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ABSTRACT 

Code Division Multiple Access Technologies have recently received considerable attention as 

a means of increasing the capacity of a mobile network. They inherently provide for increased 

system performance together with some resistance to the effects of the mobile channel. While 

direct sequence spread spectrum systems have been extensively investigated the alternative 

fast frequency hopped systems have largely been ignored. This thesis considers fast frequency 

hopped spread spectrum technology as an access method for providing a mobile communi

cation network. Such systems have been previously used by the military to provide reliable 

communication between a nnmber of parties, in a hostile interference limited channeL The 

multiple-access mobile communication channel has many similarities to the channel encoun

tered in the military applications. 

This thesis examines the effect of the interference encountered in the mobile multiple

access communication channel on the transmitted signal. Suitable receiver structures for the 

channel are then derived which provide for efficient communication in the interference limited 

channel. These receivers operate to minimise the effect of the interference on the received 

signal. The multiple-access interference encountered in the channel limits the performance 

of conventional receivers designed to detect a single user's transmitted signal. This thesis 

derives a model for the effect of the multiple-access interference on these receivers, A model is 

provided for the effects of the time-varying frequency-selective multi-path fading encountered 

by the proposed system in the channel. 

The design of appropriate receivers for the mobile channel is then considered. Receivers 

are developed which minimise the effect of interference on the received signaL A prediction 

process is employed to minimise the effects of the multi-path fading on the received signals, 

An optimum mnlti-user receiver is developed. To minimise the effect of the multiple-access 

interference the optimum receiver simultaneously detects each of the signals present in the 

channel. The complexity of this receiver limits its application. 

The derivation is then extended to obtain a less complex sub-optimum receiver based on 

the optimal structure. This receiver employs an averaging process to approximate the effect 

of the multiple-access interference on the desired user's signal. A prediction process is again 

employed to minimise the effect of the multi-path fading channel on the received signals. The 

effect of the multi-path channel on the interfering users' signals is inclnded in the averaging 

process . 
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The perfonnance of the receivers is evaluated through simulation. In the multiple-access, 

multi-path channel the perfonnance of the sub-optimum receiver is found to approach that 

of the optimum receiver when there is a low level of multiple-access interference. As this 

interference increases the perfonnance of the receiver suffers. 



PREFACE 

This thesis presents an investigation of the design of optimum receiver structures to support 

multiple-access communication in the mobile communication channel. The proposed system 

employs wide bandwidth message signals: These are used by the receiver to provide resolution 

of the multi-path channel components effecting the received signal. These minimise the effects 

of the channel delay spread on the received signaL 

Chapter 1 introduces mobile communication systems. An overview of possible multiple

access systems is provided .. This is then extended to introduce spread spectrum communication 

systems. Emphasis is placed on frequency hopped systems as a system of this type is proposed 

in this thesis. A literature review of fast frequency hopped systems in the presence of interfer

ence and jamming is included. 

Chapter 2 introduces the modulation employed in this thesis. The signalling format em

ployed by the fast frequency hopped spread spectrum system is presented. 

Chapter 3 presents an overview of the major sources of interference present in the commu

nications channeL The effect of mUlti-path fading on the transmitted signal is investigated. A 

model is derived for the fading and its statistical characterisation is investigated. This chapter 

also investigates the effect of multiple-access interference on a fast frequency hopped system. 

A model is derived which approximates the performance of two single user receiver structures 

in the multiple-access interference channel. This clearly indicates the need for a better receiver 

structure to minimise the effects of the interference on the received signal. 

In Chapter 4 the derivation of a single shot receiver for the proposed system is investigated. , 

The problem is approached in stages with the effects of various sources of interference being 

incrementally added to the design of the receiver. These receiver designs provide an insight into 

the problems present in the channel. A receiver is desired which minimises both the effects of 

the multiple-access interference and the multi-path fading on the reception of the desired user's 

signal. The performance of the single shot receiver is limited by its reliance on detecting each 

symbol individually and by the presence of inter-symbol interference. 

The optimal multi-user receiver structure is developed in Chapter 5. A sequence estimation 

approach is used to derive a receiver capable of providing optimum performance. This receiver 

is not limited by the inter-symbol interference as were the single shot receivers derived in 

Chapter 4. The multi-user, optimum receiver detects the signals transmitted by all of the users 

present in the channel. It is highly complex. A more practical sub-optimal receiver is then 
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developed. This receiver detects only the desired user's signal. It is aware of the multiple

access interference and takes it into account through an averaging process. 

Chapter 6 investigates the performance of the receivers derived in Chapter 5. Results are 

presented and the effects of the system parameters are discussed. 

Finally Chapter 7 provides concluding remarks and suggests possible future research. 



ACKNOWLEDGEMENTS 

Many people have helped me with this research. They have kept me on the road when it 

appeared that there was no where else to turn. I would like to thank them all for the support 

and encouragement that they have all provided me. Often this has been in a style unique to 

each person. Thanks everyone. 

In particular I would like to thank Jo, my friend and wife for everything. From words of 

encouragement to all the little things that have helped pull this thesis together. I don't know 

where Iwould be without you. Here's to your thesis may it soon be completed. 

I would like to thank Des Taylor, my supervisor for his support. He provided the initial 

ideas and pointed me at the multi-lane spaghetti junction which represents the open fields of 

communication research. I chose the particular road that I would follow and he has provided 

direction on that road. Thank-you for your insight and support. In particular thanks for the 

proof reading and editorial comments on my draft material. 

Thanks to go to the Communications Research Group at Industrial Research Limited, 

Wellington and to the Electrical and Electronic Engineering Department at the University of 

Canterbury. They provided the financial support which enabled me to conduct this research. 

Thanks to Brian Hart, fiatmate, fellow researcher and above all friend. He showed me the 

way to the end of the tunnel. Thanks also to Peter Jarvis who proof read some of the earlier 

material. While the subject matter may have been "double-dutch" the editorial changes were 

much appreciated. 

Finally thanks to those that I have not yet mentioned. They are many, fiatmates, fellow 

students, in particular the members of the "Comms Lab" and the residents of "R9". You have all 

helped in one way or another, not necessarily leading to the final goal but your encouragement 

was much appreciated. 



j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 

j 



GLOSSARY 

Mathematical Notation 

TI 
1·1 

r·l 
L·J 
{.J 

[a, b) 

E 

I 

J 

a 

det (.) 

I 
H 

T 

* 
.Ii (.) 

Id·) 
cj 

t 

15 (t), Dij 

rect (.) 

sinc (.) 

P (.) 

E[.] 

R. 
<I> 

Summation Operator 

Product operator 

Absolute Value 

Round to the nearest integer towards +00 

Round to the nearest integer towards -00 

Sequence 

Range from a to but not including b 

Is contained in 

Integer type 

Base e Exponential Operator 

The imaginary operator 

A vector quantity 

Determinant of a Matrix 

Identity Matrix 

Matrix Hermitian Conjugate 

Matrix or Vector Transpose 

Complex Conjugate 

Bessel function of the i th order 

Modified Bessel function of the i th order 

Combination 

Dirac Delta function 

Rectangular function 

Sinc function 

Probability 

Expectation Operator 

Vector Expectation 

Covariance 

Covariance Matrix 

Maximum Likelihood Estimate 



x 

Symbols 

BT Speed of the multi-path fading 

f c The carrier frequency 

f D Maximum Doppler frequency experienced in the channel 

Ac The wavelength of the carrier frequency 

I The angle of motion of the mobile terminal 

v The velocity of the mobile terminal 

fo The receiver's frequency offset 

to The receiver's timing offset 

CPo The receiver's phase offset 

(3 The Raised Cosine pulse roll-off 

fh The hop frequency 

Rb The source bit rate 

Rs The source symbol rate 

w System Bandwidth 

Wss The bandwidth occupied by the spread spectrum system 

Ts The period of a data symbol 

Tc The period of a chip 

n The period of a hop 

e Time difference 

~,J Generic indices 

9 Hop index 

k User index 

Symbol index 

n Karhunen-Loeve expansion index 

p Path index 

N The processing gain of the spread spectrum system 

M The number of data symbols per symbol 

Nh The number of hops per symbol 

N p The number of fading paths 

N B The number of available frequency bins 

Nu The number of simultaneous users 

N v The number of interfering users 

NKL The total number of Karhunen-Loeve coefficients required 

B Prediction order of the receiver 

'" The number of symbols in the received sequence 

"'A The number of symbols in the branch metric sequence 

v The number of samples is the received sequence 

Eb The bit energy 

GLOSSARY 



GLOSSARY 

( 

r 
A 

m 

n 

No 

Eo 

n (t), n 

r (t), r 

s(t),s,S 

.6. 

c 

<; 

C 

a· 

A 
H 

T, 

Tmax 

L 

l 

D 

d 
I!\j) 

t 

e 

Conditions for the Maximum Likelihood Sequence Estimation derivation 

Path metric 

Branch metric 

xi 

Samples required to fully sample the transmitted signal at the Nyquist rate 

Samples required to fully sample the excess multi-path delay at the Nyquist rate 

One sided noise power of the AWGN process 

The symbol energy 

The background noise process 

The received signal 

The transmitted signal 

The interfering users transmitted symbol sequences 

The code chip signal 

The code symbol 

The magnitude of the code symbol 

The data symbol 

The modulated data symbol 

The magnitude of the data symbol 

Pulse length of the transmit pulse shape 

The desired user's data symbol 

An interfering user's data symbol 

Another interfering user's data symbol 

The fading process 

The p th path of the fading process 

The fading path delay 

The magnitude of the fading process 

The phase of the fading process 

The arrival angle of the fading process 

The maximum multi-path delay 

The Cholesky decomposition matrix 

Element of the Cholesky decomposition matrix 

The diagonal matrix from the Cholesky decomposition 

Element of the diagonal matrix 

Predictor coefficient 

Error in the linear prediction 

Squared prediction error 



xii 

Abbreviations 

AGC 

AMPS 

AWGN 

BFSK 

D-AMPS 

DSSS 

CDMA 

FDMA 

FHSS 

FFHSS 

PH 

FFH 

FSK 

GSM 

IF 

lSI 

KL 

LPI 

MAl 

ML 

MLSE 

PSTN 

RA-TDMA 

RC 

RF 

SINR 

SNR 

TDMA 

US 

WSS 

WSSUS 

Automatic Gain Control 

Analogue Mobile Phone System 

Additive White Gaussian Noise 

Binary Frequency Shift Keying 

Digital-AMPS 

Direct Sequence Spread Spectrum 

Code Division Multiple Access 

Frequency Division Multiple Access 

Frequency Hopped Spread Spectrum 

Fast Frequency Hopped Spread Spectrum 

Frequency Hopped 

Fast Frequency Hopped 

Frequency Shift Keying 

Groupe Special Mobile 

Intermediate Frequency 

Inter Symbol Interference 

Karhunen -Loeve Expansion 

Low Probability of Interception 

Multiple Access Interference 

Maximum Likelihood 

Maximum Likelihood Sequence Estimation 

Public Switched Telephone Network 

Random Access Time Division Multiple Access 

Raised Cosine 

Radio Frequency 

Signal to Interference Noise Ratio 

Signal to noise ratio 

Time Division Multiple Access 

Uncorrelated Scattering 

Wide Sense Stationary 

Wide Sense Stationary - Uncorrelated Scattering 

GLOSSARY 



CONTENTS 

ABSTRACT iii 

PREFACE v 

ACKNOWLEDGEMENTS vii 

GLOSSARY 

CHAPTERl 

CHAPTER 2 

CHAPTER 3 

ix 

INTRODUCTION 1 

1.1 The Principles of Mobile Communication 2 
1.1.1 Operation of a Cellular Network 3 

1.1.2 Multiple Access Communication Protocols 5 
1.2 Spread Spectrum Communication 8 

1.2.1 Direct Sequence Spread Spectrum 11 
1.2.2 Frequency Hopped Spread Spectrum 14 

1.2.2.1 Narrow-band Interference and FHSS systems 15 

1.2.2.2 FHSS in the presence of Signal Jamming 16 
1.2.2.3 FHSS and Multiple Access Communication 

systems 
1.3 Multi-user Receiver Design 

1.4 Aim of the Thesis 

1.4.1 Contributions of this Thesis 
1.5 Summary 

THE TRANSMITTER 
2.1 Principles of Transmission 

2.1.1 M -ary Frequency-Shift Keying 
2.2 Frequency-Hopped Spread Spectrum Modulation 
2.3 Pulse Shaping 
2.4 Summary 

17 

21 

23 

24 

24 

27 

27 

28 

30 

32 

34 

THE MOBILE, MULTI·USER COMMUNICATION CHANNEL 35 
3.1 Random Channel Distortion 35 

3.1.1 Flat Fading 35 

3.1.2 Selective Fading 
3.1.3 Mathematical Model of the fading process 

38 

39 



xiv 

CHAPTER 4 

CHAPTERS 

CONTEl\TTS 

3.2 Statistical Characterisation of the Multi-Path Channel 42 

3.2.1 Covariance Functions of the Multi-Path Fading process 42 

3.2.1.1 Wide Sense Stationarity 42 

3.2.1.2 Uncorrelated Scattering 43 

3.2.1.3 Wide Sense Stationary Uncorrelated Scattering 43 

3.2.1.4 Covariance of the Derived Model 44 

3.2.2 Simulating the Multi-path Fading environment 45 

3.3 Thermal Noise 47 

3.4 System Interference 48 

3.4.1 Multiple Access Interference 48 

3.4.2 Modelling Multiple Access Interference in the Interfer-
ence only Channel 51 

3.4.2.1 Multi-Hop Model with Soft Decisions 55 

3.4.2.2 Multi-Hop Model with Hard Decisions 55 

3.4.3 Performance of the model 56 

3.4.4 Modelling Multiple Access Interference in the Multi-
path Fading Channel 66 

3.5 Summary 67 

SINGLE SHOT RECEIVER DESIGN 69 

4.1 Signal detection through Statistical Detection Theory 69 

4.2 The Optimum FH-FSK Receiver for the AWGN Channel 71 

4.2.1 Operati on of the Single User receiver 75 

4.3 The Optimum Single Shot FH-FSK Receiver for the Multi-Path 

fading channel 78 

4.3.1 Operation of the ML Single-Shot Receiver in the multi-

path fading channel 82 

4.4 The ML Single Shot MU receiver for the multi-path channel 84 

4.4.1 Operation of the Single-Shot, ML Receiver for Multi-

ple Users in the Multi-path Fading Channel 88 

4.5 Summary 90 

OPTIMUM SEQUENCE PROCESSING RECEIVER DESIGN 93 

5.1 Introduction 

5.2 Maximum Likelihood Sequence Estimation 

5.2.1 MLSE Receiver Derivation 

5.2.2 Linear Prediction 

5.3 Optimum Multi-User MLSE Receiver Derivation 

5.3.1 Operation of the Optimum Receiver 

5.4 Sub-Optimum Receiver with less complexity 

5.4.1 Operation of the Sub-Optimum Receiver 

5.5 Summary 

93 

94 

94 

96 

97 

105 

107 

113 

115 



CONTENTS xv 

CHAPTER 6 PERFORMANCE OF THE MLSE RECEIVER STRUCTURES 117 

6.1 Overview of the Simulation 117 
6.1.1 Simulating the Transmitter 118 
6.1.2 Simulating the Channel 119 
6.1.3 Simulating the Receiver 120 
6.1.4 Parameters of interest to the simulation 122 
6.1.5 Capacity of the Simulated Systems 122 
6.1.6 Signal-to-Interference Noise Ratio 123 

6.2 Complexity Limitations imposed on the Simulation 123 
6.3 Performance in the absence of multiple-access interference 124 

6.3.1 Performance in the Flat-Fading Channel 125 
6.3.2 Performance in the Frequency Selective, Multi-path Fad-

ing Channel 128 
6.3.3 Influence of the Prediction Order on the Performance 128 

6.4 Performance of the full Multi-User Receiver 130 
6.4.1 Performance of the two hop, three bin system 131 
6.4.2 Performance of the three hop, two bin system 131 
6.4.3 Performance of the three bin, three hop system 134 
6.4.4 Comparison of the simulated systems 138 
6.4.5 Influence of the Flat-Fading Channel 140 

6.5 Performance of the Sub-Optimum Receiver 140 
6.5.1 Performance in Flat-Fading 140 
6.5.2 Performance in Frequency-Selective Fading 142 
6.5.3 Significance of the Prediction Order 156 
6.5.4 Performance in Multiple Access Interference 159 

6.6 Summary 165 

CHAPTER 7 CONCLUSIONS 171 

7.1 Topics for Future Research 173 

REFERENCES 175 



Chapter 1 

INTRODUCTION 

The advances in both computer and communication technology in the last twenty years have 

enabled the world economy to move toward a single market in the 1990's. Communication 

has become the lifeblood of the modem society. Today it is possible to be physically located 

in one location and obtain instant, immediate and virtually limitless voice, video and data 

communication with any other location on the planet by simply picking up the phone. We 

take these services for granted, without them the modern world would quickly grind to a halt. 

The days where the news and mail took two to three months to arrive by boat after the event 

occurred are long gone. 

In their infancy these communication services were only available to a select few who had 

the funds necessary to pay for them. Advances in technology have brought these services into 

the homes and workplaces of the everyday member of the public. We have come to rely on 

them. We expect that by simply lifting the phone we can instantly connect to any other phone 

on the planet. 

The connections required are possible due to advances in the services provided by the 

Public Switched Telephone Network (PSTN). This physically connects homes and businesses 

to the communications network. Each phone is able to access the network through a dedicated 

connection to the network. The level of service available is only limited by the capability of 

the equipment and its connection to the network [Bates and Gregory 1996]. 

The population is constantly in motion, and as a consequence a direct connection to the 

network through a fixed line is not always achievable. People wish to be able to access com

munication at all times. To bridge this gap communication technology has evolved to provide 

a method of connecting to the network while the user is 'mobile'. A voice connection to the 

PSTN is obtained through a mobile terminal. This connects the user to the network through a 

service provider. The quality of connection the user is able to obtain is limited by the technol

ogy and the capacity of the mobile system [Paulraj 1997, Young 1979]. 

As no dedicated physical link exists between the mobile terminal and the network, it re

lies on a temporary link obtained from the service provider when communication is required. 

This link uses a radio interface to provide communication between the terminals [Arredondo 

et al. 1979]. Due to the wide range of applications which communicate by radio, access to 
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the radio spectrum is strictly controlled. As a consequence the spectrum allocated to any mo

bile system is limited. Access to the PSTN by direct connection is not limited in this manner. 

Hence the range of services available from a mobile system will be limited compared to those 

available directly with a dedicated connection to the network [Laitenen and Rantala 1995]. 

Further, while each direct connection to the PSTN occupies an individual wire all users of 

the mobile service must share the same radio spectrum for their communication. In a mobile 

communication system the desired performance and maximum capacity will limit the level of 

service that Can be supported. The bandwidth allocated to each mobile user limits the services 

that they can access. A simple voice connection requires only a small portion of the available 

bandwidth, and hence multiple mobile voice circuits can easily be supported. Data and video 

connections require a large dedicated bandwidth. These cannot be supported by the mobile 

network without limiting its capacity to support multiple simultaneous connections. 

Mobile systems are also limited by the interference present in the communication channel. 

This interference is derived from two sources. First, there is the interference to the transmitted 

signal due to the effects of the communication channel. Second, their is the multiple access 

interference experienced due to frequency reuse employed in the cellular mobile system. The 

combined interference is directly due to the nature of the communication channel. The trans

mitted signal must share the channel with all other users unlike the fixed line network where 

each user occupies a unique channeL Further, the medium through which the signal must 

travel distorts and delays the transmitted message. Consequently, the received signal may 

bear little resemblance to that originally transmitted [Calhoun 1988, Hess 1993, Pahlavan and 

Levesque 1995]. 

The number of errors perceived in the transmission by the receiver is directly attributable 

to the high levels of interference in the communications channeL While voice circuits are 

able to tolerate a small number of errors, video and data signals are highly sensitive to errors 

in transmission. To ensure that the correct message is received, retransmission of the data 

message may be required. This reduces the capacity of the system as resources must be used 

to ensure the integrity of the communication system. 

1.1 THE PRINCIPLES OF MOBILE COMMUNICATION 

Mobile communications systems provide users with communication services which do not re

quire a physical link to the network. They were first introduced to allow users freedom of 

movement whilst maintaining communication with a central node. Initial systems were lim

ited in their capacity, range and throughput. The portability of the original individual handsets 

was governed by the size and bulky nature of the terminal and its associated power supply. 

Primarily, these systems provided industrial proprietary communication links. They provided 

a natural extension to the radio telephone services which had previously been operated [Cal

houn 1988]. These systems were limited by the coverage initially provided by the service 

providers. 
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Modem mobile systems are a far cry from the original mobile terminals and networks 

[Padgett et al. 1995]. Access to the network has been significantly improved as the areas cov

ered by the service providers have been greatly increased. Further the design of the hand-held 

terminal has received a great deal of attention. Modem terminals together with their power 

source will fit into the palm of one hand [Gardiner and West 1995, da Silva et al. 1996]. When 

first conceived, a vehicle was required to transport the terminal and its power source. The 

attractiveness of the mobile network has been increased through the range of features which 

are now supported. An example of this is the ability to roam while maintaining instant com

munication almost anywhere in the world. Roaming occurs when a user moves between more 

than one of the cells in the mobile network, while preserving the communication link. Fur

ther, the advent of limited digital services has seen the introduction of mobile data services -

albeit at relatively low data rates. Current research aims to increase the capacity and quality 

of these mobile data services [Varma et al. 1996]. It is desired to provide a level of service 

which matches the reliability available from fixed line PSTN equipment. Simultaneous re

search aims to increase system capacity, allowing for a larger number of simultaneous users in 

future generation networks [Yrie 1996]. The ease of obtaining a network connection is being 

examined, with the aim of simplifying the access requirements. One vision for the future sees 

each subscriber to the PSTN having only one terminal. This terminal will replace all of the 

user's fixed line connections and will provide seamless access to the network through mobile 

services provided by cell sites based in the home, the office and the surrounding environment. 

True mobility will be available as all areas of human habitation will be covered by one or more 

mobile networks [Magedanz 1996]. consequence every subscriber will be uniquely number. 

Concurrently the size of the hand-held reduced [Gardiner and West 1995, da Silva et al. 1996]. 

1.1.1 Operation of a Cellular Network 

Current mobile networks can be broadly divided into two main categories: terrestrial systems 

and satellite based networks. While the networks operate in a common manner, the infrastruc

ture of each is significantly different. 

The design of mobile networks is influenced by the features required of the users hand

held terminals. To provide for low power terminals, terrestrial systems are designed around a 

network of spatially separated base stations. The base stations are arranged to maximise the 

total coverage provided by the network. The area covered by a single base station is referred 

to as a cell, hence the name cellular communication. Figure 1.1 is an illustration of a hypothet

ical terrestrial cellular network. The zone of coverage of each base station is illustrated by the 

dotted circles. The cells are chosen to overlap slightly providing an apparently seamless con

nection to the service for the user as they move within the coverage zone[MacDonald 1979]. 

Each base station provides the air interface required to enable the mobile users to connect to 

the PSTN. It also provides all of the control and call management required to maintain the mo

bile connection [Fluhr and Porter 1979]. By concentrating the protocols for the management 
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Figure 1.1: A hypothetical example of a mobile cellular system 

of the cell in the service provider's hardware, the size and complexity of the mobile terminal is 

greatly reduced. Users are free to move within the area covered by the cell while maintaining 

contact with the base station controlling their call. Should a user move from one cell to another, 

a hand-over occnrs. This involves all control and access to the network for the user's call being 

passed to the new base station. This operation is transparent and OCCnrS without the knowledge 

of the user [Chia 1991, StUber 1996], As the vehicle in fignre 1.1 moves from its current cell 

to the next cell, a hand-over will occur. 

When the quality of the signal on the current link between the mobile terminal and the base 

station is less than that available from another base station a hand-over will commence. Both 

base stations typically exist in the same mobile network. The new base station and the mobile 

terminal initiate a new connection. Once this connection is complete, the control of the call is 

passed to the new base station. The connection with the old base station is released, freeing 

those resources for another user. The new base station is usually located within an adjacent 

cell to that which the user had originally been connected. This operation forms the basis of 

modern cellular communication systems, allowing the user total mobility within the network. 

Whilst remaining in the system provider's coverage zone, a user may initiate a call through the 

mobile network. While the terminal remains within the bounds of the coverage area, the call 

may continue, Hand-overs will occur as necessary when the mobile terminal moves from one 

cell to another [Balston and Maccrio 1993]. 

The principle of roaming allows an incoming call to be connected to a mobile user located 

anywhere within the coverage zone. While the mobile terminal is in a standby mode it main

tains periodic contact with the nearest base station. Should a call be made to that terminal the 

network is able to initiate the connection through knowledge of the cell within which the mo-
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bile tenninal is currently located. With international roaming, users are able to connect to the 

phone network through third party equipment which uses the same technology. This provides 

the first step towards true number portability and the goal that every person on the planet will 

have a unique phone number which will reach them wherever they are, at any location in the 

world. 

An alternative mobile system which provides full global coverage is provided by a network 

of base stations which operate from satellites orbiting the earth [Williamson 1998]. While the 

method of operation is essentially similar, all connections are made through the satellites which 

are located either in low earth orbit or in geosynchronous orbits. Such systems currently require 

more powerful and larger hand-helds than a terrestrial service. They have the advantage that 

they can provide true global coverage from a single service provider. The area of coverage is 

limited only by the availability of the satellites. At least one satellite must be above the horizon 

for the call to be completed [Grubb 1991, Benedicto et al. 1993, Gardiner and West 1995]. 

Many techniques have been proposed to increase the capacity of mobile communication 

networks. One such technique is voice activity detection where the transmitter is only required 

to transmit when the user is actively speaking. Pauses and gaps in the conversation are muted 

and not transmitted. This minimises the time that the transmitter is actually transmitting, re

ducing the mutual interference in the channel. This has a further benefit in that the life of the 

battery is extended. 

The capacity of a mobile network can be further increased through the use of antennae 

sectorisation at the base station. As the base station is usually located at the centre of the 

cell, the surrounding area can be subdivided into adjacent sectors. These extend radially from 

the base station to the cell boundary. By servicing each sector with a separate antenna the 

capacity of the cell can be increased, allowing more users to be supported within each sector 

[StUber 1996]. It should be noted that sectoring a cell increases the signal to noise ratio at the 

expense of trunking efficiency 

1.1.2 Multiple Access Communication Protocols 

At the heart of the operation of a mobile system is its air interface. Specifically the protocols 

associated with the transfer of information between the transmitter and the receiver. Due to the 

lack of a physical connection between the two tenninals, this is achieved by means of a radio 

link. This provides the weakest link in the system due to its vulnerability to the interference 

effects of the channeL The performance obtainable from the radio link is further limited, 

as all users of the system must share the limited bandwidth allocated to the mobile service 

[Park 1996]. 

All communication systems are limited in performance by interference. Even the most 

robust system can be rendered impotent by a source of strong interference within the system's 

bandwidth. Thus, the protocols through which the channel is accessed must be carefully chosen 

to minimise the effects of the anticipated inter-user interference. While carefully selecting the 



6 

r-__ U'-ser""-l...,-_G_U...,~d b .. " to ;""~~ 

Time 

Frequency Division 
Multiple Access 

ff 
.F:: 

Time 

Time Division 
Multiple Access 

CHAPTER 1 INTRODUCTION 

Time 

Code Division 
Multiple Access 

Figure 1.2: Multiple access communication protocols 

appropriate access protocol for the system will reduce interference, the receiver must also be 

designed to operate on the received signal to minimise the effects of interference. 

