SD(t)

}2
]
dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dtdτ = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (6.67)

where, the value of E
[
{n2

SD(t)}2

]
=

N2
0

2
is evaluated in Appendix A. As the variance of n2

k(t)

tends to Dirac-Delta function, the integral vanishes outside the range [−t, Ti − t]. Parsevals

theorem is applied to solve equation 6.68. The total noise variance σ2
Znoise−11

corresponding to

noise term Znoise−11 has a value of = σ2
N1

+ σ2
N2

= NfN0E11γ1 +NfN
2
0WTi.

The SNR obtained at the relay node in 1st time slot is denoted as:

ρSR−DTF =
NfE21γ2

NfN0E21γ2 +NfN2
0WTi

(6.68)

where, information bit bi = 1 is transmitted from source node to relay node. At the relay node,

an error occurs if information bit b′i = 0 is received. Therefore, the probability of error Pe

obtained at the relay node is expressed as:

Pe = Q

(√
ρSR−DTF

2

)
fρDTF (γ2)dγ2 (6.69)

where, the PDF of S−R link is expressed as fρDTF (γ2) = 1√
(2π(σ2

SR))
exp

[
−(γ2−µSR)2

2(σ2
SR)

]
. Further-

more, µSR and σ2
SR 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 2nd time slot is represented as:

sRD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

p(t− jTf − (2i+ 1)Ts −∆b
′

i) (6.70)

where, the pulse signal energy is represented as E =
∫∞
−∞ p

2(t)dt. The detected information bit

at the relay node is denoted as b′i. The received signal rRD(t) obtained at the destination node
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in 2nd time slot is represented as:

rRD(t) =
√
E

∞∑
i=−∞

Nf−1∑
j=0

p(t− jTf − (2i+ 1)Ts −∆b
′

i) ∗
L3−1∑
l=0

αl,3δ(t− τl,3) +

nRD(t)

=

L3−1∑
l=0

αl,3gRD(t− jTf − (2i+ 1)Ts −∆b
′

i − τl,3) + nRD(t) (6.71)

The aggregate signal response gRD(t) at R−D link is expressed as gRD(t − jTf − (2i +

1)Ts−∆b
′
i− τl,3) =

√
E
∑∞

i=−∞
∑Nf−1

j=0 p(t− jTf − (2i+ 1)Ts−∆b
′
i) ∗ δ(t− τl,3). The noise

(AWGN) obtained from R−D link is given by nRD(t). The received signal rRD(t) obtained at

destination node is then demodulated using a ED−PPM receiver, whose decision statistics ZRD

is represented as ZRD = Z3 = Z30 − Z31 where, Z30 and Z31 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 ZRD = Z3 = Z31, since Z30 = 0.

Z31 =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

r2
RD(t)dt

= R1︸︷︷︸
signal

+ R2 +R3︸ ︷︷ ︸
noise−term

= s31︸︷︷︸
signal

+Znoise−31︸ ︷︷ ︸
noise−term

(6.72)

The decision statistics Z31 may be simplified as shown below. In case of no IPI, equation 6.74

holds good.

Z31 =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

( L3−1∑
l=0

αl,3gRD(t− jTf − (2i+ 1)Ts −∆b
′

i − τl,3) +

nRD(t)

)2

=

Nf−1∑
j=0

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

g2
RD(t− jTf − (2i+ 1)Ts −∆− τl,3)dt+ 2

Nf−1∑
j=0

L3−1∑
l=0

αl,3

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

gRD(t− jTf − (2i+ 1)Ts −∆− τl,3)nRD(t)dt+

Nf−1∑
j=0∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

n2
RD(t)dt (6.73)

where, b′i = 1 is the correctly detected bit transmitted from relay to destination node. The signal
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component R1 obtained from R−D link is as follows.

R1 =

Nf−1∑
j=0

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

g2
RD(t− jTf − (2i+ 1)Ts −∆− τl,3)

dt

= s31 = NfE31γ3 (6.74)

where, E31 =
∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆
g2
RD(t− jTf − (2i+ 1)Ts −∆− τl,3)dt denotes the received

signal energy component in Z31. 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
∑

l3
α2
l3

= γ3. As described in Section 6.3, since

the PSD θk(f) of noise is sufficiently flat, the autocorrelation function of noise can be approxi-

mated as θk(τ) = N0

2
δ(τ)[175].