In an ideal world, each user would be provided with a unique band of frequencies with 

sufficient bandwidth for all of their communication requirements. They could then use these 

frequencies to obtain guaranteed access to the communication system at all times. These fre

quencies would be orthogonal to those used by all of the other users present in the system, 

minimising the interference between users. Such a system is not feasible due to the limited 

bandwidth available for mobile communication and the complexity of the hardware required at 

each base station. Further, the allocation of the spectrum is tightly controlled. An alternative 

scheme could operate by allocating each user a unique (periodic) time slot with which to ac

cess the whole of the available bandwidth. Due to the number of users that must be supported, 

this is again impractical. The duration of each users time slot would be small, and it would be 

unlikely to repeat for some considerable time. 

To ensure maximum throughput, a controlled access to the available bandwidth must be 

maintained. At the same time the available bandwidth must be efficiently used to maximise the 

total system capacity. In modern systems the available bandwidth is divided among the cells. 

Typically, spatially separated cells re-use portions of the bandwidth to maximise the system 

capacity. Care must be taken in selecting the cells which re-use frequencies to minimise any 

co-channel interference [Steele et al. 1995, Baier et al. 1996]. 

The users access to the cell is governed by the system protocol. As the system bandwidth 

is a limited resource, the users' access to this must be carefully managed to ensure maximum 

throughput is obtained. Orthogonality is generally employed to separate the signals of the 

simultaneous users, thus reducing any inter-user interference. Figure 1.2 is an illustration of 
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the three common methods of orthogonally separating the user signals. 

Many mobile systems allocate users a portion of the frequency band available to the cell 

according to a Frequency Division Multiple Access (FDMA) protocol. The cell allocates the 

user a frequency band to be used for the current call within that cell. As each cell has only 

a portion of the system bandwidth available to it, the capacity of the cell is hard limited by 

the number of frequency bands that can be allocated to potential users. For this reason it 

is impractical to divide the available system bandwidth amongst all of the cells, and a fre

quency re-use scheme is employed. Spatially separated cells are allocated the same frequen

cies where the level of interference between cells will be tolerably low. This is possible as the 

radiated signal power decreases with distance travelled. While the existence of interference 

between cells will be unavoidable, system designers attempt to maximise the distance between 

cells using the same frequency bands to minimise the associated interference [Gardiner and 

West 1995, StUber 1996]. Also, as shown in figure 1.2, the capacity of an FDMA system is fur

ther limited as the protocol requires frequency guard bands between adjacent frequency slots 

to minimise interference. 

An alternative protocol allocates users specific time slots during which they may transmit. 

These Time Division Multiple Access (TDMA) networks allow the user access to the whole of 

the available bandwidth within the cell for the duration of their time slot. TDMA systems allow 

each user access to high data rates for short, controlled periods of time [Falconer et al. 1995]. 

As in FDMA systems, guard bands are required between any two adjacent users' time slots 

to prevent interference. TDMA systems are often combined with an FDMA protocol to allow 

users to transmit packets of information within a predefined time and frequency slot. The GSM 

and D-AMPS mobile systems are two examples of such systems. 

An alternative TDMA scheme used for data transmission is the Aloha protocol. This 

allows each user random access to the channel as and when required and is commonly known 

as Random Access Time Division Multiple Access (RA-TDMA). Full control resides with the 

mobile terminals. If the transmitter detects a collision with another user's signal, then it backs 

off and waits a random period of time before attempting a retransmission. On the assumption 

that not everyone will be transmitting at once, communication is possible up to a predetermined 

system capacity [Abramson 1973]. Once this is exceeded, the performance rapidly degrades. 

Enhancements to the Aloha scheme exist, such as the Slotted-Aloha protocol, but these are 

beyond the scope of this thesis. They increase the capacity available from the system through 

a greater level of system controL 

Future generation cellular systems are being proposed using an alternative access protocol. 

Rather than spatially separating users in time or frequency, each user is allocated a unique code 

to use in accessing the channel [Kohno et al. 1995]. The code is used to allow each user signal 

to occupy the whole of the bandwidth available within the cell. In figure 1.2 the Code Division 

Multiple Access (CDMA) protocol is illustrated with three users simultaneously occupying the 

available spectrum. Each user's signal can be recovered by an appropriate receiver using that 
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user's spreading code. In theory the CDMA protocol does not hard limit the capacity which 

the system can support [Gilhousen et al. 1991, Stuber et al. 1992, Padovani 1994]. The code is 

used by the user to modulate their data for transmission and to gain access to the network. In 

an ideal system each user would be provided with a unique code, guaranteeing that their signal 

was.orthogonal to all of other users. Capacity constraints together with implementation issues 

limit the number of available orthogonal codes. One solution to this problem sees the the base 

station providing the user a unique code for the duration of their call. While code orthogonal

ity between users is ideal it may not be achievable in practice. As the users all share the same 

frequency band each user will appear as interference to the other users. The level of interfer

ence depends on the degree of orthogonality between any pair of users spreading codes. In 

selecting acceptable user codes, the system designer must achieve a balance between the effec

tive system capacity and the achievable performance given the expected level of interference. 

Through use of a pseudo-random code to access the channel, a user can minimise the effects of 

interference experienced due to simultaneous users [Schilling et al. 1991b]. The spreading of 

the user's message provides further benefits in the mobile communication channel. These are 

discussed in the following sections. 

Both the FDMA and TDMA systems may be considered as simplistic CDMA systems. 

The code in these systems provides orthogonal frequency and time based access to the channel, 

respectively. While these schemes may be considered as simple CDMA schemes, they do not 

exhibit the benefits of transmitting a wide band signal in the mobile channel. 

Mobile systems operating with synchronous protocols require the base station to provide 

timing information. They also require accurate tracking of the time base at the mobile receiver. 

A CDMA system allows for asynchronous access to the system, as the user code ideally pro

vides sufficient protection from mutual interference. This provides for increased performance, 

but requires additional complexity, as a base station is required to track the codes of all users 

in the system. It further requires well designed codes to minimise the mutual interference 

between asynchronous users. 

To prevent interferers from drowning out the desired signal a CDMA network may re

quire power control. A control algorithm is required to limit the transmitted power of all 

users, preventing one strong signal from dominating the received signal [Lee 1991, Viterbi and 

Viterbi 1993]. 

1.2 SPREAD SPECTRUM COMMUNICATION 

Due to their spreading of the data signal through the modulation by a pseudo-random code, 

Code Division Multiple Access systems are commonly referred to as spread spectrum systems. 

A characteristic of spread spectrum communication is that the transmitted signal occupies a 

much larger bandwidth than would be required to transmit the original narrow band message. 

Such systems have long been used for military communications. Traditional designs of spread 

spectrum systems had two common aims. First, communication was desired in an interference 
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limited channel. Second, this communication was desired to be difficult to detect [Pickholtz 

et al. 1982, Simon et al. 1985a]. 

In the first instance communication was desired in a hostile channel. The poor quality 

of the channel may be directly due to a high level of background noise. Alternatively, a third 

party may be intentionally filling the bandwidth with high power noise to prevent the user's 

desired communication [Simon et al. 1985b]. With a narrow band communication system, it is 

relatively easy for an interferer to saturate the system bandwidth with noise. Without increasing 

the transmitter's output power, the communication link is effectively blocked. A method was 

desired to combat the effectiveness of the jamming signal. Simply changing the frequency 

band used was an inefficient solution. The jammer only requires a short period of time to 

detect the change before it follows the signal to the new frequency band. By transmitting the 

signal over a larger bandwidth an effective counter-measure was obtained as the transmitted 

signal power contained within the interference was minimised. As a further benefit, the power 

of the transmitted signal at anyone frequency was reduced. With a widely spread signal, this 

could reduce the transmitted signal power per unit of bandwidth below the noise floor. This 

in turn reduced the detectability of the communication and the jammer's ability to follow the 

signal [Ristenbatt and Daws 1977, Simon et al. 1994]. 

The method by which the spreading occurs is typically known only to the participants in 

the communication. To maximise its effectiveness the source of interference must, therefore, 

attempt to estimate the modulation employed by the transmitter in spreading the transmitted 

signal. Alternatively, it can saturate the system bandwidth with noise in an attempt to prevent 

the communication. Like the transmitter, the power output of the interferer is limited. Hence, 

it can not easily saturate the wider bandwidth with noise. 

The second advantage of spread spectrum systems is their low probability of interception. 

This is due to the pseudo-random code used to spread the narrow band message to a wide band 

signal. The effect of this is to minimise the power transmitted over any portion of the total 

system bandwidth, making the transmitted signal very difficult to detect. 

The spreading of the data signal is usually achieved through use of a pseudo random 

sequence [Viterbi 1995]. As this code is known only to the desired users, any interferer must 

estimate it to significantly jam the signal. The code randomises the user's access to the channel, 

which in turn significantly complicates the task of any casual observer in detecting the signal. 

A definition employed in spread spectrum systems is the notion of a chip. This is defined 

to be the smallest interval in time spent in transmitting the same information. Spread spectrum 

systems employ digital transmission schemes. Hence, a chip is defined to be the period of the 

faster of the data signal and the random waveform used in modulating the data. 

In Direct Sequence Spread Spectrum (DSSS) systems, the user's code directly modulates 

the transmitted data. This allows the data signal to be dispersed across a wide bandwidth, 

minimising the power within any portion of the bandwidth [Simon et al. 1985b]. Typically, 

many code chips are used to modulate each data symbol. 
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Frequency Hopped Spread Spectrum (FHSS) systems use the code to pseudo-randomly 

hop the message into frequency bins across the whole of the system bandwidth. Each code 

chip is used to transmit the data signal in a different frequency bin. The hopped signal is 

said to be fast if one or more code chips are used to modulate one message symbol (several 

frequencies are used to transmit each symbol). By contrast it is said to be slow if one code chip 

modulates many message symbols - several symbols occupy the same frequency bin [Simon 

et al. 1985a]. 

CDMA systems are directly applicable for use in mobile communications systems [Schilling 

et al. 1991a]. They can provide increased system capacity for simultaneous users compared 

to both FDMA and TDMA systems. Further, they provide resistance to the multi-path inter

ference introduced by the mobile communication channel [Buehrer and Woerner 1995]. The 

application of spread spectrum technology to mobile networks requires some redefinition as the 

sources of interference are benign rather than hostile. In mobile systems the aim is to reduce the 

interference between users rather than to minimise the effects of external sources of interfer

ence. The multi-path channel can be viewed as a jammer which blindly follows the transmitted 

signal with some unknown delay, distorting the received signal [Schilling et ai. 1990, Pickholtz 

et al. 1991]. 

For optimal performance the user's code sequence is selected to minimise its cross-correlation 

with the sequences used by the other users present in the system. Sequences with high cross

correlations are rejected as they do not minimise the interference between user signals. With 

careful code selection, the co-channel interference due to the presence of multiple users can be 

minimised. The system remains interference limited as the maximum number of users that can 

be supported is dependent on the tolerable bit error rate. While the interference due to each 

user is small, the combined effect of many interferers leads to significant interference. Mobile 

CDMA systems have the added advantage that they may operate asynchronously. They do not 

require the overhead associated with ensuring all users' transmissions are synchronised [Pick

holtz et at. 1982]. This may further limit the number of effective user codes as the selected 

codes mnst have acceptable correlation and partial correlation properties over all possible time 

delays. 

With sufficient system bandwidth, CDMA cellular networks should not need to use fre

quency re-use between cells to increase the system capacity. Adjacent cells can operate using 

the same frequency band. Users will be allocated a spreading code with which to access the 

system when they make a call. They may then move freely within the system without changing 

their code when they move between cells. This allows for increased performance at cell bound

aries as a soft hand-over may be used. In the (hard) hand-over procedure defined above, the 

base station supporting the user's call is changed as they cross the cell boundary. A soft hand

over allows a mobile to gracefully switch between the service provided by two or more base 

stations. This process usually occurs when the mobile is located in a region of poor coverage, 

particularly at cell boundaries. The base station receiving the strongest signal will process the 

call. Once the mobile returns to a good coverage zone, the base station receiving the strongest 
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signal will remain in control of the call [Viterbi et al. 1994]. 

1.2.1 Direct Sequence Spread Spectrum 

The traditional approach to CDMA directly modulates the (modulated) data signal with a bi

nary antipodal, unit magnitude, pseudo-random sequence. This spreads the user's narrow-band 

data signal across the whole of the available wide-band bandwidth. To receive the message the 

receiver simply despreads the received signal using a synchronised replica of the code. This 

operation is shown in figure 1.3. While code synchronisation between the transmitter and the 

receiver is maintained, the narrow-band message can be read at the receiver after appropriate 

low pass filtering [Pickholtz et al. 1982, Simon et al. 1985a, Proakis 1989, Viterbi 1995]. Fig

ure 1.4 illustrates the effect of de spreading the received signal with a mis-aligned reference 

signal. The symbol received by the inphase demodulation can clearly be detected, assuming a 

pulse amplitude modulation system. The signal despread by the out of pbase reference signal 

is randomly varying. This appears as noise to the decision circuit in the receiver. 

The heart of the spreading operation relies on the mathematical property that 

1 (1.1) 

The double modulation of the data signal with the synchronised code sequence is equivalent to 

mUltiplying the data signal by the absolute value of a randomly time varying, unit magnitude 

complex phaser. 

Modulated 
data sequence 

User's 
Spreading 

Code 

User's 
Spreading 

Code 

Figure 1.3: Simple block diagram of a DSSS system. 

Received 
data sequence 

The de spreading of the received signal serves to limit the effect of any interference present 
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in the channel. Any received signal which was not modulated by (or correlated with) the user's 

spreading code is itself spread across the bandwidth by the de-spreading operation. After the 

de-spreading operation, the received user's signal power is concentrated within the narrow

band message bandwidth while any interfering signals' power is spread across the whole spec

trum [Pickholtz et at. 1991]. For correct operation this requires accurate tracking of the trans

mitter's phase. If phase lock of the spreading codes is lost, then the desired signal will appear 

as interference at the receiver as shown in figure 1.4. 
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(a) Phase aligned demodulation (b) Miss-aligned phase demodulation 

Figure 1.4: The effect of phase mismatch on the reception of a DSSS symbol. 

Use of a pseudo-random code to spread the data signal provides inherent signal diversity. 

The Processing Gain - N, measures the diversity gain available to the system. This is defined 

to be a ratio of the spread bandwidth to the narrow-band data message bandwidth. For a data 

symbol of duration Ts the processing gain is 

(1.2) 

where Wss is the bandwidth of the transmitted signal. For a direct sequence system this is equal 

to the inverse of the chip period - Te. Hence, the processing gain provides a direct measure of 

the diversity available for each message symbol. 

The correlation properties of the spreading codes can be efficiently exploited in the re

jection of the multi-path signal components in the received signal. A receiver which employs 

this technique was labelled a Rake by Price and Green [1958]. The reasoning for the name 

becomes directly apparent when the structure of the receiver and the channel is examined. A 

model of the mobile channel will be presented in more detail in Chapter 3. For the moment 

it suffices to model the channel as comprising of many distinct paths between the transmitter 

and the receiver. Each path has two effects on the transmitted signal. First, it introduces a 
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random time varying dlstortion. Second, each received path has a random propagation delay 

[Proakis 1989]. Where the user code sequences have been carefully selected, path components 

received after a given delay will appear as interference to the receiver. The de spreading opera

tion will minimise their effect on the received signal. The Rake receiver uses this knowledge to 

reconstruct the received paths. It attempts to match the introduced channel delays and realign 

the component paths of the received signaL Concurrently, the Rake receiver attempts to esti

mate the effect of the time varying attenuation attributable to each path. It uses this estimate to 

minimise the effect of the channel on the transmitted signaL The Rake receiver is considered 

further in Chapter 4. 

A further advantage of a mobile DSSS communication system is that it can be designed to 

overlay an existing narrow-band communication system [Poor and Rusch 1994]. With careful 

design the spread spectrum system will introduce a small, but tolerable, level of interference 

to the narrow-band system. In tum the resistance of the DSSS system to narrow-band noise 

sources is exploited to minimise the effects of the narrow-band system on the over-laid wide

band system. 

A dlsadvantage of DSSS systems is that they are susceptible to the problem of near-far 

reception. Each user must tightly control transmitted power. Without efficient power control 

users transmitting close to the base station can jam those further away. The broadband power 

transmitted by the nearby users acts as a jammer and swamps the wide-band channel with high 

power signals. This prevents the receiver from detecting distant users whose received power is 

low [Pickholtz et al. 1982J. 

Direct sequence spread spectrum systems have been widely proposed for mobile com

munication networks. Kavehrad and McLane [1987] proposed a scheme for indoor mobile 

wireless networks. Schilling et al. [1991bJ published test results indicating the performance 

available from a DSSS system in the multi-path fading channel. Qua1comm has developed 

a CDMA mobile communication system which employs Direct Sequence Spread Spectrum 

modulation [TIA 1993, Goodman 1997], The system is designed to overlay the existing ana

logue AMPS network. Users are able to obtain a connection to the telephone network through 

either the existing FDMA AMPS network or through the wide-band DSSS CDMA system. Of 

note, the CDMA system has been shown to offer a system capacity up to 10 to 20 times that 

available from the original analogne system. The increased capacity is directly attributable to 

the frequency re-use in the CDMA system. Unlike the analogue FDMA protocol, the CDMA 

protocol does not require adjacent cells to operate in different frequency bands to minimise the 

inter-cell interference. Interference is minimised through careful selection of the user spread

ing codes. Further, efficient power control together with voice activity detection limits the 

power transmitted by each terminal. The use of strong data coding allows the CDMA system 

to operate effectively in the 5 to 7dB SNR range. Interleaving and a Rake processor have been 

employed to mitigate the effects of the multi-path interference present in the channel [Simon 

et al. 1994]. 
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1.2.2 Frequency Hopped Spread Spectrum 

An alternative method for spread spectrum signalling operates by hopping the data signal in 

frequency across the available wide-band bandwidth. The rate at which the data is hopped 

characterises frequency hopped systems. When several consecutive data symbols are transmit

ted using the same hop frequency, the system is said to employ slow hopping. Fast hopping 

occurs when each data symbol is transmitted using one or more hops. Slow hopping systems 

are significantly limited in the presence of interference. A single hit to a hop bin can cause 

multiple symbol errors. Fast hopping systems are more tolerant of interference. They can pro

vide diversity if the symbol is transmitted over several hops. The diversity provides significant 

performance improvements in the multiple-access environment. 

This method has long been used in military applications for low probability of intercept 

communication. The transmitter attempts to avoid interception by randomly hopping, the data 

signal within the available bandwidth. A further application of the technology has been in the 

field of anti-jamming communication systems. In such systems the frequency hopping is used 

to hop the user's message around the intentional interference present in the channel due to the 

actions of hostile forces. The aim is to hop the signal often enough and in a sufficiently random 

pattern that the jammer can not follow the signal and prevent effective communication [Simon 

et al. 1985a, Levitt 1985b]. 

The source of interference considered in this thesis is less hostile. A FlISS system is 

proposed as a means of mitigating the sources of interference present in the mobile multi-path 

channel. The interference considered is attributable to two sources. First is that due to the 

frequency selective multi-path channel, which is discussed in more detail in chapter 3. Second, 

the system must minimise multiple access interference due to the presence of other users in the 

channel. 

Spectral spreading of the user's data signal is achieved by hopping the modulated data sig

nal across the available wide-band channel in a pseudo-random fashion. Each user's spreading 

code is used to select the frequency bin into which the data signal will be hopped. The modu

lation method is presented in greater detail in Chapter 2. 

The receiver operates in a reverse fashion to de-spread the received signal. A local copy 

of the spreading code is used to demodulate the hops, which are then recombined prior to a 

decision being made on the received symbol. As in the DSSS case, both code sequences must 

be synchronised to ensure correct reception of the data signal. 

The processing gain is again used to measure the spectral spreading of the system. For a 

FHSS system this is defined as [Simon et al. 1985a] 

(1.3) 

where Ts represents the period of the data symbol. For a FHSS system with orthogonal tone 
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spacing 

(104) 

where there are NB frequency bins available. The system alphabet contains M data symbols. 

Each data symbol is assumed to be hopped Nh times. Combining equation 1.3 and equa

tion lA, we obtain the processing gain for a fast frequency hopped spread spectrum system: 

(1.5) 

1.2.2.1 Narrow-band Interference and FHSS systems 

Frequency Hopped spread spectrum systems have traditionally been studied in relation to the 

benefits they provide in a military environment. In this regard their resistance to narrow-band 

signals and jamming signals have been extensively examined [Poor and Rusch 1994, Laster 

and Reed 1995]. 

The frequency spectrum allocated for mobile communication networks is congested. Hence, 

spread spectrum systems are being designed to share bandwidth with the existing narrow-band 

mobile communication systems. To the narrow band system, the additional interference caused 

by the presences of the FHSS system is often tolerable. The reverse situation is not often tol

erated by the FHSS system [Poor and Rusch 1994]. The energy in the spread signal is distrib

uted across the whole system bandwidth. Conversely, the narrow-band energy is concentrated 

among a select set of frequencies. This interference can severely limit the performance of 

the wide-band system. The narrow-band signals can be modelled as a passive jammer - unin

tentionally blocking the wide-band signal. Consequently, a method of efficiently limiting the 

effect of the interference is desired. 

A filter can be efficiently used to minimise the effect of narrow-band signals on the spread 

spectrum system. The filter is used to pre-whiten the received signal. While this does not 

remove the interference, it reduces its effect on the desired transmission. Hence, the system 

performance is improved in the presence of the narrow-band signal [Hsu and Giordano 1978]. 

Alternatively, rather than simply filtering a portion of the bandwidth, the effect of the inter

ference can be estimated. This in turn can be used to excise the narrow-band signal [lItis and 

Milstein 1984]. The estimation of the interference can be further improved using a fractionally 

spaced delay line [ntis et al. 1990]. When the delay line taps are placed at fractions of the chip 

period, independent samples of the signa] are obtained and these are used to construct an esti

mate of the interference. Further performance improvements are achievable through the use of 

non-linear prediction algorithms [Rusch and Poor 1994]. In addition, as with all interference 

limited systems, the data can be encoded to minimise the effects of the interference [Rivera 

and Ritcey 1995]. A further alternative, available to wide band system designers is to avoid the 

bandwidth containing the narrowband interference signal. 
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1.2.2.2 FHSS in the presence of Signal Jamming 

Military communication systems have long been designed to provide efficient communication 

in a hostile channel. Typically, a jammer wishes to prevent communication by swamping the 

channel with noise. In a wide-band system the jammer is usually unable to effectively occupy 

the whole bandwidth. Instead they concentrate the power of the interference signal in a portion 

of the spectrum. This technique is referred to as partial-band jamming. The system designer 

desires to minimise the effect of all jamming signals on the system. Initially, the frequency 

hopping can be changed in an attempt to thwart the jammer. After a period of time, though, 

the jammer will follow the change and again attempt to interfere with the communication. 

Simply hopping the signal at a faster rate will not improve the performance. Each received 

hop may be affected by the jamming power, and consequently, the received signal may contain 

a higher proportion of noise [Levitt 1985b]. By assuming knowledge of the interference, the 

receiver can be designed to minimise the effects of the jamming [Bird and Felstead 1986]. 

Levitt [1985a] considers the strategies available to a jammer and the techniques which can be 

employed to defeat them. 

The design of receivers for M -ary frequency shift keying (FSK) fast frequency hopped 

spread spectrum systems in the Additive White Gaussian Noise (AWGN) channel have been 

examined. Lee et al. [1984a] derived bounds on the performance of a conventional single user 

receiver in the presence of partial band jamming. The receiver operates by individually de

tecting each hop and then linearly combining these decisions. A combining loss was observed 

as the number of hops per symbol was increased. A conventional receiver, which makes no 

attempt to mitigate the effects of the interference, is observed to reach an irreducible error floor 

in the presence of partial band jamming. 

Non-linear combining methods have been examined in an attempt to minimise the effects 

of the jamming on the received signal. Two receiver structures have been proposed. The first 

uses an automatic gain control to limit the noise energy received within each hop. The second 

employs a clipping technique to limit the total energy received in each symbol branch within 

each hop. While these receivers provide improved performance over the conventional receiver, 

they are limited by the same error floor [Lee et al. 1984b, Lee et al. 1985]. The error floor 

is due to the presence, in the channel, of AWGN. The use of error correcting codes on the 

data sequence has been shown to significantly improve the performance of the automatic gain 

control receiver [Lee et al. 1988]. 

Another receiver structure proposed uses self-normalisation to limit the effect of the in

terference [Miller et al. 1986]. The total energy received within each hop is used to normalise 

the received symbol energies for that hop. Each hop consequently has an equal contribution to 

the final decision. The performance of this receiver is approximately equivalent to that of the 

clipping receiver. The performance of this receiver has been examined in the Ricean fading 

channel with partial band jamming [Robertson and Ha 1992, Robertson and Lee 1992]. The 

diversity reception due to the mUltiple observed independent fading paths provides a significant 
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performance improvement in the presence of partial band jamming. The system is still limited 

by an error floor. 

Lupu and Milstein [1994] propose using an equaliser at the receiver to limit the effect of 

the multi-path fading on a coherent Frequency Hopped Spread Spectmm system. The equaliser 

provides significant improvements in performance when the channel is contaminated with par

tial band jamming. 

The effect of multi-tone jamming on the single-user system has also been considered. 

A model for the effect of the jamming on the receiver in a fading channel has been derived 

[Robertson and Sheltry 1996]. By altering the assumptions concerning the multi-tone interfer

ence present in the model, a model for the multiple access FHSS system in a fading channel 

may be developed. Traditionally, mUltiple tone interference is modelled by several Gaussian 

noise processes. In a multiple access channel there are many interferers randomly hopping 

across the system bandwidth. These can be represented by many interference tones whose 

statistics are non-Gaussian. 

The maximum likelihood receiver for a single user fast frequency hopped binary frequency 

shift keyed (FFH-BFSK) system in the presence of multi-tone jamming has been examined 

[Teh et al. 1997]. It has a form similar in stmcture to the optimum receiver derived for the 

AWGN noise channel [Waylan 1975]. Side information pertaining to the jamming process 

is required for an optimal decision to be made. Approximations to the optimal receiver are 

presented for both high and low SNR signals. 

Many authors have proposed coding schemes to improve the performance of FHSS sys

tems in the presence of jamming signals. Typically, the coding schemes do not effect the de

sign of the receiver and are consequently beyond the scope of this thesis. Su and Chang [1994] 

combine a symbol coding scheme with a modified receiver metric to improve the system per

formance in the partially jammed channel. An alternative scheme proposed using trellis coded 

symbols to improve the system performance [Wittke et al. 1995]. The branch transitions of the 

trellis which represents the coded symbols are used to select the M -ary FSK tone for trans

mission. Non-orthogonal tones were employed in the system to increase the overall system 

capacity. While this increased the total number of simultaneous users supported by the system, 

the achievable performance decreased. 

In a jamming environment the interference is an active attempt to prevent communication. 

The multi-user mobile channel considered in this thesis provides a passive source of interfer

ence. Any jamming of the signal is inherently due to the properties of the channel through 

which communication is to occur. 

1.2.2.3 FHSS and Multiple Access Communication systems 

In recent years FHSS systems have found favour as multiple access communication systems 

[Simon et al. 1994]. Their capacity for interference rejection has been used to mitigate the ef-
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fects of mutual interference. With careful system design FHSS systems can be used to provide 

a mobile communication system with good performance. 