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

Hence, the noise variances R2 and R3 obtained from Z31 are as follows:

σ2
N1

= E[R2
2] = 2

Nf−1∑
j=0

L3−1∑
l=0

α2
l,3

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

gRD(t− jTf

−(2i+ 1)Ts −∆− τl,3)gRD(τ − jTf − (2i+ 1)Ts −∆− τl,3)E[nRD(t)nRD(τ)]

dtdτ

= 2Nfγ3

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

gRD(t− jTf − (2i+ 1)Ts −∆− τl,3)

gRD(τ − jTf − (2i+ 1)Ts −∆− τl,3)θ3(t− τ)dtdτ

= 2Nfγ3
N0

2

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

g2
RD(t− jTf − (2i+ 1)Ts −∆− τl,3)dt

= NfN0E31γ3 (6.75)

where, E[nRD(t)nRD(τ)] = θ3(t− τ) = N0

2
δ(t− τ) and

∫ 2iTs+jTf+∆+Ti
2iTs+jTf+∆

N0

2
δ(t− τ)dτ = N0

2
.

σ2
N2

= E[R2
3] =

Nf−1∑
j=0

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

∫ (2i+1)Ts+jTf+∆+Ti

(2i+1)Ts+jTf+∆

E
[{

n2
RD(t)

}2
]

dtdτ

= Nf

∫ Ti

0

∫ Ti

Ti−t

N2
0

2
dtdτ = Nf

∫ Ti

0

N2
0

2
2Wdt = NfN

2
0WTi (6.76)

where, the value of E
[
{n2

RD(t)}2

]
=

N2
0

2
is evaluated as given in equation A.2 of Appendix

A. The variance of n2
k(t) tends to Dirac-Delta function, where the integral vanishes outside the

range [−t, Ti − t]. This is solved using Parsevals theorem, as observed in equation 6.77. The
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decision statistic ZRD obtained at the destination node contains signal term sigRD = s31 =

NfE31γ3 and noise term Znoise−RD. The noise term has a total variance of σ2
Znoise−RD

=

NfN0E31γ3 +NfN
2
0WTi.

The SNR obtained at the destination node from S−D and R−D links in 1st and 2nd time slots

respectively, are represented as:

ρSD−DTF =
(NfE11γ1)2

NfN0E11γ1 +NfN2
0WTi

(6.77)

ρRD−DTF =
(NfE31γ3)2

NfN0E31γ3 +NfN2
0WTi

(6.78)

where, bi = b
′
i = 1 in case of correct detection. Thus, correctly detected information bit b′i = 1

is forwarded from the relay node to destination node in 2nd 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

i) Correct Detection at Relay Node: At the destination node, the decision statisticsZSD andZRD

obtained from S−D and R−D links in 1st and 2nd time slots respectively, are linearly combined

to form Ztotal = ZSD + ZRD = stotal−signal + Znoise−total, as 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 σ2
Znoise−total

= σ2
Znoise−SD

+ σ2
Znoise−RD

corresponding to the noise term Znoise−total is evaluated in equation 6.39.

When information bit (bi = 1) is transmitted from the source node to the relay node, b′i = 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:

ρDTF−LC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(sigSD + sigRD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(s11 + s31)2

σ2
Znoise−11

+ σ2
Znoise−31

=
(NfE11γ1 +NfE31γ3)2

NfN0E11γ1 +NfN0E31γ3 + 2NfN2
0WTi

(6.79)

where, bi = b
′
i = 1 in case of correct detection.
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In order to extract the information bit, the final decision statistic Ztotal is compared to a

decision threshold 0. PPM signalling is employed to determine the decision threshold. The

final decision criteria ẑ can be expressed as:

ẑ =

0, H0 : Z = Ztotal = (Z10 − Z11) + (Z30 − Z31) > 0

1, H1 : Z = Ztotal = (Z10 − Z11) + (Z30 − Z31) ≤ 0

 (6.80)

ii) Incorrect Detection at Relay Node: In case of incorrect detection, when bi = 1 is trans-

mitted from source node to relay node, the detected bit at relay node is b′i = 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:

ρDTF−LC−ID =
(sigSD)2

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

=
(s10)2

σ2
Znoise−10

+ σ2
Znoise−31

=
(NfE10γ1)2

NfN0(E10γ1 + E31γ3 + 2N0WTi)
(6.81)

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

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − sigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (6.82)

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, sigRD = 0.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (6.83)

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:

fρDTF (γ1, γ3) =
1√

(2π(σ2
SD))

1√
(2π(σ2

RD))
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
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dγ1dγ3 (6.84)

The final BER of UWB ED−PPM system using linear combining is expressed as:

BERLC−DTF =

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LC−CD

2

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

Q

(√
ρDTF−LC−ID

2

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LC−CD

2

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

Q

(√
ρDTF−LC−ID

2

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(Pe) (6.85)

where, the value of Pe is solved in equation 6.70. Since the joint PDF is IID distributed, it

can be given by fρDTF (γ1, γ3) = fρDTF (γ1)fρDTF (γ3). 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.

=

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LC−CD

2

)
1

2π
√

(σ2
SDσ

2
RD)

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LC−ID

2

)
1

2π
√

(σ2
SDσ

2
RD)

exp[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2σ2
RD

]
dγ1dγ3

)
(Pe) (6.86)

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 1st and 2nd 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:

f(x, y) =
1

2πσSDσRD
exp−

[
(x− µ1)2 + (y − µ3)2

2σSDσRD

]
(6.87)

where, x and y represent independent gaussian random variables with means µSD, µRD and

variances σ2
SD, σ2

RD of S−D and R−D channel links respectively. Hence, the probability that

S−D channel link is selected is represented as:

P1 = f(x) =

∫ ∞
−∞

∫ ∞
y

f(x, y)dxdy (6.88)
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Therefore, the probability of selecting R−D channel link is P3 = 1− P1.

ii) Incorrect Detection at relay node: When information bit bi = 1 is transmitted from

source node to relay node, due to erroneous detection at relay node, information bit b′i = 0 is

obtained. In the next time slot, the incorrectly detected bit b′i = 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−DTF =

(
P1

∫ ∞
0

Q

(√
ρSD−DTF

2

)
fρDTF (γ1)dγ1 + P3

∫ ∞
0

Q

(√
ρRD−DTF

2

)
fρDTF (γ3)dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(√
ρSD−DTF

2

)
fρDTF (γ1)dγ1

+P3

∫ ∞
0

(
1−Q

(√
ρRD−DTF

2

)
fρDTF (γ3)dγ3

)
Pe (6.89)

=

(
P1

∫ ∞
0

Q

(√
ρSD−DTF

2

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0

Q

(√
ρRD−DTF

2

)
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(1− Pe) +

(
P1

∫ ∞
0

Q

(√
ρSD−DTF

2

)
1√

(2π(σ2
SD))

exp

[
−(γ1 − µSD)2

2σ2
SD

]
dγ1 + P3

∫ ∞
0(

1−Q
(√

ρRD−DTF
2

)
1√

(2π(σ2
RD))

exp

[
−(γ3 − µRD)2

2σ2
RD

]
dγ3

)
(Pe) (6.90)

where, fρDTF (γ1) = 1√
(2π(σ2

SD))
exp

[
−(γ1−µSD)2

2σ2
SD

]
and fρDTF (γ3) = 1√

(2π(σ2
RD))

exp

[
−(γ3−µRD)2

2σ2
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 1st and 2nd time slots respectively, are optimally combined to give

final decision statistic Ztotal = ZSD + κZRD. The optimal combining factor κ has a value of

κ =
(σ2
Znoise−SD

)sRD

(σ2
Znoise−RD

)sSD
, as solved in equation C.4 of Appendix C. The final decision statistic Ztotal

obtained at the destination node using optimum linear combining is represented by equation

6.50. To solving the noise term Znoise−total, we evaluate 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:

ρDTF−LOC−CD =

(
s2
total−signal

σ2
Znoise−total

)
=

(
(sigSD + κsigRD)2

σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)
=

(s11 + κs31)2

σ2
Znoise−11

+ κ2σ2
Znoise−31

=
(NfE11γ1 + κNfE31γ3)2

NfN0(E11γ1 +N0WTi) + κ2NfN0(E31γ3 +N0WTi)
(6.91)

Also, bi = b
′
i = 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

ẑ can be expressed as:

ẑ =

0, H0 : Z = Ztotal = (Z10 − Z11) + κ(Z30 − Z31) ≤ 0

1, H1 : Z = Ztotal = (Z10 − Z11) + κ(Z30 − Z31) > 0

 (6.92)

ii) Incorrect Detection at Relay Node: In case of erroneous detection, b′i = 0 is detected at

the relay node, when bi = 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:

ρDTF−LOC−ID =
(sigSD)2

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

=
(s10)2

σ2
Znoise−10

+ κ2σ2
Znoise−31

=
(NfE10γ1)2

NfN0(E10γ1 +N0WTi) + κ2NfN0(E31γ3 +N0WTi)
(6.93)

The BER in case of incorrect detection can be expressed as:

BER =

∫ ∞
0

∫ ∞
0

Q

(
sigSD − κsigRD
2
√
σ2
Znoise−total

)
fρDTF (γ1, γ3)dγ1dγ3 (6.94)

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.