Frequency-hopped spread spectrum systems were first proposed for mobile radio networks 

by Cooper and Nettleton [1978] and Viterbi [1978]. The former proposed a system using dif

ferentially coherent binary phase-shift keying to modulate the data [Yue 1980, Nettleton and 

Cooper 1981]. Viterbi [1978] proposed using frequency-hopped, M-ary frequency-shift keyed 

data for a low rate mobile communication system using a satellite transponder. Goodman 

et al. [1980] extended this work to develop a frequency-hopped spread spectrum mobile com

munication system. 
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Figure 1.5: Operation of the FFHSS system as proposed by Goodman et al.[1980]. 

The Goodman system uses fast frequency-hopped M-ary frequency-shift keying. Fig

ure 1.5 is an illustration of the operation of the Goodman et al. [1980] system. The system 

uses an alphabet of M data symbols. The transmitted symbol is selected according to the 

source data sequence. Within each hop period, a code symbol is added to the data symbol with 

modulo-M addition. This translates the position of the data symbol in the bandwidth, as shown 

in figure 1.5. Within each hop period the code symbol occupies one of the M available data 

frequencies. This operation occurs several times per symbol, creating the user's transmitted 

signal. The channel contains multiple-access interference from other users using the same sys

tem. The receiver then applies the reverse hopping procedure to unwrap the rotated symbols. 

The receiver uses noncoherent detection to detect the presence of a tone in each frequency bin. 

These are summed over all of the hops before that with the largest value is selected to represent 

the received data symbol . The system is designed such that the period of the spreading code 

equals the data period. Hence, each user uses the same code sequence to transmit each data 

symbol. The effect of the interfering users in figure 1.5 is illustrated by the light grey shading. 
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A large system capacity is obtained by hopping the transmitted signal a large number of 

times per symbol. Goodman et al. [1980] proposed using nineteen hops per symbol. This 

provided for a large number of possible user codes and a large system capacity. By selectively 

choosing a subset of these codes, the interference between simultaneous users can be reduced. 

The system used the frequency diversity due to hopping the user's data signal many times 

per symbol to provide the required performance. The system was found to be limited by 

interference. In an ideal channel 209 users can be supported with a bit error rate of 10-3 

using 256 data frequencies and 19 hops per symbol. 

At approximately the same time, Einarsson [1980] proposed a method for designing or

thogonal codes suitable for a frequency-hopped spread spectrum mobile communication sys

tem. The codes were designed to ensure that there was a minimal cross-correlation between 

users. This minimised the effect of the multiple access interference and provided for acceptable 

system performance in the AWGN channel. 

Yue [1981] investigated the hop combining methods proposed by Cooper and Nettle

ton [1978] and Goodman et al. [1980]. He showed that the hard limiting combining of the 

latter system provided improved performance over the linear combining of the former system 

in a fast frequency-hopped M -ary FSK system. The two receivers he considered operated to 

detect only the desired user. The effect of the multiple-access interference was largely ignored. 

The hard-limiting combiner offers better performance as it limits the total power which can be 

received in each hop bin. 

Timor [1981] extended the receiver proposed by Goodman et ai. [1980J to provide some 

protection from the multiple access interference present in the channel. Using an efficient set 

of user codes, he proposed a simple two stage multi-user receiver. This receiver operated by 

detecting each of the users signals individually. Should the decision regarding a user's received 

symbol be ambiguous, then the properties of the users' codes would be used to attempt to 

remove the effects of the multiple access interference. 

By rearranging the hopping structure of the Goodman et ai. [1980] system, Timor [1982J 

showed an improved system performance was possible. This allowed the users to transmit more 

than one tone in a hop period and essentially provided a parallel hopping technique. The extra 

diversity information provided for better protection from the delay spread of the multi-path 

channel. An extension ofthis method was proposed by Yamamura et ai. [1991J. By using either 

a serial or parallel hopping structure in conjnnction with an antenna array, the effect of multiple 

access interference on the system was shown to be reduced. Apart from the beam-forming 

in the antenna this system still used the traditional noncoherent single user receiver with no 

attempt being made to efficiently combine the hops. A similar performance improvement using 

multiple antennae for selection diversity was shown by Ma and Crouch [1991]. 

Yue [1982J derived a maximum likelihood receiver for the detection of a single user in 

the frequency-hopped spread spectrum systems proposed by both Cooper and Nettleton [1978] 

and Goodman et ai. [1980]. Assuming noncoherent detection of the frequency bins, this re-
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ceiver required a non-linearity to efficiently combine the hops. The derivation included the 

effects of the multi-path fading channel. The fading experienced on each hop was assumed to 

be independent and was modelled by separate independent flat fading processes. This work 

was combined with that of Timor [1981] by Su et al. [1996] to develop a receiver capable 

of operating in the multi-user environment. By combining the non-linearity of the optimum 

single user receiver with the two stage detection process, more efficient reception was shown 

in the presence of multiple user interference. Having made a decision regarding the desired 

user's symbol, ambiguities are removed through the multi-stage detection process. Previously, 

Hung and Su [1995] had derived suboptimal receivers for detecting a single user. These were 

derived from the optimum non-linearity proposed by Yue [1982]. They showed that the prob

lem of correctly detecting the desired user's signal remains one of efficiently combining the 

received hops. Various methods have been proposed to efficiently combine the set of received 

hops to decode the received signal. While the non-linearity developed by Yue [1982] remains 

optimum for the single user case, practical sub-optimum combining structures which approach 

this performance are desired [Gulliver et al. 1994, Spilchen and Gulliver 1996]. 

user 2 
code 

Figure 1.6: The receiver structure proposed by Mabuchi et al.[1994]. 

Mabuchi et al. [1994] proposed an alternative scheme for detecting the desired user's 

signals in the presence of multiple access interference. The received signal is individually de

modulated for each of the users present in the channel as shown in figure 1.6. Ideal kuowledge 

of all the spreading codes used is assumed. A decision is made on the symbol received from 

each user. This is then used to reconstruct the hypothesised received signal assuming these 

symbols where transmitted. By comparing the set of possible transmitted signals of all users 

with the actual received signal the symbol decisions are confirmed. The desired user's trans

mitted symbol is then obtained. This operation was simplified by Fiebig [1996] who developed 

a reduced complexity algorithm. 
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A simpler receiver structure was proposed by Han and Ziemer [1989]. Their system oper

ated with a reduced number of data symbols. It was no longer required that the number of data 

symbols equal the number of available frequency bins. The receiver is simplified as it does not 

need to examine the whole of the system bandwidth to detect the user's signal. The receiver 

only checks the bins occupied by the desired user for a received signal. They also argue that 

better performance can be achieved with a smaller symbol alphabet size. This occurs as there 

is less ambiguity regarding the received symbol in the presence of multiple erroneous hits. 

This leads to the frequency-hopped spread spectrum system considered in this thesis. Fol

lowing Simon et al. [1985a], we divide the available spectrum into N B bins. Each bin contains 

sufficient bandwidth to accommodate anyone of the user's M possible modulated symbols. 

This is discussed further with respect to the transmission of the user's signal in section 2.2. A 

similar division of the available spectrum into hopping bins was used by Kim and Kim [1994]. 

There are other possible ways of generating frequency-hopped spread spectrum systems. 

As an example Daneshgaran and Mondin [1995] proposed using wavelets to develop a coherent 

frequency-hopped spread spectrum system. Alternatively, Solaiman et al. [1988] combined a 

FDMA and FHSS system to create a simple multiple user mobile communication system which 

has a hard capacity limit. 

Alternative arrangements for the ordering of the hopping bins are available. These may 

enhance the multi-path rejection capability of the wide-band system but are beyond the scope 

of this thesis. Choosing a scheme where the frequency bins are overlapping may in tum com

plicate the proposed receiver structures. Adjacent frequency bins would overlap leading to an 

additional source of interference. 

By pre-coding the user's data sequence with a forward error correcting code, system per

formance in the multi-path fading channel can be improved. Wang and Chao [1992] compared 

the performance of Reed-Solomon codes with Bose-Chaudhuri-Hocquenghem codes in the 

presence of mismatched user alphabets. They include the effects of multiple access interfer

ence but neglect all other sources of interference. The Bose-Chaudhuri-Hocquenghem codes 

were shown to out perform the Reed-Solomon codes when the number of simultaneous users 

was large. Wang and Moeneclaey [1993] show the performance improvement obtainable when 

a Reed-Solomon code is applied to a multiple access system in the multi-path fading envi

ronment. In both cases the receiver remains the conventional envelope detector with a hop 

combining circuit. 

1.3 MULTI-USER RECEIVER DESIGN 

In both TDMA and FDMA systems, users are separated orthogonally in either time or fre

quency. While the ideal optimum receiver for the whole system must detect all users, the op

timum single user receiver can be reduced to one which detects only the desired user's signal. 

This is possible due to the strict orthogonality applied in the access protocols. 
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In a CDMA system, users are separated by their individual access codes. Simply ignoring 

the presence of other users is no longer practical. Each user appears as interference to all the 

others. While this is tolerable for small numbers of users, as the nnmber of users grows the 

performance is severely limited. To efficiently demodulate the received signal, knowledge of 

all users access codes is required. A receiver optimised to detect a single user's signal is no 

longer sufficient to guarantee a tolerably small bit eiTor rate [Verdli 1986a, Verdli 1986b). 

With the development of CDMA communication systems, multi-user receiver structures 

have been examined. Verdli [1984] first considered the problem of efficient optimnm recep

tion for direct sequence spread spectrum systems. The channel model included additive white 

Gaussian noise and multiple-access interference. The interfering users were assumed to be 

either synchronous with the desired user, or asynchronous with known delays. A method of 

simultaneously detecting all of the users present in the channel was developed. Simply com

bining the decisions from a bank of receivers, each individually matched to one individual user 

is non-optimal. This scenario does not consider the combinations of possible symbols which 

can be received. 

To limit the mutual interference, the receiver must jointly detect the complete set of re

ceived symbols in each interval. Effectively, the receiver must operate on an alphabet which 

contains all possible combinations of all users' transmitted symbols. This decision can then be 

reduced to the symbol transmitted by the desired user. An algorithm is required to combine 

the individual single user decisions in an optimal fashion. The optimum receiver is that which 

sorts through the possible received sequences and selects that which is most likely to have been 

received [Verdli 1986a]. 

The complexity involved in the optimum receiver is such that it could never be effectively 

implemented. Alternative, less complex, receiver structures were desired whose performance 

approached that of the optimal receiver [Verdli 1994, Moshavi 1996]. 

The de-correlating receiver provides a linear, SUb-optimum approximation to the optimum 

receiver [Lupas and Verdli 1989]. By pre-multiplying the received signal by the inverse of the 

correlation matrix, the effect of the multiple access interference can be reduced. This operation 

has an adverse side effect in that it increases the interference due to the background AWGN. 

The benefit of this receiver is that knowledge of the individual received signal strength from 

each user is no longer required. Further the receiver is resistant to the near-far effect which 

limits the performance in DSSS systems. 

The de-correlating receiver still requires knowledge of the spreading codes used by all of 

the users present in the channel. The blind multi-user receiver is not limited by this constraint 

[Honig et al. 1994, Honig et al. 1995). This receiver adapts to minimise all output energy 

attributable to sources of interference orthogonal to the desired user's signal. 

Alexander and Rasmussen [1998] modelled the multi-user system as a time varying inter

ference channel. The effect of this channel can be represented by a matrix whose sub-matrices 

represent the cross-correlation between the spreading codes of each pair of users. They propose 
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using a whitened matched filter to minimise the interference due to the simultaneous users. A 

windowed Cholesky decomposition is used to derive the optimum filter from the time-varying 

channel matrix. 

Multi-user detection has been proposed as a tool for increasing capacity in the mobile 

multi-path channel. By detecting the symbols transmitted by all users in the system, the re

ceiver can efficiently resolve the interference they present to the desired user [Duel Hallen 

et al. 1995]. The final receiver is further complicated by the structure and interference in

troduced by the channel. For optimum performance the multi-user detector must resolve the 

fading experienced by each user prior to any decision. Receivers which operate in both the 

Rayleigh and Ricean channels have been proposed [Zvonar and Stojanovic 1994, Vasudevan 

and Varanasi 1994]. 

Verdu [1986b] evaluated the performance of CDMA receivers through their asymptotic 

efficiency. This is defined to be the ratio between the signal-to-noise ratio required for the 

same single user performance in the absence of interference to the actual perceived signal-to

noise ratio. 

1.4 AIM OF THE THESIS 

This thesis considers aspects of the design of a fast frequency-hopped spread spectrum com

munication system. The design aims to minimise the effects of both the channel induced inter

ference and the multiple-access interference. It is desired that the network will provide users 

with the bandwidth required to support digital transmission with acceptable performance. As 

the number of users approaches the system capacity, it is anticipated that the performance will 

gracefully degrade to accommodate the additional users. 

As the frequency spectrum is a limited resource, it is desired that the proposed system 

should either be able to share an existing frequency band with another application or it should 

operate in the very high frequency spectrum which has yet to be allocated. In the first case the 

interference to the existing service due to the proposed system must be minimised. 

Fast frequency-hopped spread spectrum communication is currently employed for military 

applications that require low probability of intercept communication. In such systems the 

transmitter attempts to communicate in a hostile interference channel while minimising the 

detectability of the signal. The proposed mobile communication system can be considered to 

have similar properties. The mobile multi-path channel can be considered as a passive jamming 

channel. The presence of interfering users signals leads to unintentional jamming of the desired 

user's signal. The desire to limit the system's interference into existing systems matches the 

desire for the transmitted signal to be undetectable. Hence, this thesis proposes using Ff'HSS 

to provide a mobile communications signalling format in the mobile multiple access channel. 

This has a further advantage in that by using a wide-band communication system in the mobile 

channel the time-varying effects of the channel can be resolved. 
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1.4.1 Contributions of this Thesis 

This thesis examines the design of receiver structures for a fast frequency-hopped spread spec

trum mobile communication system. The system is similar to that proposed by Goodman 

et al. [1980]. 

Prior to deriving a receiver, the structure of the interference found in the channel is ex

amined. A novel model for the multiple-access interference is presented in Chapter 3. This 

approximates the performance of a single user receiver in the multiple-access interference lim

ited channel. Two receiver structures are considered by the model. These are optimised to 

detect a single user's signal. The soft decision receiver combines the received hops prior to 

providing a decision. The hard decision receiver makes a decision on each received hop and 

then employs majority logic to combine the decisions. The performance of both receivers is 

limited by the multiple-access interference. 

The design of an appropriate receiver for the multiple-access system is then investigated. 

This extends the soft decision, single user receiver to one which operates to minimise the ef

fect of the multiple-access interference. Single shot, maximum likelihood receiver design is 

considered in Chapter 4. These have similarities to the work of Kailath [1960], Price and 

Green [1958] and Hancock and Wintz [1966] and offer limited performance in the time selec

tive, interference limited channel. 

A sequence-based optimum receiver for the proposed system is developed in Chapter 5. 

This receiver operates to minimise the effects of all sources of interference on the received 

signal. This extends the conventional TDMA or FDMA single user receiver of Lodge and 

Moher [1990] and Hart [1996] for use in a CDMA system. Linear prediction of the received 

signal is employed to minimise the effect of the interference. The receiver employs maximum 

likelihood sequence estimation to provide the combined set of sequences received from each 

user and is highly complex since it must predict all possible received sequences. 

A further, sub-optimal receiver is presented in Chapter 5. This receiver is derived from the 

optimal multi-user receiver. It is derived with knowledge of the effects of the multiple-access 

interference. It does not explicitly attempt to track the path followed by the interference, it 

simply aims to minimise its effects. While the number of users present in the system does not 

exceed the capacity of the channel, this receiver provides similar performance to the optimum 

multi-user receiver. 

1.5 SUMMARY 

This chapter has introduced the problem of multiple-access communication in the mobile com

munication channel. CDMA was introduced as a means of supporting multiple users in the 

interference channel. This thesis concentrates on frequency-hopped spread spectrum and a 

review of this signalling format was presented. The effects of interference covered in the liter-
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ature were included. The problem of multiple-access communication was introduced. Finally 

the concept of multi -user communication receivers for direct sequence systems was introduced. 
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Chapter 2 

THE TRANSMITTER 

Mobile communication relies on radio to transport messages. The mobile transceiver is de

signed to efficiently transmit and receive radio signals. It operates in a hostile environment as 

the received signal is distorted by the radio channel. Interference due to the multi-user nature 

of the communication system further complicates reception. In the proposed CDMA system, 

all users share the common network bandwidth. Consequently, each users' signal appears as 

interference to the other users. In designing the transceiver it is desired that the effects of the 

channel and interference on the received signal are minimised. The design should ensure that 

the service is as transparent to the user as possible. 

This chapter presents an overview of the proposed transmitter and the fast frequency

hopped spread spectrum channel access method to be employed. The concepts required for 

digital modulation are introduced in section 2.1. This is developed to present the frequency

hopped spread spectrum modulation employed by the proposed transmitter in section 2.2. The 

pulse shaping applied to the transmitted signal is discussed in section 2.3. 

2.1 PRINCIPLES OF TRANSMISSION 

Digital communication systems exist to transfer information between two disparate points. 

Spatially separate users communicate with the aid of a defined signalling format which regu

lates transmission. A mobile communication system is one of many such systems. As at least 

one terminal is mobile, a fixed physical link does not exist between the terminals. Thus, the 

information must be transmitted by means of a radio signal for at least a portion of the link. 

The transmitting terminal has a source of data which it wishes to transmit as accurately 

as possible to the receiving terminal. This data may be digitally encoded speech, a digital 

video stream, or simply digital data. The transmitter is assumed to receive the data stream at 

a constant speed with bit rate Rb. Initially, the transmitter converts the source data stream to 

a series of M-ary (M ~ 2) symbols suitable for transmission. The conversion may simply be 

a direct mapping of M binary bits to each message symbol. Alternatively, the data may be 

coded to provide a degree of protection from sources of error in the transmission of the data. 

Error control coding increases the source data that must be transmitted, but the intentional re-
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dundancy provides for improved performance at the receiver. Many codes have been published 

which reduce the number of errors observed due to the effects of the fading channel [Rappa

port 1996, van Nobelen 1996]. Coding of the data for error protection is outside of the scope 

of this thesis. 

The transmitter provides a new symbol for transmission at a constant symbol rate Rs. This 

may be derived from the bit rate as 
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Figure 2.1: Four common methods for modulating digital data. 

There are many possible constellations and modulation formats from which to choose for the 

mapping of the symbols to form the signal to be transmitted. These range from the trivial to 

those with high complexity. Four common modulation formats are shown in figure 2.1. 

Frequency hopped spread spectrum systems typically employ either phase shift keying, 

minimum shift keying or freqnency shift keying to modulate the source data stream. The 

system proposed in this thesis uses orthogonal M -ary frequency shift keying. 

2.1.1 M -ary Frequency-Shift Keying 

In frequency shift keying modulation, the source data stream is mapped to a sequence of the 

M possible symbols. Each modulated symbol is represented by an orthogonal frequency. The 

1 th modulated data symbol may be represented as [Haykin 1988] 

a(l) (t) Aexp (J2n}lt) PT. (t -lTs) lTs ~ t ~ (l + 1) 1, 2,... (2.2) 
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where the amplitude, A, is constant for all symbols in the alphabet. This allows the transmitter 

to benefit from operating its amplifier in the non-linear region, and consequently the maximum 

power available to the transmitter can be used. The pulse shape used by the transmitter is the 

rectangular pulse 

{ 
1 0::; t < Ts 

PT = 
s 0 else 

(2.3) 

The frequency representing the data symbol fl is chosen from the set of available frequencies 

- there is one frequency per symbol in the alphabet. To ensure orthogonal separation between 

symbols, the cross-correlation of the modulated symbols must be zero for each pair of symbols 

so that 

fTs 
Jo a(i) (t) a(j)* (t) dt = 0, (2.4) 

Substituting equation 2.2 into equation 2.4 and solving, we get the frequency separation re

quired for orthogonal symbols as 

(2.5) 

The minimal frequency separation 6.f = is between symbols can be used without loss of 

orthogonality. With binary frequency-shift keying only two data frequencies are required: h 
and 12, where 12 = h +6.f. For M-ary frequency-shift keying, M symbols are required. The 

frequencies which represent these symbols may be defined as 

Vi E [1, ... ,M] 

The bandwidth occupied by the FSK M -ary system is then 

M 
WFSK = T 

s 

(2.6) 

(2.7) 

In narrow-band conventional systems, the modulated data signal is then converted to the 

radio frequency suitable for transmission by an IF chain. This provides a signal of the form 

suitable for FDMA and TDMA communication. To provide the FHSS signal, a process is 

required to convert the narrowband data signal to the wideband form suitable for transmission. 

Once per hop the data signal is translated in frequency according to the spreading code. This 

may directly convert the signal to the required RF frequency. Alternatively, the frequency

hopped baseband signal can then be up-converted to RF. The spreading of the modulated data 

signal to create the frequency hopped spread spectrum signal will now be examined. 
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2.2 FREQUENCY. HOPPED SPREAD SPECTRUM MODULATION 

To generate the frequency-hopped spread spectrum signal, the data signal of equation 2.2 is 

hopped in frequency a number of times per symbol period. The hopping is achieved through 

a pseudo-random spreading sequence or code. Ideally, these codes are orthogonal to minimise 

interference between users. The size of the available bandwidth together with the effect of 

the delayed echoes introduced by the frequency-selective multi-path fading channel severely 

restricts the number of truly orthogonal codes which can be constructed. Further, the CDMA 

system desires to support as many users as possible with a graceful performance degradation as 

the number of users present approaches the system capacity. Thus, selecting unique orthogonal 

codes for each user is impractical as it places a hard limit on the system capacity . 
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Figure 2.2: Partitioning of the available spectrum to provide N B hopping bins when M = 4. 

With the limited capacity available to the system, any scheme which operates using truly 

orthogonal codes reduces to a frequency division multiple access scheme. This hard limits the 

total number of simultaneous users that can be supported, since then only one user can occupy 

each hop bin within each hop period. 

The frequency hopped spread spectrum system studied in this thesis follows the contiguous 

spectrum approach of Simon et ai. [1985aJ. The available spectrum of the wide-band channel 

is assumed to be divided into N B adjacent contiguous frequency bins as shown in figure 2.2. 

Each bin contains sufficient bandwidth to contain the modulated data signal on anyone of the 

M symbol tones. The data sigual is hopped at least once per code symbol, Nh 2 1. A diversity 

gain is observed when more than one hop is used to transmit each data symbol. The hop period 

is defined as 
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(2.8) 

During each hop period the data signal is hopped, or translated in frequency, to one of the 

available N B frequency bins in a pseudo-random fashion. Unlike the spreading employed 

by direct sequence spread spectrum systems where the binary elements of the code directly 

modulate the user's signal, log2 N B bits of the spreading code are used to select each frequency 

bin. The hopping code is normally periodic. It may repeat once per symbol or after several 

symbols have been hopped. Employing the same hopping code for each data symbol preserves 

the structure in the multiple-access interference. By using a spreading code whose period is 

much longer than the data period, the effect of the MAr on the received signal tends to exhibit 

Gaussian properties. The hopping signal in any data symbol period, say the l th, may be 

represented as 

Nh 

c(l) (t) = L C;~l) (t) FTh (t -lTs - gTh) (2.9) 
g==l 

where c;~l) (t) is the frequency modulated code symbol selected by the spreading code. This 

translates the l th modulated data symbol to the appropriate bin for the 9 th hop of the current 

symbol and may be written as 

(2.10) 

The complex gain of the modulated code symbol is selected to provide for a uniform envelope 

over all possible spreading codes. The frequency f~l) is that which translates the l th modulated 

data signal to the bin selected for the 9 th hop. The pulse shape FTh (t) in equation 2.9 is 

discussed in further detail in section 2.3. For the present discussion it is sufficient to consider 

this to be a rectangular function on 0 ::; t < Th. 

By combining the modulated data signal of equation 2.2 with the code signal in equa

tion 2.9, we get the complex baseband signal to be transmitted for the l th data symbol as 

8(1) (t) = a(l) (t) c(l) (t) (2.11) 

The sequence of transmitted data symbols can then be written 

00 

8 (t) = L 8(1) (t) 
1==-00 

(2.12) 
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By defining the complex pulse shape to be transmitted for the l th symbol as 

Nh 

h (t -lTs) = L r;~l) (t) PTh (t lTs 9Th) lTs :::; t < (l + 1) Ts (2.13) 
g=l 

equation 2.12 we can write in the compact form 

00 

s (t) = L a(l) (t) h (t -lTs) (2.14) 
1=-00 

The pulse shape in equation 2.13 uniquely defines each user through the spreading code used 

to generate the hop pattern. This pulse shape contains the spread spectrum process and all of 

the spectral shaping applied to the transmitted signal. 

Transmitted signal 

Time 

Figure 2.3: Block diagram of the transmitter for the proposed system. 

The operation of the transmitter is illustrated in figure 2.3. The source data stream is 

modulated to provide an M -ary FSK signaL A new symbol is provided every Ts seconds. 

Simultaneously, the hop code is used to select the frequency bins which the signal will occupy. 

In figure 2.3 each data symbol is hopped twice. The hop signal is mixed with the data signal to 

create the FHSS signal. 

2.3 PULSE SHAPING 

The foregoing has assumed ideal rectangular pulse shapes for all signals. However, the system 

must reside within a constrained bandwidth licensed by the regulatory authorities which govern 



2.3 PULSE SHAPING 33 

the radio spectrum. In the frequency domain the rectangular pulse has an infinite frequency re

sponse, and thus, the symbols of the previous section can interfere with the adjacent frequency 

spectrum. This occurs as some of the transmitted energy falls outside the assigned bandwidth. 

This is illustrated in the upper half of figure 2.4. This contravenes the regulations governing 

spectrum allocation. Thus, a more efficient pulse shaping must be applied to the signals to 

prevent this spectral leakage. This creates further problems as the time and frequency domains 

are duals. 
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Figure 2.4: A comparison of the rectangular and square root raised cosine pulse shape. 

The pulse shape which is commonly found in the literature for band-limited communica

tion is the raised cosine pulse [Proakis 1989]: 

(§!!!.) _ sin (~) cos T 

PRe (t) - !rt. 1 _ 'YE£ 
T T2 

(2.15) 

where T is the period of the rectangular pulse to be replaced with pulse shaping. This is 

discussed further below. Another pulse used for band-limited communication, used in this 

thesis, is the square root raised cosine pulse reg: Hart 1996]. 

--SlllC + -sinc -- + - cos - +-1 - f3. ((1 - f3) t) f3 (f3t 1) (7rt 7r) 
T T T T 4 T 4 

+f3 sinc (f3t _~) cos (7rt _ ~) 
T T 4 T 4 

(2.16) 

The parameter f3 in equations 2.15 and 2.16 defines the excess bandwidth occupied by the pulse 
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in the frequency domain and has value 0 ::; f3 ::; 1. The pulse then has a one sided bandwidth 

of 1+{3 
2T . 

While two rectangular pulses were used in the development of the transmitted signal 

above, only one will be replaced by the square root raised cosine pulse shape. This is suf

ficient to limit the time and frequency domain effects due to the leakage of the transmitted 

signal. As a fast frequency-hopped spread spectrum system is proposed, the pulse shaping is 

applied to the hop chips. For a slow frequency-hopped spread spectrum system, it is most ad

vantageous to apply the pulse shaping to the data symbols as they will change faster than the 

hops. 

2.4 SUMMARY 

A model for the transmitted signal as required by a fast frequency-hopped spread spectrum 

system was developed in this chapter. The modulated signals will be used to derive suitable 

receiver structures once the interference present in the channel has been introduced. The trans

mitter modelled by this thesis is shown in figure 2.3. The pulse shaping required of the system 

to limit spectral spreading was examined in section 2.3. 



Chapter 3 

THE MOBILE, MULTI-USER COMMUNICATION CHANNEL 

This chapter considers the sources of interference in the fast frequency-hopped spread spec

trum mobile mUltiple access communication system. These include the effect of the communi

cations channel on the transmitted signal and the multiple access interference experienced by 

the system. Statistical models for the effect of the interference on the system are derived from 

the properties of the processes .. 

The mUlti-path fading channel is introduced in section 3.1. A mathematical model of the 

interference is presented in section 3.1.3. This is then used in section 3.2 to derive a statistical 

model for the multi-path fading channel. The model is used in chapter 4 and chapter 5 to 

derive appropriate receiver structures for the channel. Methods of simulating the effect of the 

multi-path fading are discussed in section 3.2.2. 

The effect of the mUltiple access interference on the system is discussed in section 3.4. 

A model for the effect of this interference is derived for the AWGN channel in section 3.4.2. 

The model is then used to evaluate the performance which can be expected of the proposed 

system in the multiple-access interference channel. This is presented in section 3.4.3, where 

the performance of a system with a large number of available frequency bins is investigated. 

3.1 RANDOM CHANNEL DISTORTION 

The effect of multi-path fading on the proposed wideband communication system is sum

marised in sections 3.1.1 and 3.1.2. Following a description of the mechanisms of the fading 

channel, a model for the multi-path fading process is derived in section 3.1.3. 

3.1.1 Flat )1"ading 

The transmitting terminal has little, if any, information as to the location of the mobile receiver. 

It simply radiates the transmitted signal energy in all directions favoured by its antennae. The 

receiving terminal observes the transmitted signal at some point in the field surrounding the 

transmitter. The amplitude of the received signal is decreased by a factor proportional to some 
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power (typically between 2 and 4) of the distance travelled by the wave bearing the infonnation 

signal. 

The mobile environment is far from ideaL In urban locations direct paths rarely exist 

between the transmitter and the receiver. Buildings and other scatterers disrupt the propagation 

of the transmitted wave, reflecting the transmitted signal. With each reflection the signal is 

degraded through both an attenuation and a phase shift. The received signal arrives at the 

receiver by means of a number of paths. Each received path contains a number of unique 

reflections, the combined effect of which causes that path to have both a magnitude and phase 

distortion relative to the transmitted signal. Every received path is delayed by an amount 

proportional to the distance it has travelled from the transmitter. The path outputs combine at 

the receiver's antenna causing constructive and destructive interference, distorting the received 

signal. Figure 3.1 presents a grossly simplified two path model of the scattering environment, 

illustrating the effect of a two path channel on the received signal. 

I , I 
I ,Path2 I 

I Path 1 

1 

First 0 
Path 

1\ '/\ 

I/V_ V v 1/ 
\r~ 

Figure 3.1: A two path ray model which illustrates the destructive interference introduced by the fading environ
ment. 

The distortion due to the sum of all the received paths can be modelled as a complex 

Gaussian distribution by the Central Limit Theorem [papoulis 1984]. The envelope and phase 

of the received signal have been shown, Rice [1945], to have a Rayleigh distributed envelope 

and a unifonn random phase. 

In an ideal environment the scatterers which contribute to the received paths would all be 

stationary. The paths between the transmitter and the receiver would then be invariant, con

tributing a constant amplitUde and phase distortion to the received signal. The process due to 

the sum of these paths would then be time invariant. Unfortunately, in mobile communica

tions at least one of the terminals is usually in motion. Consequently, the amplitude and phase 

distortion due to these paths will vary with time. As the frequencies employed for mobi1e 
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communication have small wavelengths, it does not take a large change in the path length to 

provide a large phase shift in the received signal component. A path's phase rapidly changes 

through 27f as the path length changes by a distance equal to a wavelength. 

The process affecting the received signal exhibits a time varying envelope and phase which 

is commonly referred to as multi-path fading. This creates a time varying interference pattern 

which is dependent on the locations of the antennae, their relative motion, and the distribution 

of the scatterers in the field which surrounds them. Motion of the scatterers, the transmitter, 

or the receiver introduces a Doppler frequency shift which further corrupts the received signal. 

The magnitude of the Doppler shift is dependent on the speed of the motion and the angle of 

the arrival of the path relative to the direction of motion of the mobile terminal. 

The effect of the fading on the envelope of the received signal is grossly characterised by 

the speed with which the fading process changes. This is dependent on the symbol rate of the 

system and the maximum Doppler frequency shift experienced by the transmitted signal. The 

speed of the fading is thus measured by the fading bandwidth symbol period product: 

BT = 2fDTs (3.1) 

where f D is the maximum Doppler frequency shift and Ts is the symbol period of the data sig

nal. When this product is zero, the channel's effect on the transmitted signal is time invariant. 

Slowly fading channels, BT < 0.01, have an approximately constant effect on the transmitted 

symbol. For values greater than 0.1, the effects of the fading present in the channel are said to 

be fast. In such channels the fading will vary across the symbol period and can no longer be 

modelled as having a constant effect on a transmitted symbol. 

Examples of the magnitude and phase distortion introduced by the fading channel are 

shown in figure 3.2. The effect of the speed of the fading process is illustrated in the figure. 

For higher values of BT, the fading has a far greater effect on the received signal. While the 

speed of the fading varies in the three processes illustrated in figure 3.2, the effects of each is 

shown for a common period of time. 

Multi-path fading can cause the amplitude of the received signal to vary over a large range. 

Fortunately, this variation tends to occur relatively slowly. The effect of the fading on the phase 

of the received signal though is more destructive. It causes the phase of the received signal to 

cycle through rotations of 27f very quickly due to small changes in the received path lengths. 

This occurs because the wavelengths of the radio frequency modulated signal are small. For 

example, at 900 MHz the carrier wavelength is approximately 33cm. Thus, the phase distortion 

introduced by the channel can greatly distort the received signal. The phase shift experienced 

by the message is directly dependent on its frequency and can be found from its wavelength 

together with the path length of the multi-path process. 

Large terrain features in the environment are said to shadow the received signal. Due to 

their size and immobility the paths reflected from these scatterers appear to be approximately 

constant as the mobile terminal moves. Their combined effect on the received signal varies 
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Figure 3.2: An example of the phase and magnitude distortion introduced to the channel by the fading process for 
various values of BT. 

slowly in time [Stiiber 1996]. Small local scatterers have a greater affect on the received 

signal. The paths reflected from these vary considerably contributing to a faster time-varying 

distortion. Only the faster effects of the multi-path-fading process due to the random phase 

variations of the received paths are considered in this thesis. While shadowing affects the 

performance of the system, this generally occurs slowly in time. It is the rapid random phase 

variation which causes the most destruction to the transmitted signal. 

3.1.2 Selective Fading 

The discussion above introduces the effect of multi-path fading with no specification of the 

bandwidth of the message. For narrow-band systems the effect of the fading can be described 

as being frequency flat, or having an approximately constant effect across the entire message 

bandwidth. For flat fading to occur, the path delays of the received paths must be approximately 

similar in magnitude. Further, their range of values must be much less than the symbol rate of 

the communication system. 

In wide band systems, the messages are spread across very large bandwidths. Conse

quently, wavelength varies significantly across the bandwidth. This leads to frequency selec

tive fading, where the effect of the multi-path fading process on the transmitted signal varies 

across the message bandwidth. 

At the receiver the effect of the multi-path components may be completely described by 

their arrival angles and their delays. In the urban scattering environment, paths will arrive from 
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all directions, with varying delays. To aid in the understanding of the underlying process, the 

paths may be arranged according to their delays or arrival angles. As the selectivity of the 

channel depends on the path length of the arriving paths, it is intuitive to arrange the received 

paths according to their delays. Paths with a common delay superimpose to create a time 

varying distortion of the received signal. 

The effect of frequency selective fading can be seen to be the reception of the many dis

tinct faded delayed paths at the receiver. Each received path exhibits random envelope and 

phase distortion. Should the path delays be sufficiently large, then successive symbols will be 

smeared together producing multi-path induced inter-symbol interference. This can then cause 

an irreducible system error floor which limits the performance achievable in the frequency 

selective multi-path fading environment. The range of the path delays affecting the received 

signal is called the delay spread of the channel. When the channel has a large delay spread the 

performance will be significantly limited by the presence of multi-path induced lSI. 

3.1.3 Mathematical Model of the fading process 

A model for the multi-path fading environment can now be derived. This follows from the 

characteristics of multi-path fading presented above and makes use of assumptions regarding 

the transmission process to simplify the model. The transmitter and receiver are assumed to 

be located in a dense scattering environment with all reception being solely due to scattered 

multi-path components. No deterministic component is included as the model assumes that no 

line of sight path exists between the transmitter and the receiver. Only paths that travel in the 

horizontal xy plane are considered, following Clarke [1968]. 

There are assumed to be N p distinct multi-path components received by the receiver. The 

p th path affects the transmitted signal through an attenuation Pp and a delay Tp. The angle of 

arrival of the path at the receiver with respect to the plane in which motion is occurring is Cip . 

The bandpass received signal can then be represented as the sum of all paths and their effects 

on the transmitted signal [eg: Hart 1996]. 

where s (t) represents the transmitted signal. The origin for the plane through which the mobile 

terminal is moving can arbitrarily be chosen to be its location at time t = O. Thus, as the 

receiver moves through the plane with velocity v and at an angle of " its change in location is 

given by 

(x, y) = (vt cos" vt sin,) (3.3) 

Substituting equation 3.3 into equation 3.2, we get the received signal 
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f (t) 
Np ( 2 
]; Pp s (t - Tp) exp J21rfe (t - Tp) - \~ (vt COS 1 cos G p + vt sin 1 sin G p ) 

~pp 8 (t - Tp) exp (J2nJdt Tp) .xc cos (f (3.4) 

where the maximum Doppler shift experienced by the mobile due to its motion is defined to be 

fD (3.5) 

The quantity cos (, - G p ) in equation 3.4 scales the effect of the Doppler frequency shift ac

cording to the angle of arrival of the p th path and the direction of the mobile terminal's motion. 

The first operation of any receiver is to down-convert the received bandpass signal to 

baseband. This is performed at the rec~iver by a local reference carrier which has a frequency 

offset (f 0) and a phase offset (<Po) relative to the transmitter. The signal is then passed through a 

low pass filter which removes all extraneous frequencies, leaving only the message bandwidth. 

The received signal can be written 

Np 

r (t) - L s (t - Tp) exp (J21rfo (t - Tp) + J<Po) 
p=l 

where the effect of the channel has been separated from the data bearing signal and the fre

quency and phase offsets of the receiver. The channel can then be represented by the time 

varying complex low pass linear filter impulse response 

Np 

Z (tj T) = L P; exp (J21r (fa - fe) Tp - J21rfDtcos (f Gp)) <5 (T Tp) (3.7) 
p=l 

As noted by StUber [1996] the set of amplitudes of the fading paths Pp depend on the cross 

sectional areas of the surfaces which scattered the transmitted signal. The scatterers are as

sumed to be of a size that the path amplitude does not change significantly over small changes 

in spatial distance. Thus, the instantaneous fading is caused by the phase changes introduced 

by the channel. These phase changes may occur rapidly as small changes in the path delay lead 

to large phase variations. Motion causing Doppler shifting of the received signal contributes 

further phase variation further distorting the signal. 

Expressing the effect of the multi-path channel as in equation 3.7, we obtain the received 

signal 



3.1 RANDOMCHANNELDISTORTION 41 

r(t)= I:S(t T)Z(t;T)dT (3.8) 

where the frequency and phase offsets introduced by the carrier mismatch of the receiver have 

been included in the data bearing signal: 

s (t) s (t) exp (J27rfo (t) + J</;o) (3.9) 

The representation of the channel in equation 3.8 models the effect of the multi-path channel 

on the transmitted signal as a time-varying filter. This filter can be described by its system 

function which is a random process. The system function z (t; T), shown in equation 3.8, 

was labelled the input delay spread function by Bello [1963]. This function provides the time 

domain response of the channel to an input which is itself a function of time. This is one of 

many possible system functions which can be used to represent the effect of the fading on the 

transmitted signal [Bello 1963]. 

Densely tapped delay line 

Z(t,T)&r z(t,T)dT 
--liD-® --liD-® --liD-® --liD-® --liD-® 

+ + + + + 111111111111111111111111111111111111111111111111111111111111111111111111111 J 1111111111111 

Summing bus 

Figure 3.3: Tapped delay line model of the multi-path fading channel. 

r (t) 
--> 

By representing the channel as a continuum of scintillating scatters, it can be modelled 

as a tapped delay line. In the case of the input-de1ay-spread function, each tap on the densely 

tapped input bus is modulated by a complex modulation which represents the effect of an 

hypothetical scatterer z (t; T) dT. The tapped delay line for the input-delay-spread function is 

shown in figure 3.3. 
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3.2 STATISTICAL CHARACTERISATION OF THE MULTI-PATH 

CHANNEL 

The previous section has provided insight into the effects of the multi-path fading channel. To 

effectively combat these, the receiver must make full use of all the information that it can obtain 

regarding the channeL Ideally, it requires know ledge of the scattering processes affecting all 

of the received paths to resolve their effect on the received signal. In practice this requirement 

is impossibly complex. 

The mobile radio communication channel is randomly time variant. The system functions 

which describe its effects on the transmitted signals are stochastic processes. The effects of 

the multi-path fading channel on the transmitted signals can then be described through the mo

ments of the stochastic processes. Knowledge of the moments of the fading process provides 

the receiver with sufficient information from which it can reliably estimate the data contained 

in the received signal. When the output of the communication system has a Gaussian distribu

tion, only its first and second order moments are required to completely described the system. 

When there is no line of sight component, the mean value of the fading is zero. In this case, the 

received process may equivalently be represented as being having a Rayleigh envelope distri

bution with a uniform phase distribution [Parsons 1992]. Should a line of sight path exist, the 

statistics of the fading process change. The mean value of the process would be non-zero and 

the envelope of the received process would have a Ricean distribution. 

3.2.1 Covariance Functions of the Multi-Path Fading process 

The covariance of the received signal can be evaluated from knowledge of the covariance of 

the fading. The autocovariance ofthe input-delay-spread function, equation 3.7, can be written 

as 

(3.10) 

In the absence of a deterministic fading component, as assumed in the model, the covariance 

of the fading process is equivalent to its correlation as the mean of the process is zero. 

The autocovariances for the other system functions which describe the fading process can 

be obtained in a similar manor to that shown in equation 3.10. These are interrelated by Fourier 

transforms like the system functions from which they are derived [Bello 1963, Parsons 1992]. 

These further covariance functions include the functions which represent the covariance of the 

fading process in terms of the Doppler spread and frequency variables. 

3.2.1.1 Wide Sense Stationarity 

The autocovariance in equation 3.10 describes the second order statistics of the fading process, 

and it must be known or calculated for all possible instances in time (t, tf) which will effect 
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the received signal. A simplification can be made by noting that the statistics of most physical 

mobile communication channels vary slowly with time. These channels have an approximately 

stationary behaviour for small differences in time e = t - tf. While the statistics are not 

necessarily truly stationary, they may be modelled as being wide sense stationary (W S S). The 

autocovariance of the fading process then becomes dependent only on the time difference e 
between the two observations of the fading process and 

(3.11) 

The effect of the WSS assumption on the channel can be seen through the singular behaviour 

of the Doppler shifts. For normally distributed fading processes, the Doppler shift variables are 

independent implying that the scatterers which introduce the Doppler shifts are uncorrelated. 

3.2.1.2 Uncorrelated Scattering 

The autocovariance in equation 3.11 can be simplified by making further assumptions regard

ing the scattering process. In practice, the scatterers in many communication channels have 

uncorrelated effects. By modelling the mobile communication channel as an uncorrelated scat

tering (US) channel, it becomes singular in the time delay variable. The complex gain of 

each individual scatterer is uncorrelated with that of all the other scatterers present in the chan

nel. The US channel is the dual of the WSS channel with respect to the frequency variable. 

Assuming an US channel, we can write the autocovariance of the channel system function as 

(3.12) 

where the delta function ensures that the paths at differing delays are uncorrelated. 

3.2.1.3 Wide Sense Stationary Uncorrelated Scattering 

Combining the properties of the WSS and US channels we obtain the wide sense stationary 

uncorrelated scattering (W S SU S) channel. This channel model encompass all of the prop

erties of the two models presented above. In the WSSUS channel, the fading process system 

function has a wide sense stationary distribution in the time variable, while the delay variable 

has an uncorrelated distribution. The channel consists of uncorrelated scatterers with wide 

sense stationary statistics[Bello 1963]. The autocovariance of the channel system function can 

then be expressed as 

(3.13) 

This can be seen to be a combination of equations 3.11 and 3.12. The autocovariance depends 

only on the time difference between the two time instances as required by the WSS assumption. 
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Further, the effects of the fading introduced by two different path delays are uucorrelated as 

found in the US channel. 

3.2.1.4 Covariance of the Derived Model 

Assuming a WSSUS channel, we can find the autocovariance of the fading process derived in 

section 3.1.3. By direct substitution from equations 3.7, 3.10, and 3.13 the autocovariance of 

the model for the fading process is 

4 

exp (-.127f' fDtcos b - ap ) + J27f' fD (t + 0 cos h' ap')) 

,j (T - Tp) ,j (T' Tp') ,j (T - T') 1 (3.14) 

From the WSSUS assumption equation 3.14 can be simplified as the distinct paths in the multi

path process are uncorrelated. The expectation of the terms \:fp' 1= p reduce to zero as the multi

path fading process is assumed to have a zero mean value. The double summation reduces to a 

single summation. 

Simplifying equation 3.14 by applying the WSSUS assumptions, we get the autocovari

ance of the multi-path process 

(3.15) 

The two remaining random variables in equation 3.15 are the arrival angle of the multi-path 

fading paths and the path strength of the individual paths. The received paths will arrive at the 

receiver from all angles in the two dimensional plane assumed by the model. The arrival angle 

for the fading paths ap may then be modelled as being uniformly distributed. This isotropic 

scattering model was first proposed by Clarke [1968]. 

The path strength is independent of the arrival angle, and so the expectation can be taken 

individually for the two remaining random variables. As the distribution of the arrival angles 

is constant for all paths, it can be evaluated independently of the summation as 

r21r 

~ exp (J27f' f D~ cos (,/ - a)) da io 27f' 
Jo (27f'fDT) (3.16) 

The remaining term in equation 3.15 is the expectation of the sum of the path strengths. Sub

stituting equation 3.16 into equation 3.15, we can write the autocovariance for the WSSUS 
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multi-path fading process as 

(3.17) 

where the presence of the delta function is due to the US assumption concerning the fading 

process. This implies that the autocorrelation due to each scatterer has an effect proportional 

to the maximum Doppler shift experienced by that scatterer. 

3.2.2 Simulating the Multi-path Fading environment 

To study the performance of the fast frequency-hopped receivers developed later in this thesis, 

it will be necessary to simulate their performance in a mUlti-path fading environment. It is 

therefore desired to simulate the effects of a mUlti-path fading channel. This section describes 

the process used to generate the samples of the fading process. 

The statistical properties of the fading processes have been described in detail above. Sim

ulation of this process can be achieved by generating a process with the same statistical prop

erties [Parsons 1992]. This process can then be convolved with the transmitted signal as shown 

in equation 3.8. Care must be taken to ensure that both the fine and coarse structure of the 

channel is preserved in the simulation. 

For a fiat fading channel where the delay spread is much less than the symbol period, the 

fading process can be simulated by passing complex white Gaussian noise through a linear filter 

[Fechtel 1993]. To simulate isotropic scattering, the filter requires an impulse response such 

that its output power spectral density closely matches the autocovariance of the fading process 

shown in equation 3.17. While many possible filters exist which perform this task, a suitable 

filter must be chosen carefully to ensure that the fine structure of the channel is preserved. 

Verdin and Tozer [1993] proposed a method to generate highly correlated fading using 

two linear filters and multi-rate sampling. While this provides for a stable and accurate model 

of the fading process, the number of operations required in the computation is large. Due to 

the number of samples required to simulate the wideband channel in the proposed system, a 

simpler filter design was preferred to ensure low bit error rate results were obtainable. 

A statistical model for the multi-path distortion present in the land-mobile satellite channel 

was derived from a series of channel measurements [Loo 1984, Loo 1985, Loo et al. 1986]. In 

this channel the received signal comprises of two components: the direct, or line of sight path 

and that received with Rayleigh fading. To simulate the effect of the fading on the transmit

ted signal McLane et al. [1987] proposed using a third order Butterworth filter. Such a filter 

was chosen as it provided a good fit to previously published experimental results [McLane 

et al. 1988]. The 3dB cut -off frequency of the filter is chosen to correspond to the speed of the 

fading. The filter was normalised to ensure that it contributed only a unit gain to the system. 

While the power spectral density of the third order Butterworth filter lacks the band-edge peaks 
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present in the autocorrelation of equation 3.17, the process generated by this filter provides an 

adequate model of the fading process. The high rate of sampling necessary to simulate the 

wideband channel provides for a smoother fading process than is obtainable if only one or two 

samples per symbol are used. With a three bin, three hop system, thirty-six samples per symbol 

are required. The fading processes shown earlier in this chapter, in figure 3.2, were generated 

using the proposed multi-path fading simulator. The power spectral density of the simulated 

fading process resembles that of the fading observed when a three dimensional scattering model 

is assumed [Aulin 1979]. 

In simulating the frequency-selective channel, the delay spread must be correctly sim

ulated to provide for the selectivity of the channel. Both the narrow-band effects due to 

Doppler spreading seen in the fiat fading channel and the wideband effects that cause 

quency -selectivity must be included. The selectivity is due to the range of the delay spread. 

As has been seen, when the delay introduced by the multi-path channel is much smaller than 

the symbol rate, the channel will be frequency fiat. For the frequency-selective channel, the de

lays that must be modelled to correctly simulate the channel are in the order of the data symbol 

duration. 

Rununler [1978J proposed a three path model for the line of sight microwave channel 

which modelled the frequency selectivity of the channel. By combining the received paths 

with appropriate delays, the required frequency-selective channel was obtained. The validity 

of the model for the microwave channel was later confirmed [Rurnmler 1979]. While this 

model is not directly applicable to the mobile radio channel, it provides insight into how a 

frequency-selective channel may be modelled. 

Fechtel [1993] proposes orthogonalising the paths received with different delays to create 

a simulation model of the fading process. This provides for a fading simulator which can effi

ciently simulate the multi-path fading channel. For the classes of channels considered by this 

thesis, a simpler method can be achieved through the assumption made regarding the channel. 

The US assumption means that the paths received with different delays are independent. Thus, 

the paths can simply be summed in a manner similar to that proposed by RummIer [1978J as

suming each path is appropriately delayed and faded by a narrow-band fading process. The 

scaling of the magnitude of each path modelled refiects the strength of each received path. The 

frequency-selective fading channel can then be simulated with a tapped delay line, where each 

tap scales the signal with an independent fading process. 

Np 

z(t,r) = LZp(t)o(t-rp) (3.18) 
p=l 

An example of a simulator for a three path frequency selective fading channel is shown in 

figure 3.4. 
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Zl (t,T) z2(t,2T) Z3 (t,3T) 

Figure 3.4: A three path model for a frequency selective multi-path channel. 

3.3 THERMAL NOISE 

The interference to the transmitted signal due to the multi-path environment is due to the nature 

of the propagation. There is a further source of interference present which serves to degrade the 

system performance. This interference is due to the thermal noise of the receiver's electronics 

and the background radiation present in the channel. 

This noise can be modelled at the receiver antenna as a zero mean real Gaussian process. 

After quadrature demodulation the noise process becomes complex Gaussian with indepen

dent real and imaginary components. The noise n (t) has a uniform two-sided power spectral 

density of l1f within the frequency limits of the receiver. The autocovariance of the complex 

baseband noise is 

(3.19) 

The signal-to-noise ratio which provides a measure to the performance of the system in the 

given channel is defined to be 

SNR=E [IS(t)1
2

] 

In (t)12 
(3.20) 
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3.4 SYSTEM INTERFERENCE 

In addition to the distortion created by the channel, the mUltiple access communication channel 

also contains interference due to the presence of other users. This interference is due to the 

frequency reuse schemes which are fundamental to modem cellular communication systems. 

The frequency band used by one cell is also used by other cells spatially separated from it. The 

interference observed between cells then becomes a function of the distance between any two 

cells operating in the same portion of the available bandwidth. The system designer attempts 

to minimise this interference by arranging the cells such that a guaranteed minimum distance 

is maintained between any two cells using the same frequency band. The interference can be 

further minimised by limiting the power transmitted by all users within each cell. 

The presence of many weak co-channel interferers can be represented by a coloured 

Gaussian noise process through the central limit theorem. Any dominant co-channel inter

ferers will appear as non-Gaussian interfering signals to the desired user [Clark 1992, Heb

ley 1997, Papoulis 1984]. 

CDMA networks typically (re)use the same frequency band in all cells. Consequently 

co-channel interference exists between the cells. When the adjacent cells do share the same 

set of spreading codes this interference will appear as additional noise-like multiple-access 

interference. Should a common code be used in two cells, then the perceived interference 

from that pair of users could be greater than the average multiple-access interference. In the 

following section it is assumed that the dominant source of interference is due to the system's 

multiple access protocol. 

3.4.1 Multiple Access Interference 

The performance and capacity of CDMA networks is interference limited. This is directly 

due to the multiple users simultaneously accessing the whole of the system bandwidth. For 

a defined level of mUltiple-access interference there is a limit to the bit error rate achievable 

by the receiver. Once this limit is reached no increase in transmitter power will improve the 

performance available from the receiver. For the receiver to reduce the error fioor, the structure 

of the interference must be exploited. Examples of such receivers are explored in the following 

chapters. 

TDMA and FDMA systems are designed such that simultaneous users are separated in 

time and frequency, respectively. Guard bands are employed to ensure that there is a mini

mum of interference directly between active users within a common cell. CDMA systems in 

contrast rely on the properties of their spreading codes to provide interference rejection. The 

spreading operation distributes each user's signal across the whole of the system bandwidth. 

With well designed spreading code sequences, the effect of multiple access interference on 

direct sequence spread spectrum systems is merely to raise the perceived system noise level. 

Depending on the system processing gain and the receiver structure, this noise is tolerable 
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for small numbers of simultaneous users. As the number of interfering users increases, the 

performance degrades. Once the number of simultaneous users exceeds a threshold the multi

ple access interference renders efficient communication impossible. In direct sequence spread 

spectrum systems, which have long spreading sequences with low cross-correlation properties, 

the multiple access interference can be modelled as a Gaussian process. This assumption ap

plies in the interference only channel and is derived from the central limit theorem [Buehrer 

and Woerner 1995]. 

This behaviour is further complicated by the multi-path environment. In addition to the 

effect of the fade induced envelope and phase distortion, the multiple delayed copies of the 

transmitted signals appear as further multiple access interference. 

Musa and Wasylikiwskyj [1978] derived a model for the co-channel interference due to the 

presence of multiple users in DSSS and FHSS CDMA systems. Assuming a geometric model 

for the spatial location of the users in the region surrounding the base station, they derived 

the probability of symbol error which the users would experience in the channel. While the 

model did. not include the effects of the multi-path fading environment, it showed that the 

mutual interference present in the channel was less severe for a synchronous slow frequency

hopped spread spectrum system than for a direct sequence system in the presence of Gaussian 

interference. 