=

∫ ∞
0

∫ ∞
0

Q

(
sigSD

2
√

(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)

)
fρDTF (γ1, γ3)dγ1dγ3 (6.95)
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The BER at the destination node using optimum linear combining can be expressed as:

BERLOC−DTF =

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LOC−CD

2

)
fρDTF (γ1, γ3)dγ1dγ3

)
(1− Pe) +∫ ∞

0

∫ ∞
0

Q

(√
ρDTF−LOC−ID

2

)
fρDTF (γ1, γ3)dγ1dγ3

)
(Pe)

=

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LOC−CD

2

)
fρDTF (γ1)fρDTF (γ3)dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LOC−ID

2

)
fρDTF (γ1)fρDTF (γ3)

dγ1dγ3

)
(Pe) (6.96)

where, fρDTF (γ1, γ3) = fρDTF (γ1)fρDTF (γ3) because the channel gains are IID Gaussian dis-

tributed. Also, Pe is obtained from equation 6.70. The joint PDF in case of optimum linear

combining is expressed as:

fρDTF (γ1, γ3) =
1√

(2πσ2
SD)

1√
(2πκ2σ2

RD)
exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ3 (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:

BERLOC−DTF =

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LOC−CD

2

)
1

2π
√
σ2
SDκ

2σ2
RD

exp

[
−(γ1 − µSD)2

2σ2
SD

+

−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ3

)
(1− Pe) +

∫ ∞
0

∫ ∞
0

Q

(√
ρDTF−LOC−ID

2

)
1

2π
√
σ2
SDκ

2σ2
RD

exp

[
−(γ1 − µSD)2

2σ2
SD

+
−(γ3 − µRD)2

2κ2σ2
RD

]
dγ1dγ3

)
(Pe) (6.98)
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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) Nf = 1 (b) Nf = 2
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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) Nf = 1 (b) Nf = 2
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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 Nf = 1, 2 for various combining schemes namely (a)

Optimum Linear Combining (b) Linear Combining (c) Selective Combining
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(a)

(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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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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Figure 6.7: BER performance of UWB ED−PPM system using cooperative DTF strategy with

various combining schemes in CM1 channel for (a) Nf = 1 (b) Nf = 2
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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) Nf = 1 (b) Nf = 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 Nf = 1, 2 for various combining schemes namely

(a) Optimum Linear Combining (b) Linear Combining (c) Selective Combining
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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 CM1

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 Nf = 1, 2, N = 200000,

W = 2 GHz, Ti = 4 ns and Fsamp = 10 GHz, where Nf represents the number of

frames in one symbol, N the number of bits, W the bandwidth of bandpass filter, Ti the inte-

gration interval and Fsamp the sampling frequency. A second order Gaussian derivative pulse

p(t) = 1 − 4π((t)/Tk)
2)exp(−2 × pi. × ((t)/Tk).

2) is used for transmission, where t denotes

the time interval and Tk = 0.15 ns the pulse width control factor. The values of means µk

and variances σ2
k 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 Nf = 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 dB,

as Nf 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

Nf = 1 and 2, can be inferred from Fig 6.3(a) and (b) respectively. At a BER of 10−4, 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 Nf 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 CM1 channel. It can be inferred from the results that the simulation plots nearly

coincide with the plot of analytical results at all BER for Nf = 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 Nf = 1 and 2 respectively. It is observed that increase in number of frames

Nf from 1 to 2, leads to degradation in BER performance. At a BER of 10−4, optimum linear

diversity combining scheme gives a SNR improvement of 1 dB and 2 dB 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 Nf = 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 Nf . 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 10−4.