In frequency-hopped spread spectrum systems, multiple access interference causes hits 

in the received signal. A hit is said to occur when two users select the same hop bin. After 

de spreading the received signal, the interfering user's signal appears as one of the possible 

data symbols within that hop. As this represents one of the legitimate received hop-symbol 

combinations, the receiver must operate to remove the interference prior to any operation to 

detect the desired received symbol. Any hits which are present in the received signal at the time 

of the final symbol decision increase the probability that an incorrect decision will be made. 

In fast frequency-hopped systems, the receiver conceptually operates on a time-frequency 

matrix containing the received hop diversity information. The presence of interfering users 

causes erroneous detections to occur, adding interference terms, or hits, to this matrix. The 

receiver must then decide on the received symbol from the information contained in the ma

trix. This process is illustrated in figure 3.5. The received time-frequency matrix contains the 

frequency-hopped signals of two users. In one of the hops the two users have selected the same 

bin causing a hit. After de spreading, the hop containing the hit should be treated with care 

as it may lead to an incorrect decision. Traditional majority logic receivers decide on the re

ceived symbol by selecting the symbol represented by a complete row in the matrix [Goodman 

et al. 1980, Spi1chen and Gulliver 1996]. Due to the presence of the hits there may be more 

than one complete row to select from. The receiver is then likely to select an incorrect symbol 

as it has no additional side-information regarding the interference with which it can bias its 

decision. The hit will affect the detection of the interfering user in a similar fashion. 

The effect of the multiple access interference on the desired user's signal can be shown 
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Figure 3.5: Example of a hit to the desired user's signal due to the multiple access interference 

by evaluating the probability of error. The following section develops a simple model for 

the probability of error for the proposed system in a channel containing only multiple access 

interference. The model provides a bound on the performance which can be expected. This 

assumes that the system operates with receivers which detect only the desired user's signal. 

This model is original in that it directly models the effect of the interfering users signals on the 

reception of the desired user's signaL 

Other models can be found in the literature which derive the probability of error for a sin

gle user in a multi-user frequency-hopped spread spectrum system. Unlike the proposed model, 

these models approach the derivation by assuming a known statistical distribution for the mul

tiple access interference. The probability of error for the desired user is then derived from an 

approximation to the behaviour of the interference. In a multiple access system the interfering 

signals have very similar properties to the desired user's signal. Further, the environment is 

very different from that of partial-band noise jamming, which is commonly assumed in FHSS 

systems. By modelling the interference with an approximate distribution its fine structure is 

being masked. 

Hegde and Stark [1990] derived a model for the probability of error by assuming that the 

multiple access interference hits occur with a Markovian distribution. From the probability of 

a hit occurring, they proceeded to derive the probability of error for a coded system. A similar 

model was developed by Georgiopoulos [1990]. This derived the probability of packet error 

in fast frequency-hopped multiple access networks. Geraniotis [1990] used the characteristic 

function of the receiver's envelope detector outputs to examine the capacity of a multiple access 

frequency hopped spread spectrum system. Cheun and Stark [1991] extended the Markov 

hopping model of Geraniotis [1990] to derive an exact expression for the probability of error 
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in the presence of a single interferer. 

3.4.2 Modelling Multiple Access Interference in the Interference only Channel 
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Figure 3.6: The system model 
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The interference model is derived assuming an ideal communication channel in that the 

effects of AWGN and mUlti-path fading are neglected. The model presumes that all users 

are transmitting in a symbol-synchronous fashion and have uniform transmitted power. The 

spreading codes used by all of the interfering users are derived from random number sequences, 

and users can be assumed to have unique spreading sequences. Noncoherent demodulation is 

assumed. The received symbol decision is selected by comparing the accumulated energies 

after all of the hops corresponding to a data symbol have been received and processed. Only 

the desired user's symbol is detected. No attempt is made to exploit the signals transmitted by 

the other users present in the system. This receiver structure is commonly found in the literature 

[Lee et ai. 1984a, Solaiman et ai. 1990, Wang and Lecours 1994, Tsai and Chang 1994]. The 

FHSS system is shown in figure 3.6. An ideal dehopper is assumed to be de spreading the 

received signal. All frequency components not in the desired user's selected hopping bin are 

assumed to be removed by a bandpass filtering operation. The data modulation is assumed 

to be binary frequency shift keying. While M -ary modulation is feasible, it leads to a more 

complicated model. 

Two decision processes are considered. With soft decision detection, the energy received 

in each hop is accumulated for each received data symbol. A decision on the symbol that the 

received signal represents is made at the end of each symbol period. The alternative algorithm 

considered employs hard hop decisions. Majority logic is then used to select the received 

symbol once all the hops in the symbol period have been processed. 

To begin, a system is considered which uses one hop per symbol. As the only source 

of interference considered is the multiple access interference an error can only occur if the 
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user's selected hopping bin is hit by another user's symbol. With random hopping codes, the 

probability of the selected bin being hit by an interferer has a uniform distribution 

P (bin hit) (3.21) 

P (bin not hit) (3.22) 

where N B is the number of frequency hopping bins available to the system. Assuming that 

there are N v interfering users present in the channel, we can use the binomial distribution to 

determine the probability that i hits occur in the bin selected by the desired user [papoulis 1984] 

( 1 ) i (N _ 1) Nv-i 
P (i hits I N v interferers) = ofv NB ~B (3.23) 

where ot is the number of combinations in which i items can be selected from a set of j items. 

An error will occur if the receiver detects more energy in the branch which does not rep

resent the desired user's transmitted symbol than in the branch which does. If an interferer 

is transmitting the same symbol as the desired user, this will not directly cause an error. The 

two signals accumulate in the same branch of the receiver. This in tum provides a measure of 

protection over another hit, for coincidentally, more energy will be received in the branch that 

represents the desired symbol. For uniformly distributed data sources, the probabilities of an 

interferer selecting the desired symbol, or not, are 

P (select desired symbol) = }j = P (0:'0 = O:'k) = P (O:'k = 0:' k' ) 

P (select different symbol) M M 1 = P (0:'0 # O:'k) = P (O:'k # 0:' k' ) 

(3.24) 

(3.25) 

where ao is the desired user's transmitted symbol, ak and a k, are the transmitted symbols 

of two of the interfering users. As BFSK has been assumed M = 2, and both of the above 

probabilities equal one half. 

Should a single interferer hit the bin selected by the desired user, the receiver has only a 

75% chance of correctly detecting the transmitted symbol when only one hop is used. This 

probability is derived from two sources. A correct decision occurs if the interferer's data fre

quency is the same as that of the symbol transmitted by the desired user. If the interferer 

selects a different data frequency, then the receiver must decide between the two possible re

ceived symbols. Each signal will be received with equal energy as ideal power control has been 

assumed. The receiver then randomly guesses the correct symboL With uniformly distributed 

data there is only a 50% chance of the guess being correct as the receiver has no information 

with which to bias the decision. An incorrect decision derived from this decision is called a 
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decision error. For a single hit the probability of error becomes 

P (error 11 hit) = ~P (aD =1= ak) = ~ (3.26) 

where aD represents the desired user's symbol. ak and a k, represent the symbols selected by 

two of the interfering users. 

With M -ary modulation the chance of correct symbol detection is further reduced. The 

probability of both users selecting the same data symbol is k and this occurs only once. The 

users transmit different data symbols with probability MMI. Hence, the model indicates that 

BFSK modulation will provide more reliable communication as there is a smaller chance of 

an error occurring due to a hit. Further, bins containing only binary symbols occupy less 

spectrum than those with M symbols. Hence, more hopping bins can be accommodated within 

the system bandwidth, further reducing the probability of error as the chance of being hit is 

reduced. While the analysis may be extended to M > 2, the following results assume M = 2. 

Should two interfering users hit the user's hopping bin, an error will only occur if both 

interferers select the opposite data symbol to the desired user. In the other cases the energy 

contained in the desired branch of the received will be sufficient to provide a correct detection. 

The probability of an error occurring given two hits to the selected hopping bin is then 

(3.27) 

where the the first interferer has selected the opposite data symbol to the desired user. The 

second interferer has selected the same symbol as the first interferer. The two probabilities in 

equation 3.27 are shown in equations 3.24 and 3.25. 

With three interferers present in the channel, an error can occur from one of two sources. 

An error will occur if all three interferers transmit the opposite symbol to the desired user. 

Alternatively, a decision error may occur if one interferer chooses the same symbol as the 

desired user. Correct reception occurs if more than one interferer selects the desired symbol. 

Hence the probability of error given three hits have occurred is 

(3.28) 

With four hits an error will occur if three or more interfering users choose the opposite data 

symbol. 

P (error 14 hits) ct P (aD =1= ak) P (ak = a k,)3 + 

Ct P (aD =1= ak) P (ak = ak')2 P (ak =1= a k,) = 1
5
6 (3.29) 
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From equations 3.26, 3.27, 3.28, and 3.29 a pattern can be seen for the probability of error 

given a known number of hits to the desired user's signal. With an even number of hits an error 

will occur if more than half of the interferers that hit the desired user's bin are transmitting the 

opposite data symbol. Hence 

P (error I i hits) i even (3.30) 

where r ~ 1 represents the largest integer greater than J. 
There are two types of error that can occur if an odd number of interferers hit the bin 

occupied by the desired user. A decision error may occur if the number of interferers that 

select the same symbol as the desired user is one less than the number which transmit the 

other possible symbol. Alternatively, an error will occur if the number of interferers choosing 

the incorrect data symbol is at least two larger than that selecting the desired symbol. The 

probability of error for an odd number of hits is then 

P (error I i hits) + i odd (3.31) 

To evaluate the total probability of error with Nv interfering users present in the system, 

the probability that the user's bin was hit i times must be combined with the probability of error 

that an error occurs given i hits have occurred. Combining equations 3.23, 3.30, and 3.31, we 

obtain the probability of error for a given number of interfering users as 

P (error I Nul ~ { 

i even 

i odd 
(3.32) 

where 

(3.33) 

Equation 3.32 represents a model for the probability of error for frequency-hopped spread 

spectrum system which employs one hop per symbol in a multiple access interference channel. 

The model may be extended to reflect the hop combining method used in the receiver when 

multiple hops per data symbol are used. 

The model only considers the effect of the mUltiple access interference present in the 

system. It provides a bound on the performance achievable from the proposed system when 

a single user receiver is employed to detect the desired user's signal. The performance of the 

system will degrade in the presence of AWGN. The effect of the noise on the performance will 

depend on the signal-to-noise ratio. 
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3.4.2.1 Multi-Hop Model with Soft Decisions 

In a fast frequency-hopped spread spectrum system there is diversity in the transmitted signal 

as each symbol is hopped Nh times. Each hop uses a different hopping bin, selected according 

to the user's hopping code. In the soft decision receiver only a single decision is made for each 

received symbol. The energy received in the Nh hops is linearly combined and a decision is 

made when all hops have been received. This receiver is optimum in the AWGN channel when 

a single user is present, as will be shown in chapter 4. 

With Nh hops per symbol the received energy in the branch of the receiver which repre

sents the user's transmitted symbol will be Nh times larger than in the single hop derivation 

presented previously. For an error to occur there must be sufficient hits to the branch that 

represents the other data symbol, for it to contain more energy than the desired branch. Con

sequently, there must be at least Nh hits for an error to occur. 

When there are Nh hops per symbol with Nv interferers, then the maximum number of 

hits that can occur to the received symbol is equal to the product Nh N v . The probability of 

error fora single hop (equation 3.32) can then be modified to give the probability of error when 

multiple hops per symbol are used. For the soft decision receiver the probability of error is then 

c~ 
J 

+ l:;=f't;>-1+1 oj ) 
(3.34) 

The index to the second summation in equation 3.34 commences at the number of hits required 

to cause an error. i represents the postulated number of hits which have occurred and X is 

defined in equation 3.33. If (i Nh) is odd then the energy in both receiver branches may be 

equal, and the possibility of a decision error occurring must then be accounted for. 

3.4.2.2 Multi-Hop Model with Hard Decisions 

The hard decision receiver makes a decision on the received symbol once per hop. A decision 

on the received data symbol is then made, after all hops have been received, by a majority 

logic vote. Consequently, the energy received within each hop is only relevant to the decision 

regarding that hop. No effort is made to combine the energies of the Nh hops. 

Since a decision is made once per hop, the probability of an error occurring in each hop 

is then given by equation 3.32. When an even number of hops are used to transmit a symbol it 

is possible that the energy in each receiver branch will be equal. In this case a decision error 

can be made as the receiver must guess which branch represents the correct symbol as it has no 

information available to bias its decision. This suggests that any frequency hopping operation 

where the data signal is binary should operate with an odd number of hops per symbol. This 
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ensures that the receiver does not have to make an arbitrary decision on the received symbol. If 

the data alphabet size is larger than two symbols, then the number of hops per symbol should 

be chosen carefully as it is desirable for there to be a remainder when the number of hops per 

symbol is divided by the alphabet size. This minimises the number of possible decisions errors. 

The probability of error for the hard decision receiver may be expressed as a binomial 

distribution, with the two probabilities being 

p = P (correct I Nil, single hop) = 1 q 

q P (error I Nil, single hop) 

(3.35) 

(3.36) 

where q is taken directly from equation 3.32. Including the possibility of a decision error, we 

get the final probability of error 

(3.37) 

3.4.3 Performance of the model 

This section presents results from the model. Results calculated from the model are compared 

with those obtained from a computer simulation of the proposed system. To match the model 

the simulation does not include the effects of either multi-path fading or AWGN. 

Within each symbol period the users randomly transmit one of the possible binary sym

bols. Each user hops this symbol the required number of times according to their hopping 

sequence. The hopping codes are derived from random data sources. Hence, each user can be 

assumed on average to be operating with an orthogonal hopping code. In the simulation the 

users transmit their data in a hop synchronous fashion. 

The system is arranged such that the hopping bins contain sufficient bandwidth for the 

orthogonal binary FSK data tones. The hopping bins occupy a contiguous bandwidth. 

Neither the model nor the simulation employ error control coding to protect the data in 

transmission. The following results can be significantly improved if a code is used to protect 

the data. The use of such codes is beyond the scope of this thesis but has been investigated 

elsewhere [Hegde and Stark 1990, Atkin and Kucur 1992, Wang and Chao 1992, Wang and 

Moeneclaey 1993, Wilhelms son and Zigangirov 1998]. 

The system performance predicted by the model is first compared to results obtained from 

the simulation. This comparison is included to confirm the performance predicted of the pro

posed system by the model. Due to the limitations imposed by the simulation these results are 

limited. They represent the performance to be expected of small systems and thus are only 

indicative. They represent a fast frequency-hopped spread spectrum system employing up to 

seven frequency bins. Further, the system hops the transmitted data symbol up to five times per 
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symbol. 

Any real system would operate with considerably more resources. A significantly larger 

number of frequency bins would be available and possibly more hops would be used per symbol 

to improve the system performance. Results for such systems are presented after the perfor

mance of the model has been verified. 

10-1 
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Figure 3.7: Comparison of simulated and calculated results for both soft and hard decision combining. The solid 
Jines represent calculated results, while the dashed lines are the simulated results. Soft decisions are represented by 
'o'whiletheharddecisionsarelabelled'*'.NB 3 Nh 3 

Figure 3.8: Comparison of simulated and calculated results for both soft and hard decision combining. The solid 
lines represent calculated results, while the dashed lines are the simulated results. Soft decisions are represented by 
'0' while the hard decisions are labelled '*'. NB = 5 Nh = 5 
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The results from the model and the simulation are compared in figures 3.7 and 3.8. It can 

be seen that as expected the receiver performing soft decision detection performs better than 

that using hard decisions and majority logic detection. In figure 3.7 three hops are used to 

transmit each data symbol. Similar results for the case where there are five frequency bins and 

the users hop their data five times per symbol are shown in figure 3.8. As expected when there 

are more resources available to the system the performance is improved. 

The simulation results for the soft decision receiver provide a close fit to the performance 

predicted by the interference model. The simulation results for the hard decision receiver are 

pessimistic in comparison. The results of the model and the simulation indicate the general 

trend which can be expected from receivers for the proposed frequency-hopped system oper

ating with these parameters. The model provides an approximation to the performance to be 

expected from the system. 

Figure 3.9: Comparison of results for the soft decision receiver with N B = 3. The dotted curves represent the 
simulation results. 

The performance of the soft decision receiver with varying numbers of hops and when 

three frequency bins are available is shown in figure 3.9. Equivalent results for the hard deci

sion receiver are shown in figure 3.10. Each plot includes the results from the model and the 

simulation. As expected the soft decision receiver performs significantly better than the hard 

decision receiver. In both cases improved performance is observed when the number of hops 

per data symbol is increased. Of note an even number of hops provides no extra benefit in a 

system employing a hard decision receiver. As shown in figures 3.10 and 3.12, the system with 

four hops has an equivalent performance to that employing three hops per data symbol. The 

extra resources allocated to the system are wasted. With majority logic combining, only an odd 

number of hops per symbol should be considered. 

As the number of interfering users present in the system increases, the performance de-
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Figure 3.10: Comparison of results for the hard decision receiver with N B = 3. The dotted curves represent the 
simulation results. 

creases. This is as expected. While the total number of users present in the channel is less 

than the number of available frequency bins each additional user has a large effect on the per

formance. Once the number of users exceeds the number of bins the performance degradation 

due to each additional user is considerably less. In the limit as more users are added, effective 

communication will be impossible. The hard decision receiver reaches this limit faster than 

the soft decision receiver. Consequently, the soft decision receiver could operate in a system 

with a higher level of multiple-access interference. The performance available though would 

be insufficient for effective communication even with the benefit of data encoding. 

Figure 3.11: Comparison of results for the soft decision receiver with N B 5. The dotted curves represent the 
simulation results. 
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Figure 3.12: Comparison of results for the hard decision receiver with NB = 5. The dotted curves represent the 
simulation results. 

Similar results are shown in figures 3.11 and 3.12 when five frequency bins are available. 

The observed performance is better than was shown for the system employing three frequency 

bins. As more bins are available more users can be supported. This effect is more obvious in 

the soft decision receiver. The simulated results again follow those predicted by the model. 

It is clear from these results that the soft decision receiver outperforms the hard decision 

receiver. The following will consider only the soft decision receiver. 
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Figure 3.13: Comparison of calculated soft decision error for varying numbers of hops per symbol. NB = 3 

The effect on the bit error rate of increasing the number of hops used per symbol for 

varying numbers of interfering users (Nv ) is illustrated in figures 3.13, 3.14, 3.15, and 3.16. 

Results for the model and the simulation when there are three frequency bins available are 
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Figure 3.14: Comparison of calculated soft decision error for varying numbers of hops per symboL N B 5 
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Figure 3.15: Comparison of simulated soft decision error for varying numbers of hops per symbol. N B = 3 
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Figure 3.16: Comparison of simulated soft decision error for varying numbers of hops per symbol. N B = 5 

shown in figures 3.13 and 3.15. Similar results for the system when there are five frequency 

bins available are shown in figures 3.14 and 3.16. For a constant number of available bins 

increasing the number of hops per symbol improves the system performance. When the data 

symbol is only hopped once there is no diversity gain and the performance is severely limited. 

By increasing the number of hops used the performance can be significantly improved. As the 

number of interfering users present increases, the performance gain observed in hopping the 

symbol more often is reduced. The performance is further improved when five hopping bins 

are available. 
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Figure 3.17: Comparison of calculated soft decision error for varying numbers of available frequency bins. Nh = 3 

The effect of the number of available frequency bins on the system performance is inves-
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Figure 3.18: Comparison of calculated soft decision error for varying numbers of available frequency bins. Nh = 5 
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Figure 3.19: Comparison of simulated soft decision error for varying numbers of available frequency bins. Nh = 3 
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Figure 3.20: Comparison of simulated soft decision error for varying numbers of available frequency bins. Nh = 5 

tigated in figures 3.17,3.18,3.19, and 3.20. While hopping the data symbol a constant number 

of times per symbol, the number of available frequency bins is varied. When only one bin is 

available the channel is theoretically blocked by the multiple access interference. Some com

munication will occur when the users are transmitting the same data symbol. This will not 

provide an effective system though. The results when Nh = 3 for the calculated and simulated 

results, respectively, are shown in figures 3.17 and 3.19. By increasing the number of hops per 

symbol to five, improved performance is observed. This is shown in figure 3.18 for the model 

and in figure 3.20 for the simulated results. 

These results can be compared by considering the processing gain of the system. The 

processing gain for a frequency hopped spread spectrum system is given in equation 1.5 as 

The results shown above have processing gains which range in value from six to ninety. The 

three hop, three bin system in figure 3.7 has a processing gain of eighteen. Similarly the system 

in figure 3.8 has a processing gain of fifty. Comparing figures 3.14 and 3.18, we see the effect 

of a similar processing gain. For example, the performance with three hops and five bins is 

much worse than the performance when there are three bins and the data is hopped five times 

per symbol. A similar result is seen in figures 3.13 and 3.17 where the values are reversed but 

the systems have the same processing gain. In the presence of multiple access interference, the 

systems examined provide better performance when the number of hops per symbol provides 

the largest component to the processing gain. 

The results obtained from the simulation closely match the performance derived by the 

model. At a processing gain of thirty, it can be seen that figures 3.15 and 3.19 are approximately 

equal to the results derived from the model. These results do not provide the same performance 
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at a processing gain of thirty to the results in figures 3.16 and 3.20. The results in the latter 

pair of figures are consistent with themselves and the model though. As discussed above, this 

difference is due to the greater effect on the performance of the number of hops used to transmit 

each data symbol. 
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Figure 3.21: Indicative performance for systems employing a large number of frequency bins and a soft-decision 
receiver. Nh = 3 

The performance to be expected of a realistic system is shown in figures 3.21 and 3.22. As 

the number of available frequency bins is increased, a significant gain is observed in the system 

performance. While the number of interfering users is less than the number of available bins 

reliable communication is possible. Increasing the number of hops used per symbol further 

improves the performance. This can be seen by comparing figure 3.22 where five hops are used 

per symbol with figure 3.21 which only uses three hops per symbol. The increased diversity 

information available through the hopping significantly increases the observed performance. 

This was the basis of the system proposed by Goodman et aT. [1980]. By using two hundred and 

fifty-six frequency bins together with nineteen hops per symbol, acceptable performance was 

obtained. The receiver made no attempt to resolve the observed multiple-access interference. 

As the number of interfering users is increased the performance saturates. When too many 

users are present, effective communication is impossible. This decrease in performance as 

the number of interferers is increased illustrates the weakness of the soft -decision receiver in 

the presence of multiple-access interference. The receiver designed to detect only the desired 

user's signal is unable to operate effectively in significant multiple access interference. This is 

typical of all CDMA systems as they are interference limited. 

The results illustrate the performance gains which can be achieved by increasing the 

processing gain of the system. They clearly show that the receiver design limits the maximum 
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Figure 3.22: Indicative performance for systems employing a large number of frequency bins and a soft-decision 
receiver. Nh 5 

performance obtainable from the system. The hard decision receiver does not perform at all 

well and severely handicaps any system attempting to use it. The soft decision receiver shows 

what gain can be made when the diversity information in the hops is appropriately combined. 

The performance of the single user soft decision receiver is limited in the multiple-access en

vironment. When the number of active users approaches the channel capacity the performance 

is significantly worse than when the channel is empty. This suggests that a better receiver is 

required which operates on the received signal to minimise the multiple-access interference. 

The design of a receiver structures which will operate to reduce the effect of this interference 

in the presence of multi-path fading is developed in chapter 4 and chapter 5. 

3.4.4 Modelling Multiple Access Interference in the Multi~path Fading Channel 

Various authors have presented models for the probability of error in detecting a single FHSS 

user in the multiple access multi-path fading channeL These models are all derived from the 

traditional single user receiver assuming some form of linear combining for the received hops. 

From the statistics of their receiver's envelope detector, Solaiman et al. [1990] derived 

the probability of error for a single frequency-hopped user. While this system was capable of 

supporting multiple users, the model reflects the probability of error when only a single user 

is present in the channel. The proposed system supported simultaneous access by multiple 

users through a frequency-hopped FDMA protocoL The frequency hopping was used to gain 
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diversity in the fading channel rather than as a mUltiple access protocol. 

Wang and Lecours [1994] extended this work to create a model for the probability of 

error of a FHSS multiple access system where the users have orthogonal hopping codes. The 

multiple access interference included in the model was due solely to the effect of the multi~ 

path fading process. The model assumed a single user receiver, with no attempt being made to 

resolve the effects of the multi-path. 

Tsai and Chang [1994] considered the problem where the users were all using random 

hopping codes to hop binary data symbols. They assumed that two or more hits to the users 

signal would automatically cause an error. Systems employing one and three hops per symbol 

were considered. In the later case hard decision decoding is employed to combine the hops. 

Their results show the error floor observed when using a noncoherent, single user receiver 

in a channel with both multiple access interference and multi-path fading. A further model 

was presented by Correia and Albuquerque [1994]. This modelled the performance of a slow 

frequency-hopped spread spectrum in the cellular multi-path fading environment. 

More recently Svasti Xuto and Wang [1996] have developed a model which more thor

oughly reflects the structure of a cellular system. While the users within a cell are using or

thogonal codes, co-channel interference from adjacent cells is included. The model is used to 

examine the system capacity in indoor mobile fading channels. 

These models all indicate that performance gains can be achieved in the multiple access 

fading environment by using a fast frequency~hopped spread spectrum access protocol. They 

all experience error floors due to the levels of interference present in the channel. This occurs 

as they do not attempt to exploit the properties of the interference, but rather use conventional 

single user receivers to detect the received signal. For a receiver to perform in the channel it 

must minimise the effects of all sources of interference. 

3.5 SUMMARY 

This chapter has presented an overview of the interference present in the mobile, multiple 

access communication channel. First, the distortion due to the multi-path phenomena was pre~ 

sented. This introduces both time and frequency-selective distortion into the transmitted signal. 

Second, the interference due to the multiple access nature of the channel was developed. The 

similarity of the interfering signals to the desired signal easily confuses conventional receivers. 

Consequently, an error floor is observed in the system performance. The error floor can only 

be reduced by minimising the effect of the multiple access signals on the desired signal. The 

effect of all of the sources of interference on the transmitted signals is shown in figure 3.23. 

Individually these sources of interference are sufficient to complicate the reception of the 

transmitted signal. When combined in the communications channel the interference seriously 

impedes effective communication. An error floor will be observed in the performance of any 

receiver not specifically designed for the channel. The receiver must use all information avail-
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Figure 3.23: Block diagram of the channel that effects the proposed system. 

able to it to bias its decision and resolve the effects of the interference. The reception process 

can use knowledge of the statistical properties of the channel to bias its decision. The following 

chapters examine receiver designs for the proposed interference limited channel. 



Chapter 4 

SINGLE SHOT RECEIVER DESIGN 

The previous chapter has investigated the sources of interference which can be expected of a 

fast frequency-hopped spread spectrum system. The model for the multiple-access interference 

showed that the performance obtainable from conventional single user receiver structures is 

limited in the multiple-access channel. Thus, receiver structures are desired which are not 

limited by the interference present in the channel. 

Receiver structures for this channel are investigated in this chapter. The design is ap

proached in an iterative fashion. The sources of interference present in the channel are added 

in stages. Initially, in section 4.2, a single shot receiver is considered for the AWGN chan

nel. This investigates the optimum method required to efficiently combine the received hops. 

The effects of multi-path interference are then added. An optimum single shot, soft decision 

receiver for the multi-path channel is derived in section 4.3. Finally, the multiple-access in

terference is added to the derivation of the receiver. The optimum single shot receiver for this 

channel is presented in section 4.6. 

The derivation of each receiver provides insight into the processing required of the receiver 

to minimise the effects of the interference. The derivation is extended to an optimum receiver 

for a system employing sequence detection in chapter 5. 

4.1 SIGNAL DETECTION THROUGH STATISTICAL DETECTION 

THEORY 

From the user's modulated signal, given in chapter 2, and the interference present in the chan

nel, as discussed in chapter 3, a model for the received signal can be found. We now develop a 

receiver structure for the received signal to provide an optimal estimate of the data. The opera

tions required to down-convert the received signal to its baseband form, prior to de-spreading, 

and the subsequent sampling are assumed to have occurred. These operations are beyond the 

scope of the thesis and ideal operation is assumed. 

The receiver operates on each received symbol independently. No operation performed 

by the receiver can increase the content of the original message in the received signal. The 

receiver can only conserve the received message while minimising the effects of the noise 



70 CHAPTER 4 SINGLE SHOT RECEIVER DESIGN 

[Woodward 1953]. The optimum receiver must estimate the received symbol based only on 

an observation of the received signal. The a posteriori probability provides all significant 

information available regarding the transmitted symbol: 

P(alr(t)) (4.1) 

The receiver must evaluate this probability for each of the symbols in the transmitter's alphabet 

given the observation of the received process. The optimum value for the received symbol may 

then be chosen. This corresponds to the calculated a posteriori probability with the largest 

value. That is the receiver selects the i th symbol such that 

P (ai I r (t)) > P (aj I r (t)) (4.2) 

Alternatively, this may be written 

P (ai I r (t)) ml{1XP (aj I r (t)) 
J 

vj E {l. . . M} (4.3) 

A sufficient receiver is defined to be one which performs the same irreversible operations on 

the received signal as are required to obtain the a posteriori probability shown in equation 4.1. 

The output of a sufficient receiver is equivalent to the calculation of the a posterior probabilities 

[Woodward 1953]. 

By applying Baye's theorem we can write the a posteriori probability in equation 4.1 as 

P(alr(t)) 
P(a,r(t)) P(r-(t) I a)P(a) = _'---''--'-c-'---,--':-:--':'"''':''' 

P (r (t)) P (r (t)) 
(4.4) 

where the prior probability of a given symbol occurring is P (a). 

For most digital communication systems, the prior probability of the data symbol may be 

represented as being uniform for all possible symbols in the transmitter's alphabet. Further, the 

probability of the observation of the received signal P (r (t)) is independent of the postulated 

symbol. Thus, the calculation which maximises the a posteriori probability in equation 4.4 is 

equivalent to selecting the likelihood 

P(r(t)la) (4.5) 

with maximum value over the set of possible symbols. Further, the likelihood can be obtained 

for all possible received observations from the distribution of the received process since the set 

of possible symbols is finite. 

The required sufficient receiver which produces the best estimate of the received symbol 

is thus chosen to be that which maximises the likelihood of the transmitted symbol, given 

the observation of the received signal. The statistics of the channel can be used to evaluate 

the distribution of the likelihood, and the operations required of the sufficient receiver can be 
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obtained. 

In the case of Gaussian noise, the received signal has a Gaussian density and the operation 

of the sufficient receiver becomes a correlation [Woodward 1953, Kailath 1960]. The receiver 

cross-correlates the received signal with the postulated data signals, selecting the symbol with 

the largest cross-correlation as its output. This technique can be applied when the channel 

contains time-varying distortion. After estimating the effect of the distortion, the receiver 

cross-correlates the postulated symbol with the received signal. 

4.2 THE OPTIMUM FH·FSK RECEIVER FOR THE AWGN CHANNEL 

We consider here a receiver for frequency-hopped spread spectrum signalling when only one 

user is present iu the additive white Gaussian noise channel (AWGN). The receiver only at

tempts t,o detect the current symbol. The approach uses the Karhunen-Loeve expansion [Hel

strom 1968, Proakis 1989] to decorrelate the received signal and leads to a receiver equivalent 

to that derived by Waylan [1975]. The receiver operates to combine the information received 

in each hop prior to making a decision on the received symbol. 

The received signal consists of the desired user's frequency-hopped transmitted signal 

s (t) with a random phase shift 10 and the additive white Gaussian noise n (t) present in the 

channel. The received signal may be written as 

Nh 

r (t) I>i,g (t) exp (-J10g) + n (t), 
g=1 

° ::; t < Ts 
i E [1, .. , ,M] 

(4.6) 

where the subscript 9 indexes the hops across the data symbol and i indexes the symbol chosen 

from the transmitter's alphabet. The signal is defined over the period of one data symbol Ts. 

The modulated signal transmitted on the 9 th hop is defined as 

(9 - 1) Ts ::; t < gTs 

i E [1,,,, ,M] 
(4.7) 

The modulated symbol a (t) is defined in equation 2.2. The hop code for the 9 th hop r:;g (t) 

is defined in equation 2.10, while the pulse shape PTh (t) for the hop is assumed to be an 

ideal rectangular pulse on 0 ::; t < Th where Th is the hop period. The phase offset, 109' in 

equation 4.6 represents the phase difference between the transmitter and the receiver for each 

hop. These offsets are assumed to be uniformly distributed random variables on [0, 21f). The 

transmitted symbol is taken to be one of the M possible values in the transmitter's alphabet. 

By applying the Karhunen-Loeve expansion, equation 4.6 can be written as a series with 

uncorrelated coefficients. The received signal may then be written as 
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NKL 

r (t) = lim L rnin (t) 
NKL-+OO n=1 

(4.8) 

where the {rn} are the set ofuncorre1ated coefficients which represent the received signal. The 

{in (t)} are the orthonormal basis functions used in the KL expansion on 0 ::; t < Ts, where 

{T8 
io in (t) it (t) dt 

{ 

0, 

1, 
n#i 

n = i 
(4.9) 

The orthonormal functions are the solutions or eigenfunctions of the integral equation 

{T. 
io E [r (t) r* (7)] in (7) dt = Anin (t) (4.10) 

where {An} is the set of eigenvalues corresponding to the eigenfunctions. The coefficients for 

the received signal are then derived as . 

{T8 
rn = io r (t) i~ (t) dt, (4.11) 

The AWGN process can similarly be expanded to obtain the coefficients for the noise as 

{T. 
nn = io n (t) i~ (t) dt, n=l,· .. ,NKL (4.12) 

Similarly, the KL coefficient for the signal transmitted during the 9 th hop period is 

{T8 
Bi,g,n = io Bi,g (t) i~ (t) dt, 

n= 1"" ,NKL 

i E [1,,,, ,M] 
(4.13) 

where Si,g (t) is the 9 th hop of the received symbol and is non-zero only on (9 - 1) Th < 
t < 9Th. The phase offsets are unaffected by the expansion as they are not time dependent. 

Combining equations 4.11, 4.12 and 4.13, we can write the KL coefficient for the received 

signal shown in equation 4.8 as 

Nh 

rn = L Bi,g,n exp (JtPog) + nn, 
g=1 

n= 1,,,, ,NKL 

i E [1,,,, ,M] 
(4.14) 

As the noise process is zero mean, the conditional mean of the received signal is the 

postulated frequency-hopped data signal with its associated hop phase distortion, 

Nh 

E [rn I ai, {cg}, {tPog}] = LBi,g,neXP (JtPog), 
g=1 

n 1, .. ·,NKL 

i E [1,,,, ,M] 
(4.15) 
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The covariance of the received samples given that the channel is perturbed by A W GN is defined 

to be 

n = 1"" ,NKL 
i E [1,,,, ,M] 

(4.16) 

where 6n j is the dirac delta function. The likelihood from which the receiver structure is 

derived may then be written as 

P({rn} I CYi,{Cg},{¢og}) 

OX ~NO) -! exp C ~ len - L::~, s~;nexp (J¢og) 12) 

i E [1,,,, ,M] (4.17) 

The random phase error within each hop can be removed by integrating the likelihood over all 

of the uniform random phase variables to obtain 

(4.18) 

By substituting equation 4.17 into equation 4.18 and evaluating the integrals, we obtain the 

likelihood in the form 

(4.19) 

where 10 (.) is a zeroth order modified Bessel function of the first kind [Gradshteyn and 

Ryzhik 1965]. The terms 

(
NKL ) -~ (NKL -lrnI2) II 1fNo exp L No 
n=l n=l 

(4.20) 

in the likelihood are independent of the postulated symbol and may then be represented as a 

constant term as they provide no additional information regarding the received symbol. 

To observe the functionality required of any receiver derived from this likelihood, the KL 

expansion must be removed and the expressions returned to a real time form. From equation 4.8 
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the KL series expansion for the frequency hopped transmitted signal can be written as 

NKL 

Si,g (t) = lim I: si,g,nin (t) , 
NKL--+OO 

n=l 

i E [1"" ,M] 
g=I, .. · ,Nh 

(4.21) 

Combining equations 4.8 and 4.21 and integrating both sides over the symbol period, we get 

A similar operation can be used to show 

Ts NKL r Si,g (t) si,k (t) dt = N lim--+ I: Si,g,nsi,k,n, Jo KL 00 n=l 

i E [1,,,, ,M] 

9 = 1,,,, ,Nh 

i E [1,,,, ,M] 

g,k = 1,'" ,Nh 

(4.22) 

(4.23) 

Due to the rectangular pulse shape of the hops defined in equation 4.7, equation 4.23 can be 

simplified to 

g=l=k 

g=k 

i E [1,,,, ,M] 

g,k = 1"" ,Nh 
(4.24) 

Taking the limit as NKL --+ 00 and substituting equations 4.22 and 4.23 into equation 4.19 

while including the effects of equation 4.24, we obtain the likelihood 

(Eb) Nh (2IIoTsr(t)Sig(t)ldt) 
P(r(t))lai,{Cg}=K;exp No }lIo No' , i E [1,,,, ,M] 

(4.25) 

where K; represents the constant terms which do not involve the postulated data symbol. The 

receiver which implements this likelihood need only calculate the product of Bessel functions 

to derive a metric for the postulated received symbol. Once the metric has been evaluated for 

each symbol in the alphabet the largest is chosen to represent the most likely received symbol. 

Including equation 4.7 in equation 4.25, we have the metric which must be evaluated for each 

symbol as 

(4.26) 

This metric is conditioned on knowledge of the user's hopping code. Thus, the demodulation 

de-hops the hopped transmitted signal in an ideal fashion. The receiver detects the signal 

received in each hop with a filter matched to that hop. The matched filter outputs are passed 

through a Bessel function. The product of these values over each of the hops is then used to 

determine the received symbol. 
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The receiver can be simplified by taking the natural logarithm of the metric shown in 

equation 4.26. Then a summation is required over the received hops after the filter outputs 

have been passed through the Bessel function. Since the modified zeroth order Bessel function 

is monotonic, its effect may be approximated by another monotonic function. This provides a 

sufficient metric from which the desired receiver structure may be derived. When the signal-to 

noise-ratio (SNR) is low, the modified Bessel function may be approximated by 

x 2 

10 (x) ~ 1 +"'4 (4.27) 

For the high SNR case, the zeroth order modified Bessel function may be approximated by 

T ( ),....., exp (x) 
10 x,....., ~ 

v21rx 
(4.28) 

Including the high SNR approximation and taking the natural logarithm, the metric for the 

desired optimum receiver shown in equation 4.26 may be simplified to the following form 

(4.29) 

where the constant term J
o 

in equation 4.26 has been dropped as it is present in all postulated 

symbol metrics. 

4.2.1 Operation of the Single User receiver 

Given the observed signal, the optimum receiver provides the best estimate available of the 

symbol transmitted by the user. To determine this symbol the receiver evaluates the metric of 

equation 4.26 for each of the symbols in the transmitter's alphabet. The performance of this 

system was evaluated by Waylan [1975]. 

From the approximations to the modified Bessel function, sub-optimum receiver struc

tures for the channel are obtained. These use approximations to the non-linear hop combining 

method employed by the optimum receiver. Hence, their performance is not as good as that 

of the optimum receiver. Further, each approximation performs best in the SNR region which 

they approximate. Waylan [1975] showed that the high SNR approximation performs bet

ter than the low SNR approximation when there is a signal-to-noise ratio of at least lOdE. 

Block diagrams of the optimum and SUb-optimum receiver using the high SNR approxima

tion are shown in figure 4.1. These illustrate the different non-linear hop combining methods 

employed by these receivers. The performance of the optimum and high SNR SUb-optimum 

receivers are compared with that of the hard decision receiver in figures 4.2 and 4.3. In the first 

figure the received signal has been hopped three times per symbol, while in the second figure 

the received signal has been hopped five times. As expected the optimum soft decision receiver 

outperforms the hard decision receiver. It can be further seen that the high SNR approximation 
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(a) Optimum single user receiver for the AWGN channel. 

(b) Sub-optimum single user receiver for the AWGN channel using the high SNR approximation for the Bessel function. 

Figure 4.1: Block diagrams for the proposed optimum and sub-optimum high SNR receivers for a single user in 
the AWGN channel. 
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Figure 4.2: Comparison of the performance of the optimum, the high SNR approximation and the hard decision 
receivers with three hops per symbol. 
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Figure 4.3: Comparison of the performance of the optimum, the high SNR approximation and the hard decision 
receivers with five hops per symbol. 

Waylan [1975J showed that by increasing the number of hops per symbol the performance 

of the system decreased when only one user is present in the system. This effect is shown 

in figure 4.4. A frequency-hopped system requires a higher signal-to-noise ratio to obtain the 

performance of a system which was not hopped in the AWGN channel. With noncoherent de

tection, the random phase difference between the transmitter and the receiver effects each hop 

independently. As the number of hops is increased these phase errors combine and effect the 

system performance. When employed to provide a multiple-access communications system 

this performance degradation is minimal compared to the performance gains observed when 

many users are communicating in the channel. The diversity information obtained by hop

ping the user's signal many times per symbol greatly reduces the multiple-access interference 

[Goodman et al. 1980J. A similar effect is observed in the multi-path fading channel. The 

diversity available from the hopped signal significantly increases the performance of a system 

which would otherwise be limited by the fading [proakis 1989J. 

Further, the performance of the soft decision receiver is better than that available from 

the hard decision receiver. This can be seen in figures 4.2 and 4.3. This was also shown for 

the multiple-access interference limited channel by the interference model developed in the 

previous chapter. The hard decision receiver detects the data contained in the received hops 

individually. These decisions are then combined using maximal ratio combining. The system 

operates by processing each hop as if it contains all of the information available concerning 

this signal. The diversity information contained in the hops is combined after decisions have 

been made. There are then two possible sources of error which can be included in the decision 
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Figure 4.4: Performance of the optimum receiver for a single user in the AWGN channel with varying numbers of 
hops per symbol. 

process. By effectively combining the information received in the hops prior to making any 

decision, an improvement in performance is obtained. Consequently, the soft decision receiver 

requires less power to be transmitted to achieve a given performance. This effect is more evi

dent in the multiple-access channel as illustrated by the model derived in the previous chapter. 

The reduction in the transmitted power in turn reduces the interference observed by the other 

users present in the system. 

This receiver performs poorly in the presence of multi-path fading and multiple-access in

terference [Solaiman et al. 1990, Tsai and Chang 1994, Cheun and Choi 1996]. The derivation 

of the required single shot receiver is now extended to include the effects of multi-path fading 

on the transmitted signal. 

4.3 THE OPTIMUM SINGLE SHOT FH-FSK RECEIVER FOR THE 

MULTI-PATH FADING CHANNEL 

A single shot receiver for a single user in the AWGN channel was derived in the previous 

section. The presence of multi-path fading introduces an error floor. The derivation of the 

single shot receiver is now extended to include the effects of the multi-path fading channel on a 

single user's frequency hopped M-ary FSK modulated data signal. The derivation is similar to 

that used for narrow-band signals by Hancock and Wintz [1966]. It leads to a receiver structure 

similar in form to the Rake receiver proposed by Price and Green [1958] for the multi-path 

fading environment. 

In the multi-path channel the received signal has the form shown in equation 3.8. The 
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message signal is the wideband transmitted signal of equation 2.11. The frequency hopping 

operation is assumed to be an integral part of the modulation process. Assuming uncorrelated 

scattering, we represent the multi-path fading as a sum of independent fading processes. The 

received signal can then be modelled as 

Np 

r (t) = 2.:::>p (t) 8 (t Tp) + n (t) (4.30) 
p=1 

where zp (t) represents the complex gain of the p th fading path with associated path delay Tp. 

For a single shot receiver, the received signal is defined on 0 ~ t < Ts + Tmax where Tmax is 

the maximum multi-path delay spread. The paths in equation 4.30 are ordered for convenience 

such that 

T1 < ... < Tp < ... TNp = Tmax (4.31) 

The signals are assumed to be sampled at the Nyquist rate for the transmitted signal. For 

the single shot receiver, m samples are required to completely represent the single symbol in 

the transmitted signal. An extra n samples are required to represent the maximum multi-path 

delay. In sampled form, equation 4.30 can be represented as 

r Sz+n (4.32) 

where the received vector has the form 

(4.33) 

The path delays of the multi-path fading processes are combined with the transmitted 

signal to create the matrix [Hancock and Wintz 1966] 

mNp 
"-r 

81 o ... 0 1 0 0 0 I .. · 1 0 0 0 

0 82 0 1 81 0 0 I .. · 1 0 0 0 

I .. · 1 

0 0 8 m 1 I .. · 1 0 0 0 m+n 
S 0 0 0 1 0 8 m 1 ... 1 8 1 0 0 (4.34) 

0 0 0 1 0 0 I .. · 1 0 82 0 

I .. · I 
0 0 0 0 0 I .. · 1 0 8 m 

"-v--"" "-v--"" "-v--"" 
m m m 
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where the {Si} represent the samples of the transmitted signal. The columns of the matrix are 

grouped into blocks of size m, representing the signal transmitted via one of the N p multi-path 

components. There are sufficient rows in the matrix to represent the transmitted symbol with 

the maximum delay. The matrix can be viewed as a multi-transmission communication system 

where the same signal is transmitted through N p independent channels each with a different 

delay. At the receiver these channels are then summed prior to any operation by the receiver 

to detect the received symbol. Hence, the distorted paths appear as inter-symbol interference, 

which limits system performance. This becomes significant as the maximum delay spread 

approaches or exceeds the symbol period. 

The sampled noise vector is 

(4.35) 

The sampled contributions from each multi-path fading process are arranged in a vector as 

z = [Zl1,'" ,Zlm, Z21,'" ,Z2m,'" ... ,ZNpl,'" ,ZNpm]T (4.36) 

where the samples are ordered such that the first path appears before the second path. Each of 

the N p paths is represented in the vector. 

The required structure for the optimum receiver is then derived from the likelihood of the 

postulated symbol (c¥) given the samples of the received signal. The likelihood is conditioned 

on the statistics of the multi-path fading processes which effect the transmitted signal. Assum

ing that the envelope of the multi-path fading is Rayleigh distributed, we find the mean of the 

received signal to be zero, 

SE [z I C¥, {Cg } , {<I>zz}, {Tp}] 

+E [n I C¥, {cg}, {<I>zz}, {Tp}] 

o (4.37) 

since the AWGN process is zero mean and the mean of the complex fading processes is zero. 

As the fading and the AWGN processes are independent, the covariance of the samples may be 

written 

<I>rr E [rrH I C¥, {cg } ,{ <I>zz} ,{ Tp }] 

<I>nn + S<I>zzSH 

The covariance of the AWGN process is defined as 

<I>nn = No! 

and the elements of the fading covariance matrix are defined as 

(4.38) 

(4.39) 
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(4.40) 

As the likelihood is conditioned on know ledge of the statistics of the mUlti-path fading processes, 

the received samples have a zero mean complex Gaussian distribution due to the AWGN. 

Hence, the likelihood can be written as [Papoulis 1984, Proakis 1989] 

1 (H -1 ) 

d ( 
..T-. ) exp -r <I> TT r 

et 1r':l!TT 

(4.41) 

Due to the effects of the multi-path fading, the received signal is highly correlated. Conse

quently, the structure for the optimum receiver cannot be derived immediately from the likeli

hood, as was the case in the AWGN channel. 

Following the approach proposed by Kailath [1960], we can manipulate the covariance 

of the received signal to derive an estimate of the distortion due to the channel [Kailath 1960, 

Hancock and Wintz 1966]. Each postulated symbol is distorted by the receiver's estimate of 

the fading process effecting the received symhol. By cross-correlating the distorted postulated 

symbol with the received signal, the receiver obtains a measure for that symbol which it can 

use in its decision. This is repeated for each of the symbols in the transmitter's alphabet. The 

symbol whose metric is the largest is then chosen by the receiver to be the most likely received 

symbol. This type of receiver is referred to as an estimator-correlator. 

Conceptually, a filter is required which when applied to the received signal provides the 

maximum likelihood estimate of the multi-path fading z experienced by the postulated data 

symbol. Hence [Kailath 1960, Hancock and Wintz 1966], 

Hr=Sz (4.42) 

where H is the required filter. Incorporating equation 4.42, we can write the covariance of the 

received signal, equation 4.38, as 

(4.43) 

where the filter H is defined to be 

(4.44) 

Substituting this into equation 4.41 and taking the logarithm, we obtain the log likelihood as 

(4.45) 

The first two terms have no explicit dependence on the postulated data symbol. Hence, they 

do not directly effect the operation of the receiver and can be replaced by a constant. These 
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constant terms will equally effect all postulated symbols and so can be ignored in the receiver 

derivation. Note that the first term does depend on the postulated data symbol through the 

covariance of the received signal. For the restricted set of conditions where the signal has 

constant power and envelope and the multi-path fading is slow, this term is also essentially 

constant [Mammela and Taylor 1998]. Including this approximation, we get the metric which 

the proposed receiver is required to evaluate for each postulated data symbol 

(4.46) 

where equations 4.38 and 4.44 have been used to replace the received signal covariance and the 

filter H respectively. The kernel in the quadratic form, shown above, can be rearranged using 

the following identity together with equation 4.39 [Hancock and Wintz 1966], 

H ( H)-l ( H )-1 H S No! + Sif!zzS = No! + S Sif!zz S (4.47) 

The following expression for the metric is then obtained 

(4.48) 

In this metric the effects of the channel are contained solely in the central term of the quadratic 

form. 

By pre-multiplying both sides of equation 4.42 with the received sample vector and com

paring this with the right hand side of equation 4.48, we can write the ML estimate of the 

mUlti-path fading as 

- ( H )-1 ( H ) Z = if!zz No! + S Sif!zz S r (4.49) 

The required metric for the sufficient receiver can then be simplified to be 

(4.50) 

4.3.1 Operation of the ML Single-Shot Receiver in the multi-path fading chan

nel 

The ML single shot receiver derived from equation 4.50 employs a classic estimator-correlator 

structure. It calculates an estimate of the multi-path fading affecting the received signal using 

equation 4.49. This is multiplied by the postulated data signal S to produce an estimate of the 

received signal vector as 

(4.51) 
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By cross-correlating this with the received signal, the receiver obtains a measure for the postu

lated data symbol. The largest metric is selected to represent the received symbol. Due to the 

wideband nature of the communication system, the receiver is able to resolve the effects of the 

channel's delay spread. 

The operation of the receiver may be represented using a tapped delay line, as shown in 

figure 4.5. Each branch of the receiver employs an estimator-correlator to detect a single path 

of the fading process. It scales the estimate of the fading affecting that path by the product of 

the postulated data signal and the appropriately delayed received signal. The branches are then 

summed and stored. Once per symbol this is sampled to provide a measure for the postulated 

symbol. 

Ti 

Most likely 
received symbol 

Metric value for 
other symbols 

Figure 4.5: The estimator-eorrelator strueture employed by the optimum receiver for a single user in the multi-path 
fading channel. 

This structure is similar to the Rake receiver [Price and Green 1958]. The wideband nature 

of the received signal is used to resolve components of the delay spread of the multi-path fading 

process affecting the transmitted signal. Through the knowledge of the spreading code the 

receiver automatically de-hops the received signal. Having estimated the effects of the channel 

distortion, the receiver correlates the postulated spread data signals with the received signal. If 

the signal was de-hopped prior to being processed by the receiver, the wideband properties of 

the signal would be lost. 

The Rake receiver operates on wideband signals to resolve the effects of the uncorrelated 

received paths in the fading process. This effect is observed when the bandwidth of the trans

mitted signal w, is larger than the coherence bandwidth of the fading process. The number 

of paths which the Rake receiver can resolve is equal to the product of the maximum multi

path delay spread Tmax and the time resolution of the transmitted signal which is defined to 

be the inverse of the signal bandwidth. Consequently, the wider the bandwidth employed in 



84 CHAPTER 4 SINGLE SHOT RECENER DESIGN 

the transmission the greater the number of independent fading paths which the receiver can 

resolve. 

The receiver expects to receive hopped symbols as the received signal is not de-hopped 

prior to being processed. This provides two benefits. First, the received signal maintains its 

wideband properties. Second, an implicit soft decision process is used to combine the hops 

in the transmitted signal. This minimises the error introduced when the received hops are 

combined. As the de-hopping operation is performed by the receiver, the effects of time and 

frequency mismatch in the code sequence are ignored. It could be argued that these variables 

were included within the effects of the channel on the transmitted signal. 

In channels with a small delay spread, the diversity information obtained from the resolved 

multi-path components minimises the effect of the fading on the reception process. When the 

delay spread approaches and exceeds the symbol period, the receiver is limited by the presence 

of multi-path induced inter-symbol interference (lSI). The receiver is optimal only in single

shot case. This suggests that any receiver for use in the multi-path channel should be based on 

sequence estimation. This approach is used in the next chapter to derive an optimum receiver 

for the proposed FFHSS system. The receiver is further limited in performance if the delays 

in the tapped delay line are widely different to the path delays found in the channel. Unless 

the unaligned tap is muted it serves to increase the self-noise included by the metric. This can 

cause an error floor in the observed performance [Proakis 1989]. 

The derivation of this receiver assumed full knowledge of the user's hopping code. By 

dropping this assumption the receiver structure could be extended to search for frequency

hopped signals within a known bandwidth. Such a receiver structure would suit a party wish

ing to eavesdrop on a radio signal. Various authors have proposed techniques for intercepting 

frequency-hopped spread spectrum signals in the white noise channel [Chung 1991, Chung 1994, 

Levitt et al. 1994]. 

4.4 THE MAXIMUM LIKELIHOOD SINGLE SHOT MULTI-USER 

RECEIVER FOR THE MULTI-PATH CHANNEL 

The complete one shot receiver structure for the proposed system is being progressively de

veloped in this chapter. The receiver for a single user in the AWGN channel was introduced 

in section 4.2. A receiver for the single user in the multi-path fading channel was derived in 

section 4.3. The single shot receiver is extended in this section by including the effects of 

multiple-access interference in the derivation. The derivation will produce a single shot re

ceiver capable of providing the most likely set of received symbols for all of the users present 

in the channel. The receiver operates on only one symbol, it does not attempt to follow the 

sequence of received symbols. 

The received signal contains the transmitted signals of all users present in the system. 

Each user's signal is assumed here to be subjected to the same multi-path fading processes. 
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The fading is assumed to have wide sense stationary uncorrelated scattering statistics. This 

assumption is valid if the signals transmitted by each user are subjected to similar multi-path 

distortion. One scenario where this receiver may be applicable occurs when a mobile user is 

receiving the set of signals transmitted by the base station. As the signals have all radiated 

from the same source they will have experienced similar multi-path fading. The assumption 

that the users all experience the same fading simplifies the development of the desired receiver. 