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
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three diversity combining schemes namely optimum combining, linear combining and selective

combining respectively, for Nf = 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 CM1 channel, forNf = 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 × 10−5. 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 dB, at a BER of 10−4. 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 Nf , 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 10−4. 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 10−4. 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

UWB 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

UWB 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 Nf = 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 Nf = 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 Nf = 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 10−4. 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 Nf 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 10−4. 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 10−4, 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

238



Chapter 7. Conclusions and Future Work

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 n2
k(t)

Let x = nSD(t), nSR(t), nRD(t) and y = x2. Therefore the variance of y can be simplified as:

σ2
y = E[y2]− {E[y]}2 = E[x4]−

{
E[x2]

}2 (A.1)

= 3
{
σ2
x

}2 −
{
σ2
x

}2
= 2

{
σ2
x

}2
=
N2

0

2
(A.2)

where, E[x] = 0 and σ2
x = N0

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′RD(t)n
′
RD(τ )]

The aggregate noise response n′RD(t) of R-D link is expressed as n′RD(t) =
∑L3−1

l=0 αl,3

nSR(t− τl,3)

E[n
′

RD(t)n
′

RD(τ)] =

L3−1∑
l=0

K3−1∑
k=0

αl,3αk,3 E[nSR(t− τl,3)nSR(τ − τk,3)]︸ ︷︷ ︸
Value=0

+

L3−1∑
l=0

α2
l,3 E[nSR(t− τl,3)nSR(τ − τl,3)] (B.1)

= γ3θ2(t− τ) (B.2)

=
γ3N0δ(t− τ)

2
(B.3)

where,
∑Lk−1

l=0 α2
l,k = γk and E[nSR(t)nSR(τ)] = E[n2(t)n2(τ)]=θ2(t− τ).

The term
∑L3−1

l=0

∑K3−1
k=0 αl,3αk,3 E[nSR(t− τl,3)nSR(τ − τk,3)] has a value of 0 because the

expectation of noise component with different delays is always 0.
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Appendix C

Linear Optimal Combining Factor

Determination of Linear Optimal Combining Factor κ

In order to evaluate the value of κ, 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. κ and equate the result to 0.

dγAF−LOC
dκ

=
dγDTF−LOC−CD

dκ
=

(A1−B1)

C1
= 0 (C.1)

where, A1 = 2(sigSD + κsigRD)sigRD(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

),

B1 = (sigSD + κsigRD)22κ(σ2
Znoise−RD

) and C1 = (σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)2.

dγDTF
dκ

= 2[(sigSD + κsigRD)sigRD(σ2
Znoise−SD

+ κ2σ2
Znoise−RD

)]− [(sigSD + κsRD)2

2κσ2
Znoise−RD

] = 0 (C.2)

Solving we get,

= −κ2(2sigSDsigRDσ
2
Znoise−RD

) + 2κ(σ2
Znoise−SD

sig2
RD − σ2

Znoise−RD
sig2

SD)

+(2sigSDsigRDσ
2
Znoise−SD

) = 0 (C.3)

Using quadratic rule, we find the roots for κ.

κ =
−4(σ2

Znoise−SD
)sig2

RD

−4sigSDsigRDσ2
Znoise−RD

=
(σ2

Znoise−SD
)sigRD

(σ2
Znoise−RD

)sigSD
(C.4)

The optimum value of κ 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:

σ2
Znoise−SD

= E[(Znoise−SD)2] = E[(Znoise−1)2] (D.1)

Replacing the value of Znoise−SD given in equation 6.36, we obtain:

E[(Znoise−10 − Znoise−11)2] = E[(Znoise−10)2] + E[(Znoise−11)2]

−2E[Znoise−10Znoise−11]

= σ2
Znoise−10

+ σ2
Znoise−11

(D.2)

where, E[Z2
noise−10] = σ2

Znoise−11
, E[Z2

noise−11] = σ2
Znoise−11

and E[Znoise−10Znoise−11] = 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 Znoise−lm, the subscripts l ∈ {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:

σ2
Znoise−SD

= σ2
Znoise−1

= σ2
Znoise−10

+ σ2
Znoise−11

(D.3)

Similarly, the noise variance of R−D link is evaluated as follows:

σ2
Znoise−RD

= E[(Znoise−RD)2] = E[(Znoise−3)2] (D.4)

Replacing the value of Znoise−RD given in equation 6.37, we obtain:

E[(Znoise−30 − Znoise−31)2] = E[(Znoise−30)2] + E[(Znoise−31)2]
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−2E[Znoise−30Znoise−31]

= σ2
Znoise−30

+ σ2
Znoise−31

(D.5)

where, E[Z2
noise−30] = σ2

Znoise−30
, E[Z2

noise−31] = σ2
Znoise−31

and E[Znoise−30Znoise−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:

σ2
Znoise−RD

= σ2
Znoise−3

= σ2
Znoise−30

+ σ2
Znoise−31

(D.6)
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