While this may not accurately represent the mobile communication channel, it provides an 

insight into the design of the optimum multi-user receiver for the channel. A more realistic 

assumption regarding the statistics of the fading process will be used in the derivation of the 

multi-user receiver in the next chapter. 

The received signal may be represented as 

Nu Np 

r (t) = L L zp (t) Sk (t - Tp) + 11 (t) (4.52) 
k=lp=l 

where 11 (t) represents the background AWGN process. There are Nu users present in the 

channel including the desired user. zp (t) and Tp represent the complex fading path gain and 

the path delay of the p th fading path. The paths are presumed to be ordered as in equation 4.31, 

where the i th path arrives after the (i 1) th path but before the (i + 1) th path. This simplifies 

the processing of the received paths in the receiver. As a receiver structure is desired which 

detects only a single symbol, the transmitted signals in equation 4.52 are defined on 0 ~ t < 
Ts, while the received signals are defined on 0 ~ t < Ts + Tmax. 

The signals are again assumed to be sampled at the Nyquist rate for the transmitted signal 

as detailed in section 4.3. The sampled vector for the received signal, the noise, and the fading 

processes are shown in equations 4.33, 4.35, and equation 4.36, respectively. 

The sampled form for the received signal shown in equation 4.52 is then the vector 

(4.53) 

The signals transmitted by each user are again combined with the multi-path fading path 

delays to create the received signal matrix 
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mNp 
A , 

Sk,l 0 ... 0 
1 0 0 0 I .. · 1 0 0 0 

0 Sk,2 0 1 Sk,l 0 0 I .. · 1 0 0 0 

I .. · 1 

0 0 Sk,m I .. · 1 0 0 0 
m+n 

Sk = 0 0 0 0 Sk,m 1 ... 1 Sk,l 0 0 

0 0 0 0 0 I .. · 1 0 Sk,2 0 

1 

0 0 0 0 0 
1 

0 Sk,m 

m m m 

(4.54) 

This is of a similar fonn to equation 4.34, the difference being that the sampled transmitted 

signals are specifically identified as belonging to the k th user. 

The mean of the sampled received signal is once again zero as the fading is assumed to 

have a Rayleigh envelope distribution and the AWGN is a zero mean process. The covariance 

of the received signal may then be represented as 

Nu Nu 

L L SkiJ)zzSf + iJ)nn (4.55) 
k=li=l 

and the required likelihood becomes [Papoulis 1984, Proakis 1989] 

(4.56) 

as the received samples have a complex Gaussian distribution, where iJ)zz is defined in equa

tion 4.40 as the signals transmitted by all of the users experience the same multi-path fading 

process. iJ)nn is the covariance of the AWGN process defined in equation 4.39. 

Following the estimator-correlator approach of section 4.3, we get the hypothetical chan

nel filter required to obtain the maximum likelihood estimate of the multi-path fading affecting 

the transmitted signal as 

Nu Nu 

H = L L SkiJ)zzSf iJ)rr-
1 (4.57) 

k=li=l 

This filter provides a sum of products of the users' postulated transmitted symbols and the 
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maximum likelihood estimate of the multi-path fading process when applied to the received 

signal to obtain 

(4.58) 

The required metric is derived using the method described in section 4.3. Using equations 4.55 

and 4.57, we find the metric from which the receiver can be obtained by taking the logarithm 

of the likelihood function, shown in equation 4.56, to obtain 

(4.59) 

The terms not dependent on the set of postulated symbols have been dropped. The double 

summation in equation 4.59 can be simplified to a product of single summations through the 

distributive law for matrix multiplication. The identity required to rearrange the kernel of the 

quadratic form is then 

Applying this identity to equation 4.59, we get the metric 

(4.61) 

Once again the effects of the channel are contained within the central term of the quadratic 

form. By comparing the right hand side of equation 4.61 with equation 4.58, we express the 

ML estimate of the fading process as 

(4.62) 

Consequently, the metric can be written as 

(4.63) 
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4.4.1 Operation of the Single-Shot, ML Receiver for Multiple Users in the Multi

path Fading Channel 

The receiver derived in this section extends that derived in section 4.3. The effect of multiple

access interference has been included. To minimise this interference, the receiver operates by 

simultaneously detecting the symbols transmitted by each of the users. The derivation provides 

a single shot metric which is used to detect the symbols received from all of the users. The 

receiver again has a structure similar to the Rake, which it uses to resolve the effects of the 

mUlti-path fading on the signals transmitted by each of the users. A block diagram for one 

branch of the receiver is shown in figure 4.6. The receiver requires a priori knowledge of the 

number of signals present in the channel. 

Ti 

Most likely 
received symbol 

Metric value for 
other symbols 

Figure 4.6: Block diagram for one branch of the proposed receivers for a multiple users in the multi-path fading 
channel. 

The receiver operates in a similar fashion to that which detected only a single user in 

the absence of mUltiple access interference. The difference is that the receiver operates as an 

estimator-correlator for the sum of the postulated users signals. In detecting the optimum set 

of received symbols, the receiver is required to check all possible combinations of user signals. 

For each set of possible symbols, the receiver evaluates the metric shown in equation 4.63. The 

receiver requires MNu branches to detect all of the possible symbol combinations. 

Each branch of the receiver postulates a unique set of symbols transmitted by the users 

present in the channel. The receiver branch employs a tapped delay line to aid in resolving 

the effects of the multi-path delay spread. Each tap of the tapped delay line operates as an 

estimator-correlator for that delay. This is shown in figure 4.6. Conceptually, each tap generates 

an estimate of the fading affecting the signal received with that delay. The estimate is derived 

from the set of postulated symbols together with the received signal using equation 4.62. Once 
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the metric for each branch has been calculated, the receiver selects the largest to represent 

the set of received symbols. The required operation of the receiver is highly complex. The 

presence of the interfering users requires a larger number of postulated received data symbols 

to be checked. 

By reordering the summation in the final receiver metric of equation 4.63, we obtain an 

alternative form for the final receiver as 

(4.64) 

This receiver again attempts to detect all of the users transmitted signals. Each user's signal 

is individually scaled by the ML estimate of the fading and cross-correlated with the received 

signal. This operation is functionally no different from the that of the metric in equation 4.63. 

Each branch of the receiver could then operate using a bank of single user receivers. Each 

would be provided with the ML estimate of the fading process, derived as shown in equa

tion 4.62. The complexity of .the receiver is not reduced as it must still check all possible 

combinations of signals received from the users. 

As in the previous section the derivation has been conditioned on ideal knowledge of the 

set of hopping codes used by all users present in the channel. De-hopping of the received 

signals is an integral part of the detection process. This preserves the received signal's wide 

band properties allowing the maximum benefit to be obtained from the Rake receiver structure. 

The performance of the receiver is limited as it only detects a single symbol for each user. 

For a synchronised multi-user system, the receiver should provide good performance in multi

path fading channels with a small delay spread. While the receiver attempts to estimate the 

distortion introduced by the fading process, no attempt is made to detect the symbols which 

are delayed by the channel and are received in the following symbol period. For channel delay 

spreads approaching and exceeding the user's symbol period, the performance will degrade. 

Eventually, an irreducible error floor will be reached in the receiver's performance due to the 

inter-symbol interference experienced. 

The number of taps in the receiver's delay line must be selected carefully. Use of more 

taps than there are dominant paths in the received channel increases the noise level included 

in the metric. The unmatched taps do not contribute significantly to the received signal but 

only serve to include more noise. This self-noise is directly included by the extra correlators 

which are not matched to the received signal. Only those taps which closely match the delays 

found in paths in the channel should be used. The other taps should be muted to minimise the 

introduced interference [Proakis 1989]. 

Due to its complexity and the assumptions made in its derivation, the receiver is not prac

tical for the proposed FFHSS system. It does provide insight into the structure and processing 

required to minimise the effects of the interference present in the communications channel. 

The form for the metric in equation 4.64 presents a link to a possible sub-optimum re-
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ceiver. If the effects of the interfering users signals could be averaged out of the likelihood, 

the receiver's complexity would be considerably reduced. Unfortunately, this is a non-trivial 

operation as the interfering users' signals are required to derive the ML estimate of the fading 

process effecting the received signaL 

One possible sub-optimum receiver which this suggests is one which ignores the effects 

of the multiple access interference. Alternatively, the receiver could characterise the multiple

access interference by a randomly varying noise source. This could then be used to represent 

the interference in the metric. Any such receiver would suffer a degradation in performance 

compared to that obtained from the optimal single shot receiver for the channeL 

A sub-optimum receiver structure which has similarities to that described above has been 

proposed for a DSSS system [Zvonar and Brady 1995]. This uses a tapped delay line to detect 

the presence of multi-path echoes for all users in the system. A maximum multi-path delay of 

less than a symbol period is assumed. The outputs of the taps are then fed into a de-correlating 

receiver to detect the single required user. 

4.5 SUNIMARY 

The design of single-shot FFHSS receivers has been examined in this chapter. Initially, a 

receiver was considered which operated in the A WGN channeL It was shown that the optimal 

receiver employs a non-linear combiner to combine the information received in each of the 

hops. Further, in the AWGN channel, frequency hopping introduces a performance degradation 

to the system compared to a non-hopped system. This is less of an issue in a multiple access 

environment as the hopping provides the diversity information required to reliably detect each 

of the users transmitted signals in the presence of the multiple-access interference. 

The receiver was extended to include the effects of the multi-path channel. The receiver 

employs soft decision detection to combine the information contained in the received hops. 

The wideband nature of the frequency-hopped spread spectrum signal was used to partially re

solve the effects of the multi-path channel delay spread on the transmitted signal. This receiver 

operates in a Rake fashion. A tapped delay line is used to resolve the fading in the multiple 

received paths. Each tap of the delay line employs an estimator-correlator to detect the signal 

received with that delay. The performance of the receiver is limited by the inter-symbol inter

ference introduced by the channeL This is a direct consequence of the receiver being designed 

to operate as a single shot system. 

Finally, the effects of the mUltiple-access interference were added to the derivation of 

the single shot receiver. The resultant receiver provides an optimum single shot solution for 

the multiple-access reception problem in the multi-path channel. A Rake style receiver was 

again derived. It attempts to resolve the fading processes affecting all of the users present in 

the system. To minimise the effects of the multiple-access interference the receiver detected 

the symbols transmitted by all of the users. The presence of multi-path induced inter-symbol 
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interference again limits the performance available from this receiver. 

The series of single shot receivers derived in this chapter have provided insight into the 

structure required of an optimal receiver for the channel. In the presence of AWGN, adequate 

signal power is required to minimise the effects of the channel noise process. Efficient com

bining of the received hops is required to provide the best performance. The effects of the 

multi-path fading on the transmitted signal can be minimised by the receiver. This is achieved 

by using an estimator-correlator structure. Further, the wide-band nature of the communica

tions system lends itself directly to minimising the effects of the channel's delay spread on 

the received signal. To minimise the multiple-access interference, the receiver must include 

its effects in its decision process. A receiver which is to operate in the presence of multi-path 

fading and multiple-access interference must operate to remove both sources of interference 

prior to making a decision. 

The next chapter extends the single shot receiver design to detect the sequence of symbols 

received by the receiver. This reduces the effects of the inter-symbol interference introduced 

by the channel. 





Chapter 5 

OPTIMUM SEQUENCE PROCESSING RECEIVER DESIGN 

5.1 INTRODUCTION 

Following maximum likelihood sequence estimation principles, we develop an optimum re

ceiver structure for a multiuser frequency hopped spread spectrum system in this chapter. The 

derivation is presented in section 5.3. The receiver employs linear prediction to predict the 

evolution of the received signal. The effect of the multi-user interference is minimised as the 

receiver detects all users in parallel. 

The resulting structure is highly complex, requiring a very large number of operations 

per symbol. A sub-optimal receiver which detects only a single user is, therefore, developed 

which has less complexity. This receiver is a derivative of the optimal multi-user structure. It 

detects only the desired user's signal and makes no attempt to detect the interfering signals. The 

effects of the multi-user interference on the desired user's signal are taken into account through 

an averaging process. The derivation of the SUb-optimum single user receiver is presented in 

section 5.4. 

An optimum maximum likelihood sequence estimation receiver derives the received data 

sequence once the received signal has been completely received. With a single decision the re

ceiver outputs the optimum values for the received data sequence. A communications network 

can not tolerate such a delay. Hence the receiver structures derived in this chapter operate us

ing the available samples of the previously received signals. They employ MLSE to detect the 

most likely received signal as transmitted up to the current point in time. As such they may be 

described as being optimum, based only on the their past received signals. A receiver operating 

in this fashion will provide its "optimum" decision on the received sequence, up to the symbol 

currently being received, after that symbol has been processed. In this fashion, when an error 

event is detected the receiver will correct it's "optimal" received sequence. This may though, 

be too late, to be of any use to the user. 

By requiring the derived receivers to wait until the whole transmitted sequence has been 

received prior to making a decision, they become optimum in the true MLSE sense. 
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5.2 MAXIMUM LIKELIHOOD SEQUENCE ESTIMATION 

The previous chapter presented the principles of maximum likelihood receiver design. These 

techniques provide for one-shot optimum receiver structures in the memoryless channel which 

operate as estimator-correlators [Kailath 1960]. In channels with memory, the single shot 

technique no longer provides an optimal solution. The presence of delay spread and selective 

multi-path fading severely limits the performance of single shot receivers. 

The effect of delay spread is to smear the transmitted symbols in time. The resulting 

inter-symbol interference prevents the ML receiver from isolating a single symbol in the time 

domain. Consequently, the receiver's decision is distorted by the presence of interfering sym

bols received within the same symbol period. 

To optimally detect the received signal, the receiver must operate on all of the received in

formation in parallel. To obtain an optimum decision it must simultaneously detect the received 

pattern of multiple transmitted symbols together with their respective transmission delays. By 

processing the set of received symbols in a parallel fashion the receiver is able to postulate and 

possibly resolve the effect of any symbol smearing due to the effects of the channel. Conse

quently, the receiver is able to resolve any inter-symbol interference introduced by the channel. 

One approach to such a receiver design employs maximum likelihood sequence estimation 

(MLSE). The receiver provides a measure of the likelihood that the postulated symbol sequence 

has been received. This is evaluated for all possible symbol sequences. The sequence with the 

best metric is chosen to be the final decision, representing the sequence of received symbols. 

5.2.1 MLSE Receiver Derivation 

In a similar fashion to the development of the maximum likelihood receiver presented in the 

last chapter, the maximum likelihood sequence estimation receiver is approached through the 

a posteriori probability of the sequence of transmitted symbols: {a}. The receiver's decision 

is conditioned on know ledge of the effects of the channel memory. The probability that a 

sequence is detected, given the received signal, can again be written in terms of a likelihood 

through Baye's theorem as 

P({a} I r(t)) = P(r(t) I {a}) P ({a}) 
P(r(t)) 

(5.1) 

The individual transmitted symbols in the sequence are independent and identically distributed. 

Hence, the probability of a given sequence occurring P ( { a }) is uniform and equal to the 

probability of any other sequence of the same length occurring. Finding the sequence which has 

the maximum likelihood is equivalent to finding the sequence with the maximum a posteriori 

probability [Papoulis 1984, Proakis 1989]. 

The maximum likelihood sequence estimation receiver operates on the received signal 

to determine the symbol sequence which was most likely to have been transmitted. Thus, 
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in principle, it will provide an output only when the sequence has been completely received. 

For a communication system where the message length may be very long this introduces an 

undesirable delay. 

The sufficient receiver for the proposed system operates on the received signal in a iter

ative fashion. It calculates the received sequence as each symbol is completely received. As 

more symbols are received the receiver continues to process the incoming data sequence. The 

receiver makes the most accurate decision possible on the received data through its conditional 

know ledge of the channel processes. 

The present derivation of a recursive MLSE receiver follows Lodge and Moher [1990] and 

Hart [1996]. The transmitted symbol sequence is causal; hence, the received signal depends 

only on previously transmitted symbols. The set of signal observations can be written in terms 

of those received within the current symbol period and those received prior to that time. The 

signal received within the i th symbol period can be written as 

f(i) (t) = { r (t) iTs 5: t < (i + 1) Ts 
.. 0 t < iTs, (i + 1) Ts 5: t 

(5.2) 

The previous observations of the received signal due to past symbols may be represented as 

f(i-l) (t) 
{ 

r(t) 05:t<iTs 

o t < 0, iTs 5: t 
(5.3) 

The received signal may then be written as the sum of equations 5.2 and 5.3 

r (t) = f(i) (t) + f(i-l) (t), o 5: t s (i + 1) Ts (5.4) 

Alternatively, the received signal over the observation interval may be written as 

r (t) f(i) (t), (5.5) 

Through repeated application of Baye's theorem (equation 4.4), the likelihood for the 

transmitted sequence given the observations of the received signal can be expanded as a recur

sive product of likelihoods as 

If, 

P (r (t) I {a}) = II P (f(i) (t) I f(i-l) (t), {a}) 
i=l 

The likelihood in each symbol period may be represented as 

P (f(i) (t) I f(i-l) (t), {a}) = 
P (f(i) (t) ,f(i-l) (t) I {a}) 

P (f(i-l) (t) I {a}) 

P (f(i) (t) I {a}) 
P (f(i-l) (t) I {a}) 

(5.6) 

(5.7) 
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This step necessitates the vectorisation of the received process. The product in equation 5.6 can 

be written as a sum by taking the natural logarithm of both sides to obtain the log-likelihood: 

" InP(r(t) I {a}) = I)nP (f(i) (t) I f(i-1) (t),{a}) (5.8) 
i=l 

The desired operation of the recursive receiver can be seen in equation 5.8. The sum of all 

previous log-likelihoods conditioned on the previously received samples is used to make a 

decision on the received sequence of symbols. The MLSE receiver selects the sequence with 

the largest log-likelihood as the optimum decision regarding the received sequence. 

From the log likelihood in equation 5.8 the branch metric may be written as 

The path metric for the postulated sequence represents the symbols which have previously been 

received. This is the sum of the previous branches which together represent this path. From 

equations 5.8 and 5.9, the path metric can be represented as 

,,-1 

r (f("-l) (t) I {a}) = I)nP (f(i) (t) I f(i-1) (t), {a}) (5.10) 
i=l 

Together the sum of the path and branch metrics is equivalent to the log-likelihood for the 

received symbol sequence 

InP (r (t) I {a}) = r (f("-l) (t) I {a}) + A (f(") (t) I f(,,-l) (t), {a}) (5.11) 

The log-likelihood is evaluated for each of the possible symbol sequences. The receiver then 

selects the sequence with the largest metric to be the optimum received sequence. 

5.2.2 Linear Prediction 

In the mUlti-path channel, the received signal is correlated with itself. The log-likelihood in 

equation 5.8 does not immediately yield a form for the required sufficient receiver. In Chap

ter 4, a filter was employed to estimate the effect of the channel interference on the transmitted 

signal. In this chapter a different technique is employed. This allows the evolution of the re

ceived signal to be traced and the effects of the inter-symbol interference on the received signal 

to be reduced. The technique employed in this chapter is linear prediction, which may also be 

represented as a filter applied to the received signal. The filter operates to trace the evolution 

of the received process in the channel. The receiver then compares what it predicts it should 

receive with what it actually received to form its decision. 

The signal at the receiver's antenna represents an observation of a continually evolving 

process. The receiver may predict the evolution of the received signal from an appropriately 
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weighted linear sum of these observations [Makhoul 1975, Haykin 1991J. To do this it operates 

to minimise the error between the prediction and the received observation 

(5.12) 

where the predicted value for the received signal is defined as 

B 

(5.13) 

and B is the number of previous observations of the received process used in the prediction. 

The required tap gains {£i} are obtained by solving the set of linear equations obtained by 

minimising the squared error in the predicted received signal 

B B 

EB Le~ (5.14) 
n n:::::l 

for each of the possible received sequences. 

When the received process is stationary the required tap gains may be derived from the 

covariance of the received signal. The Cholesky decomposition provides an efficient algorithm 

with which the required coefficients may be obtained [Makhoul 1975]. 

The linear predictor employs the postulated symbol sequence together with the set of re

ceived samples and conditional knowledge of the channel statistics to predict the value of the 

symbol currently being received. The effect of the phase and magnitude distortion introduced 

by the channel is tracked through the receiver's conditional knowledge. 

5.3 OPTIMUM MULTI-USER MLSE RECEIVER DERIVATION 

Here the optimum receiver structure for a fast frequency-hopped spread spectrum multi-user 

multiple access communication system is investigated. The received signal consists of all of 

the signals transmitted by the individual users. These are individually distorted by the multi

path fading channel affecting each user. The received process is also perturbed by AWGN. The 

receiver is required to operate on the received signal using all of the information available to it 

to produce the most likely set of received symbol sequences for all users present in the channel. 

In this manner the receiver eliminates the effects of the multiple-user interference and reduces 

the effect of the multi-path channel. 

Theoretically, the receiver could operate blind, without any knowledge of the channel or 

of the users communicating within that channel. The resulting receiver would estimate all of 

the sources of interference present in the channel to produce the most likely set of received 

symbols. This would lead to a very complex receiver. While it is theoretically possible to 

obtain such a receiver, it would spend most of its time determining the state of the channel 

I 

\ 
/ 
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and the system parameters rather than on decoding the received signal. Further, if the receiver 

is required to operate blind without any information as to the signalling used, its design and 

purpose becomes more of an interceptor of the communication signal rather than a simple 

receiver. Such systems have been proposed by Chung [1994] and Levitt et al. [1994]. 

Here the derivation of the optimum receiver structure will be conditioned on assumptions 

regarding the channel and the basics of the communication system. The conditions which will 

be assumed are similar to those used in conventional receiver structures and are explained in 

the following paragraphs. The full receiver can be separated into many functional blocks, one 

of which will represent the optimal processor. The remaining blocks, which in turn may be 

optimal in isolation, will pass the optimal processor information and estimates concerning the 

conditions upon which it is derivation is biased. The overall receiver structure is illustrated in 

figure 5.1. 

Received signal 
r (t) 

Frequency 
Recovery 

Timing 
Recovery 

Optimum 

Predictor 
Receiver 

Spreading code 1----------' 
Tracking 

Channel State 
Information 

Optimum received symbol 
sequence for all users. 

Figure 5.1: Block diagram of the proposed receiver structure. 

In deriving the optimum multi-user receiver, the modulation format and pulse shaping 

used by the transmitters is assumed to be known. The receiver assumes knowledge of all of the 

hopping codes (c ( t)) employed by the users present in the system. Schemes have been pro

posed to determine the unknown hopping codes used by a user present in the channel. These 

schemes are primarily designed for interception purposes [Chung 1994, Levitt et al. 1994]. 

Alternatively, schemes have been proposed to acquire and track the user's hopping code in the 

interference channel [Cheng et al. 1990, Miller et al. 1992]. As a further example, receivers 

currently exist which simultaneously track multiple pseudo-random code sequences. An ex

ample of these are the current generation GPS receivers. 

The signal belonging to each user will have both a time and frequency offset to and fo, 

respectively. The receiver is developed assuming ideal knowledge of both of these random 
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variables. Recent work has examined optimal means of deriving the frequency offset [Heb

ley 1997J and the timing offset [Watkins 1998J. Further, the transmitted power of each user is 

assumed to be known. While this may not be an essential requirement of the system, it ensures 

the predictors are calculated using all possible information regarding the system. 

Knowledge of the multi-path channel and its effect on the transmitted signals is assumed. 

The channel for each user is modelled as a wide sense stationary uncorrelated scattering chan

nel. Ideal knowledge of the fading processes effecting all users is not required. It is sufficient 

to condition the derivation of the receiver on the statistics of the fading process, from which the 

required likelihood can be derived. The fading channel experienced by each user is modelled 

as a discrete multi-path channel consisting of N p paths. 

Within the derivation the conditions defined above are represented by the conditional vari

able 

(5.15) 

which contains the set of known conditions for each of the users present in the channel. 

The received signal consists of the mUlti-path faded signals for all users present in the 

channel together with a complex Gaussian noise term. The latter represents the thermal noise 

of the channel together with the noise present in the receiver electronics. Each user is assumed 

to have experienced an independent multi-path fading process. The likelihood of the received 

signal can be completely described by a complex Gaussian distribution. 

Without loss of generality the fading paths experienced by each user may be ordered such 

that the paths received with the largest delays are indexed after the paths received with shorter 

delays. As each user experiences an independent mUlti-path fading process, the number of 

paths and the range of the fading path delays experienced by each user are not common vari

ables. 

The derivation of the receiver assumes a sampled notation. All signals are assumed to 

have been sampled sufficiently so as to obey the Nyquist criterion for the channel. Each vector 

process is assumed to represent the whole of the sampled transmitted sequence rather than the 

individual symbol. Sampling at the Nyquist rate for the received signal, we require m samples 

to represent a single transmitted data symbol where 

(5.16) 

and the data frequencies and hopping bins are orthogonally arranged with the minimum re

quired frequency separation. For a sequence of K, symbols, K,m samples are required to com

pletely represent the transmitted sequence. The largest mUlti-path delay experienced by the 

system over all of the users requires a further n samples. The total number of samples required 

rHEU9MAY 
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to represent the received signal for all of the symbols in the current sequence is then 

'U =;;;m + n (5.17) 

The contribution of each user's transmitted signal to the received signal is again repre

sented by a partitioned matrix. The matrix contains a total of N p partitions equal to the num

ber of discrete paths assumed to exist in the multi-path channel. The signal in each partition is 

delayed to represent the multi-path delay experienced due to that path. Should a path not exist 

for the k th user then that partition will contain only zeros. The matrix for the k th user can be 

written 

nrn Np 
A 

sk 
1 o ... 0 1 0 0 0 I· .. 1 0 0 0 

0 sk 
2 0 1 s1 0 0 I .. · 1 0 0 0 

I .. · 1 

Sk = 0 0 s~rn 1 I .. · 1 0 0 0 
'U 

(5.18) 

0 0 0 0 s~rn 1 ... 1 s1 0 0 

0 0 0 0 0 I ... 1 0 sk 
2 0 

I .. · 1 

0 0 0 0 0 I .. · 1 0 k 
snm 

where the element s{ represents the i th sample of the j th user's signal. 

The individual multi-path fading experienced by each user is sampled and represented by 

the vector 

Zk = [Zl(k
1
) ... Zl(k) ... ZN(k) 1" . ZN(k) ] T 

, ,nm" p, p,nm k = 1, ... ,Nu (5.19) 

where the samples for each path have been combined such that the product of the fading vector 

with the transmitted signal matrix will provide the required sum of received faded paths in the 

received signal. The sample of the fading process ztj' represents the j th sample of the i th 

path of the fading experienced by the k th user. The fading vector contains samples of the 

fading process experienced by the user over the whole of the transmitted sequence. 

Combining equations 5.18 and 5.19, we get the sampled received signal comprising the 

Nu users transmitted signals as 

(5.20) 

where n is the sampled AWGN process affecting the transmission. Zk is the multi-path fading 

experienced by the k th user as defined in equation 5.19. 

The likelihood of the received process may be derived directly from the sampled received 
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process as the noise has a Gaussian distribution. Given the received signal in equation 5.20 the 

likelihood may be written 

P (r I {a(1)} ... { a(Nu
) } , () = det 1 (5.21) 

where the vectors representing the received processes are assumed to extend from the start 

of transmission to the present. Without loss of generality it can be assumed that the vector 

contains an integer number of complete symbols. 

The fading experienced by each user is a zero mean process. Thus, the received signal is 

conditionally zero mean. The covariance of the received signal is defined as 

(5.22) 

This can be expanded using the definition of the received signal in equation 5.20 to obtain 

(5.23) 

As the signals transmitted by each user and the AWGN terms are uncorrelated, equation 5.23 

can be written 

(5.24) 

where the covariance of the AWGN process is defined in equation 4.39. The covariance of the 

remaining term can then be further evaluated after the remaining bracketed terms are expanded. 

A further simplification is achieved by recognising that the expectation of a snm is the snm of 

the expectations. Hence, 

E [ (E SkZk) (t, SkZ,f I {a(l)} ... {a(N.)} ,( 1 
Nu Nu 

= LLE [SkZkz[lsr I {a(l)} ... {a(Nu)} , (] 
k=li=l 

(5.25) 

The matrices representing the signals transmitted by each user are derived from the users pos

tulated data sequences. For a given data sequence, these may then be represented as being 

constant and can therefore be extracted from the expectation operation. lbe right hand side of 

equation 5.25 can then be written as 

(5.26) 
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The fading processes experienced by each user are assumed to be independent. As a result, the 

fading experienced by any two users will be uncorrelated. Hence 

(5.27) 

Substituting equations 5.26 and 5.27 into equation 5.25, we obtain the covariance of the re

ceived signal defined in equation 5.24 as 

Nu 

<1>rr = L Sk<1>zzk Sf! +<1>nn 

k=l 

(5.28) 

where <1>zzk is the covariance of the multi-path fading experienced by the k th user. The multi

path fading channel introduces correlation between the successive received samples. Hence, 

the kernel of the likelihood is not simply decomposed to form a sufficient receiver structure. 

By examining the properties of the covariance matrix of equation 5.28, we derive a method 

of processing the kernel of the likelihood. The covariance of the AWGN noise process is 

positive definite by definition. The assumptions made regarding the multi-path fading process 

guarantee that the covariance of the fading experienced by each user will form a positive semi

definite matrix. The sum of the positive definite and positive semi-definite matrices is by 

definition a positive definite matrix [Papoulis 1984, Makhoul 1975]. Following Lodge and 

Moher [1990], we use the Cholesky decomposition. 

The Cholesky decomposition is directly analogous to the scalar square root operation. The 

original matrix may be directly represented as a product of two triangular matrices, one being 

the Hermitian transpose of the other. After scaling these triangular matrices by the elements on 

their main diagonals, we write the Cholesky decomposition of the inverse covariance matrix as 

the product 

<1>-1 = LHDL rr (5.29) 

where the matrix L is the scaled Cholesky decomposition of the covariance of the received sig

nal. The diagonal matrix D has non-zero elements only on the main diagonal. These represent 

the inverse of the square of the scaling applied to the Cholesky matrices. 

By including the Cholesky decomposition for the received covariance in the kernel of 

the likelihood, we can derive the metric for the optimum receiver. The sufficient receiver 

operates using a linear predictor of the received process. The elements of the L matrices 

provide the predictor coefficients for the postulated symbol sequences in the likelihood. When 

combined with the previous samples of the received process, the predictor coefficients provide 

a prediction of the received sample currently being received. The elements of the diagonal 

matrix D represent the prediction errors of the process. 

Substituting for equation 5.29, we get the kernel of the likelihood shown in equation 5.21 
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as 

(5.30) 

Expanding the matrix multiplication, we get a double summation over the samples in the re

ceived process 

v i 
2 

rHq,;/r = LdU LlijTj (5.31) 
i=l j=l 

where the {dii} are the elements of the diagonal matrix and the {lij} are the elements of the 

lower triangular matrix which is the Cholesky factorisation of the received covariance. The 

range of the second summation in equation 5.31 is limited by the fact that the Cholesky matrix 

is lower triangular, and is therefore zero above the main diagonal. Further, due to the scaling 

operation applied to the lower triangular matrix, the {lii} are all unitary scalars. Including this 

property we write the inner summation as 

i i-I 

LlijTj =Ti+ LlijTj (5.32) 
j=1 j=1 

The elements in the Cholesky matrix may be written as [Lodge and Moher 1990] 

1 0 0 0 

-41
) 1 0 0 

L= _£~2) _f~2) 1 0 (5.33) 

lv-I) 
- 2 

_f(v-l) 
3 1 

where the non-unitary elements are the predictor coefficients used in predicting the received 

symbol sequence. The f~j), 'Vi =1= j represent the i th sample of the j th predictor of the re

ceived signal. Note that the sample index of the predictors map directly to the sample index 

of the received samples. Hence, the i th predictor will apply to the i th sample of the received 

signal. By defining the predictors to be the negative of their expected value, we can show 

the predictor structure of the receiver matches the formal definition of a linear predictive re

ceiver [Makhoul 1975, Papoulis 1984]. Including the definition of the predictors within the 

Cholesky lower triangular matrix in equation 5.33 and the result shown in equation 5.32, we 

write equation 5.31 as 

v 

rH q,;/r = L dii (5.34) 
i=1 

Substituting this definition for the kernel of the likelihood (equation 5.34) and the covariance 
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of the received process into equation 5.29, we get the conditional likelihood for the received 

process shown in equation 5.21 as 

(5.35) 

The likelihood may be converted to a recursive form. This provides for a receiver structure 

which does not require the whole sequence to have been received prior to it making a decision. 

Substituting equation 5.35 into equation 5.6 while including equations 5.2 and 5.3, we can 

write the required recursive conditional likelihood as 

(5.36) 

Taking the natural logarithm of the recursive likelihood, we write the branch metric for the 

optimum multi-user receiver as 

A (1'(J;;) I 1'(J;;-l), { a(l) } ... { a(Nu ) } ,,) = 

~ (~, T, (5.37) 

From equation 5.10 the path metric may then be defined to be 

1'-1 

LA (1'(i) I 1'(i-l), { a(1) } ... { a(Nu ) } " ) 

i=l 

(5.38) 

The desired sufficient receiver performs the non-reversible operations contained in the path 

and branch metrics defined in equations 5.38 and 5.37, respectively. The receiver's decision 

selects the set of symbol sequences for each user which maximise the combined metric. This 

operation is equivalent to minimising the metrics when the negative sign is removed. Further, 

as each branch metric contains the log 1f term this may be dropped, for it adds no significant 

information to the branch. The branch metric which is calculated by the optimum receiver 

reduces to 

A (1'(1') I 1'(1'-1), { a(l) } ... { a(Nu ) } ,,) = 

~ (dii (5.39) 
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As discussed iu the previous chapter, the log dii term may be discarded. This is possible 

when the covariance of the received signal is approximately constant over the symbol period. 

This typically occurs when the user's transmitted symbols have equal energy. This term is 

directly analogous to the first term on the right hand side of equation 4.45. It provides a bias to 

the likelihood. 

The derived path and branch metrics shown iu equations 5.38 and 5.39, respectively, pro

vide the best estimate of the received symbol sequences. The sufficient receiver calculates these 

metrics for each possible sequence of received symbols. The metric with the largest value is 

then chosen as to represent the optimal decision on the received sequence. The decision pro

vides the sequences received from each of the users present in the channel. In one detection 

operation the optimal multi-user receiver for the system resolves all of the received signals. 

Whether the receiver uses all of the information depends on the system implementation. If 

only a siugle user's signal is required, then the other sequences can be ignored. 

5.3.1 Operation of the Optimum Receiver 

The MLSE receiver allows for optimal processing of the received sequences. A block diagram 

of this receiver is shown in figure 5.2. 
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I?igure 5.2: Block diagram of the optimal multi-user sequence estimation receiver. 

Received 
quence Se 

The de-hoppiug operation is performed as an integral function of the detection process 

through the conditioning on the users' hopped signals iu equation 5.18. The hops are effec

tively combined usiug a soft combining algorithm ensuring the best performance possible. This 

allows the full resolution of the spread signal to be used in the receiver to resolve the effects 

of the mUlti-path fading on the transmitted data. Further, it allows the effects of the multiple

access iuterference to be efficiently removed. 
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The receiver is highly complex. To minimise the multiple-access interlerence, it detects 

all of the interlering users' signals. This exponentially increases the number of candidate 

sequences which the receiver must check prior to making a decision. The receiver requires 

a set of predictor coefficients for each of the combinations of user sequences which can be 

received. 

To obtain the predictor coefficients, channel state information is required. The derivation 

for the receiver assumed a stationary channel. This allowed ideal channel state information 

to be used. In a time-varying channel the predictors need to be updated as the channel state 

changes. For this the required channel state information could be derived from the received 

signal. This is shown in figure 5.2 by the dotted arrow. This operation is beyond the scope of 

this thesis. The predictor coefficients are used by the receiver to calculate the branch metrics. 

The predictor coefficients are selected by minimising the squared error between the received 

signal and that predicted using previous samples of the received process. For each of the 

postulated sequences, the predictor coefficients may be derived from the autocorrelation of the 

received process [Makhoul 1975]. 

The optimal receiver operates using the likelihood shown in equation 5.35. Once per 

symbol period, the cumulative metric with the best value is chosen to represent the most likely 

received set of sequences. In a single decision the receiver obtains the set of received sequences 

for all users present in the channel. 

The functional block in figure 5.2 which calculates the branch metrics is expanded in 

figure 5.3. The receiver passes the received signal through a tapped delay line. Each tap weights 

the received signal with the appropriate predictor coefficient. The delay T, in the tapped delay 

line is calculated from the number of predictor coefficients and the sequence length which they 

represent. The receiver accumulates the tap outputs over the sequence length of interest. The 

accumulated value is sampled after the appropriate sequence length. This represents a measure 

for the set of postulated sequences for each of the users. If the receiver is operating on the 

complete sequence, then the best metric is chosen to represent the set of received user symbol 

sequences. Alternatively, the receiver may combine the branch metric with the previous path 

metrics. The Viterbi Algorithm may then be used to provide the optimum received sequences. 

This receiver is conceptually similar to that derived by Verdu [1986a]. The derived receiver 

operates by detecting the combination of the signals received from the multiple users. The 

symbol sequence transmitted by each user is then be extracted from this decision. The receiver 

derived by Verdu [1986a] detects the signal received from each user with a filter matched to 

that user. An optimal decision algorithm then combined these single user decisions to provide 

the optimal set of signals received from each user. 

The receiver may be implemented in a recursive fashion using the branch metric shown 

in equation 5.39. The receiver operates by essentially moving a window across the received 

sequence. Only those symbols effected by the channel and the prediction process are included 

in the window. This leads to an lSI induced trellis. The number of branch metrics which 
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Figure 5.3: Receiver structure required to evaluate each branch metric. A separate set of predictor coefficients are 
required to evaluate each possible branch. 

must be evaluated in each symbol period depends on the observation window. This is less 

than would be required to detect all of the possible sequences since the receiver need only 

track sequences which are still effected by the channel. By selectively combining the recursive 

branch metrics, the path metric for the postulated received sequence may be derived, as shown 

in equation 5.38. Due to the interference present in the channel the received paths form a trellis. 

The Viterbi Algorithm [Forney 1973] provides a method of efficiently and recursively deriving 

the best path metrics from the trellis. 

The number of predictor coefficients used per symbol affects receiver performance. In 

general the greater the number the more accurate the final decision. This is especially true 

for this system where the data symbols are modulated as frequency tones. With insufficient 

predictor coefficients per symbol not all of the candidate frequencies will be represented in the 

predicted sample. Ideally, the receiver should operate with at least as many predictor coeffi

cients as the number of samples required to fully sample the received signal at the appropriate 

Nyquist rate. 

5.4 SUB-OPTIMUM RECEIVER WITH LESS COMPLEXITY 

The optimum receiver derived in the previous section detects the signals transmitted by all of 

the users present in the system. This occurs whether all of the signals are required or not. While 

it provides for the best possible performance, the complexity of the calculations required by 

the optimum receiver is extremely large. Consequently, a receiver structure is desired which 

approaches the performance available from the optimum receiver while substantially reducing 

its complexity. 
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In a mobile system each individual user need only detect the signal intended for them. 

While detecting the set of all transmitted signals will provide the best performance, the com

plexity required to operate the desired optimum receiver is unachievable in portable computing 

devices. Further, privacy may become an issue if it were publicised that a receiver detected all 

users signals. 

From the optimal receiver derivation, a sUb-optimum receiver is developed which detects 

only the desired user's signal. The sUb-optimum receiver requires assumptions to be made 

concerning the interfering users' signals. By simply ignoring the interfering users, the receiver 

automatically limits the performance it can achieve. As has been shown in the literature, con

ventional receivers which ignore the structure present in the interference are severely limited 

in their effective performance [Goodman et al. 1980, Correia and Albuquerque 1991, Tsai and 

Chang 1994]. By including the effects of the multiple-access interference, the performance can 

be improved [Mabuchi et al. 1994]. 

The method proposed here to develop the required sub-optimum receiver is novel. The 

derivation averages the effects of the interfering users transmitted sequences on the received 

signal. This differs from the assumption commonly found in the literature that in-the-limit as 

the number of interfering users is increased the interference effects will assume some known 

distribution [Viterbi 1995]. Modelling the effect of the interference with a statistical distrib

ution is impractical as it is an active process which has properties very similar to the desired 

user's signal. By averaging over the possible effects of the interfering signals, the underlying 

structure present in the interference can be efficiently used to minimise its effect on the desired 

user's signal. 

The desired receiver is again derived from the likelihood for the received signal given a 

postulated sequence for the desired user. All users are assumed to employ the same signalling 

format. The receiver is assumed to have, initially at least, knowledge of the spreading codes 

employed by all of the users present within the channel. The receiver operates on the received 

signal prior to any de-hopping. This preserves the wideband nature of the transmitted signals 

and aids in mUlti-path rejection. A soft decision process is employed by the receiver to combine 

the received hops. The effect of the multi-path channel on the interfering user's signals is 

includeaprior to the averaging. The derived receiver metric can then minimise the effects of 
~~j 

the ~ulti-path delayed multiple-access interference on the desired users signal. 

While this technique minimises the effects of the interfering users, it does not provide 

the performance of the full multi-user receiver. The averaging of the interfering users signals 

degrades the performance available from the system. The aim in developing this sub-optimum 

receiver is to provide improved performance over the conventional single user receiver which 

totally ignores the mUltiple-access interference and to reduce the effects of the mUlti-path fad

ing channel on the transmitted signal. 

The received signal is as modelled in section 5.3 and shown in equation 5.20. This is 

again zero mean with variance shown in equation 5.28. The conditional likelihood for the 
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received sequence conditioned on all of the user's transmitted symbol sequences is given in 

equation 5.21. To remove the conditioning on the interfering users symbol sequences the con

ditionallikelihood must be averaged over all possible symbol sequences. The interfering users 

sequences which are to be averaged are represented as: 

(5.40) 

The likelihood from which the single user sub-optimum receiver is derived is then 

P (r I {a(l)} ,e) 
j ... j P(rl {a(l)},~,e)p(~)d{a(2)} ... d{a(Nu)} (5.41) 

Given the nature of the random variables in the received signal, evaluating equation 5.41 

is non-trivial. The individual data sequences represent the discrete non-stationary frequency

hopped data symbols postulated to have been transmitted by each user. Each user's signal can 

be modelled as a rapidly varying FSK signal with properties similar to the FSK modulated data 

signal. 

An attempt was made to model the effects of the interfering users' signals through the 

cydo-stationary statistics of their spread data process [Papoulis 1984]. The approach requires 

the calculation of the characteristic function of the interfering users' signal. In this manner 

the required covariance of the interference process can be defined in terms of the time varying 

frequency process within the FSK signal. While theoretically achievable, the modulation of the 

data signal by the hopping signal severely complicates this calculation. With some analysis the 

instantaneous frequency of the transmitted signal can be written as a linear function. In theory 

the characteristic function can then be transformed to provide the covariance of the interference 

process. 

An alternative method to achieve the desired result was developed. The underlying Gaussian 

noise process has not changed. The interference due to the interfering users is additional to the 

background AWGN channel noise. Hence, the desired likelihood may again be derived from 

the complex Gaussian process which represents the channel noise. 

Given that the received signal has a complex Gaussian distribution, the likelihood in equa

tion 5.41 can be simplified to [Proakis 1989] 

(5.42) 

Prior to evaluating equation 5.42 it remains for the required moments to be calculated. The 

mean of the received process r, in equation 5.42 is zero. This follows directly from the as

sumption that the fading processes effecting all users has a Rayleigh envelope distortion. 

The covariance of the received signal <Prr is the only term in equation 5.42 which requires 

knowledge of the interfering user's transmitted sequences. In calculating the covariance, the 
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effects of the interlering user's signals must be averaged as the likelihood makes no assump

tions regarding the interlerers possible symbol sequences. The required covariance may be 

written as [Papoulis 1984] 

<Prr E [rrH I {a(l)} , c] 
E [E [rrH I { a(l) } ,~, c] I {a(l)} , c] (5.43) 

From the derivation presented in section 5.3, the first step required to simplify the right hand 

side of equation 5.43 is to substitute for the received signal which is shown in equation 5.20. 

This results in 

(5.44) 

Expanding the bracketed terms, we extract the summations over the users from within both of 

the expectation operations. The inner expectation is conditioned on knowledge of the symbol 

sequences for all of the users present in the channel. The matrices representing the users 

transmitted signals Sk will be constant within this expectation and may be extracted from 

within it. Further, the covariance of the noise process may be completely separated from the 

other terms as the noise is uncorrelated with the other random processes present in the system. 

Equation 5.44 may then be expanded to 

(5.45) 

Using the approach presented in the derivation for the full optimum multi-user receiver, we 

assume the multi-path fading experienced by each user to be uncorrelated with that experienced 

by the other users. The covariance of the fading process may then be defined as shown in 

equation 5.27. Including this definition, we write equation 5.45 as 

Nu 

E [rrH I { a(l) } , C] = L E [SkE [zkzf I {a(k)} , C] sf! I {a(1)} , C] + <Pnn (5.46) 
k=l 

where the inner expectation now applies only to the signal received from a single user. Conse

quently, the conditioning of this expectation has been updated to reflect this. Further evaluation 

of the inner expectation provides 

Nu 

E [rrH I {a(1)},C] = LE [Sk<PZZkSf! I {a(1)},C] +<Pnn (5.47) 
k=l 

where <PZZk is the covariance of the multi-path fading process experienced by the k th user. 
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This is conditioned on knowledge of the variables which effect the k th user only. 

The remaining expectation in equation 5.47 averages the possible effects of the intelfering 

users' data sequences. This expectation is performed over all of the possible data sequences 

which could have been transmitted by the interfering users. If the requirement that all spreading 

codes are known was dropped, then equation 5.47 would require to average over all of the 

possible data and code sequences for each of the interfering users present in the channel. 

The right hand side of equation 5.47 may be expanded into three terms: 

(5.48) 

The first term represents the postulated effects of the desired user. The second term contains the 

averaged effects of the interference expected from the interfering users present in the system. 

The final term is the covariance of the thermal noise process present in the channel. 

The integral in equation 5.48 averages the effects of the interfering users' signals over all 

possible sequences of a known length. The probability of each symbol occurring is uniform 

as the symbols are represented by an independent, identically distributed data stream. Further, 

the probability of each sequence occurring is equally likely for sequences of the same length. 

The sequences themselves are discrete events as the symbols represent finite instances of time. 

The integral can therefore be replaced with a summation whose range spans all of the possible 

symbol sequences. When there are K. symbols in the postulated sequence, there are M'" possi

ble sequences to consider for each interfering user. From the assumptions made regarding the 

distribution of the symbols, the probability of each sequence occurring is uniform and equal to 

(5.49) 

This probability scales the effect of each sequence that could have been transmitted by the 

interfering users. Including equation 5.49 in equation 5.48, we find that the average signal 

expected from each of the interfering users is included in the covariance of the receiver signal. 

The receiver remains conditioned only on the sequence expected from the desired user. 

The covariance of the received signal may then be represented as 

Nu MI< 

S n;. SH 1 """' """' SCi) SCi)H n;. 
l'!.'ZZl 1 + M"'~~ k <PZZk k +'!.'nn 

k=2 i=l 

(5.50) 

where S~i) is the i th possible sequence transmitted by the k th user. There are M'" sequences 

which could have been transmitted by each user. 

This defines the covariance of the received signal when the receiver does not attempt to 

postulate the interfering users' signals. The covariance consists of three distinct terms. Firstly, 

there is the term due to the postulated received signal of the desired user. Secondly, there is the 
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term due to the presence of interfering users in the channel which is labelled <I> I!, and finally, 

there is the term due to the background noise present in the channel. Together these may be 

written 

(5.51) 

where 

(5.52) 

Including the derived covariance shown in equation 5.51, we can write the likelihood for the 

sufficient receiver in equation 5.42 as 

(5.53) 

The received covariance matrix retains the structure found in the optimum multi-user re

ceiver. It is a sum of positive definite and positive semi-definite matrices. The Cholesky decom

position is again used to decompose the covariance of the received signal. This provides the 

tap gains required for the linear predictor structure for the sub-optimum receiver. This receiver 

detects a single user's symbol sequence in the multi-path faded, multiple access interference 

limited channel. 

The Cholesky decomposition for the covariance of the received signal may be written 

(5.54) 

The likelihood from which the sufficient receiver is to be derived is shown in equation 5.53. The 

kernel of this likelihood may be expanded to include the result of the Cholesky decomposition 

of the received covariance as 

\ rH (Sl <I>zzlSf + <I>I! + <I>nnf1 r = (Lr)H D (Lr) (5.55) 

'-~. /~~1efining the elements of the Cholesky triangular matrix as in equation 5.33 and including 

equation 5.55, we can write the conditional likelihood for the received signal as 

(5.56) 

where only the desired users transmitted sequence needs to be postulated. The ep), Vi i= j 

again represent the i th sample of the j th predictor of the received signal. These predictors 

average the effect of the interfering users' signals on the desired user. 

This can again be converted into a recursive conditional log-likelihood using equation 5.7. 
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The branch metric may be represented as 

(5.57) 

where the log 1r term has been discarded as it provides no significant information. The path 

metric for the SUb-optimum receiver becomes 

1>;-1 

r (r(l>;-l) I { 0:(1)} ,,) = LA (f(i) I f(i-l), { 0:(1)} ,,) (5.58) 
i=l 

By averaging over the set of possible sequences transmitted by the interfering users, the 

complexity of the receiver is reduced. The receiver needs only to postulate the sequence re

ceived from the desired user. The interference due to the signals from the other users present 

in the channel is reduced to a constant term in the covariance. In the stationary channel these 

terms can be precalculated. The effect of the interference term was derived using full knowl

edge of the structure of the interfering signals. 

5.4.1 Operation of the Sub-Optimum Receiver 

The sub-optimum receiver estimates the desired user's symbol sequence in the interference 

limited channel. The receiver operates to reduce the effects of the multiple-access interference 

and the multi-path fading on the decision. Unlike the optimal multi-user receiver presented in 

section 5.3, this receiver makes no attempt to track the interfering users' data sequences. 

In CDMA systems, multiple-access interference is typically treated as a source of Gaussian 

interference. This is true in direct sequence systems where each user's signal is spread across 

the whole available bandwidth. In frequency hopped spread spectrum systems though, the 

users occupy only a fraction of the available bandwidth in each hop. The frequency bins oc

cupied in each hop are determined by the user's spreading code sequence. Consequently, the 

interfering users appear as impulsive interference rather than a wideband thermal noise source. 

The receiver does not simply ignore the multiple-access interference as would a single 

user receiver. It includes the effects of the frequency-hopping spread spectrum protocol on 

the interfering users' data signals. This increases the receiver's resistance to the effects of 

the multiple-access interference. As a further benefit, this allows the effects of the multi-path 

chal1l1el on the interfering users' signals to be included in the decision. 

In the limit where only the desired user is communicating in the channel, this receiver is 

equivalent to the optimum multi-user receiver previously presented. In the absence of multiple

access interference, both receivers provide an optimal sequence estimation receiver for the 

desired user. They minimise the effect of the multi-path channel on the reception of the desired 

user's symbol sequence. 
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The operation of this receiver is similar to that of the optimum multi-user receiver. The 

difference is that this receiver only postulates the desired user's symbol sequence. This con

siderably reduces the complexity of the receiver. The receiver need only check the sequences 

which are postulated to have been received from the desired user. This reduces the number of 

predictor coefficients that are required to be calculated by the receiver. 

The receiver operates by calculating the metric shown in equation 5.56 for each postulated 

sequence. It calculates the Euclidean distance between the actual received signal and what it 

has predicted. The metric which has the smallest distance between the observation and the 

predicted value is then chosen to represent the received data sequence for the desired user. 

The receiver can operate in an iterative fashion. With each received symbol the branch 

metric in equation 5.57 is evaluated. A block diagram of such a receiver is shown in figure 5.4. 

The required predictor coefficients are calculated from the ideal channel state information and 

the desired user's postulated symbol sequences. The calculation requires the other users' code 

sequences. The branch metrics are calculated in an identical fashion to the method employed 

by the optimum multi user receiver. The sub-optimum receiver simply requires fewer branch 

metrics to be calculated per sequence. This receiver block is expanded in figure 5.3. 
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Figure 5.4: Block diagram of the sub-optimal single-user sequence estimation receiver. 

A trellis structure exists in the received sequences due to the effects of the interference 

present in the channel. Once the previous path and branch metrics have been combined, the 

Viterbi Algorithm [Forney 1973] can be used to search for the sequence with the best metric. 

This provides the most likely sequence to have been received from the desired user. The de

cision provides no information regarding the interfering users' signals. Hence, the receiver is 

more susceptible to the effects of the multiple access interference, but it is considerably less 

complex than the optimum receiver. 
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5.5 SUMMARY 

This chapter has used maximum likelihood sequence estimation to derive optimal sequence 

processing receivers for the FFHSS system. As these receivers detect the sequence of re

ceived symbols, they minimise the effect of channel induced inter-symbol interference on the 

receiver's performance. Their performance is then superior to the single shot receivers derived 

in the previous chapter. 

The receivers employ a linear prediction process to track the evolution of the received 

signal. They select the most likely received sequence(s) by minimising the Euclidean distance 

between the predicted received signal and that observed. Soft decision combing of the received 

hops is ensured as the receivers operate directly on the received signal prior to any de-hopping 

operation. This provides the best performance as the full wideband signal is used to resolve 

the effects of the fading processes affecting the transmitted signals. 

Using the MLSE technique, we derived an optimum multi-user receiver for the proposed 

channel in section 5.3. This minimises the effect of the interference present in the proposed 

channel on the desired user's signal. The receiver suppresses the multiple-access interference 

by detecting the signals transmitted by each of the users present in the channel. This receiver 

requires a high degree of complexity. As a side effect, all of the signals received from each of 

the users present in the channel are available to the receiver. 

A simpler receiver was then developed. Functionally, this receiver was designed to op

erate with less complexity while retaining most of the performance of the optimal multi-user 

receiver. In section 5.4, the sub-optimal single user receiver was developed by averaging over 

the observed multiple-access interference. 

In the absence of multiple-access interference both receivers are equivalent. They provide 

an optimal sequence estimation solution to the reception of the multi-path faded symbol se

quence of the desired user. In the mUlti-path only channel, these are then the optimal single 

user receiver. 

The next chapter investigates the performance of these receivers. 





Chapter 6 

PERFORMANCE OF THE MLSE RECEIVER STRUCTURES 

This chapter examines, via simulation, the performance of the optimum and sub-optimum 

MLSE receivers derived in chapter 5. The operation of the simulation is discussed in sec

tion 6.1. The limitations encountered in operating the simulation are presented in section 6.2. 

The performance of the optimal receiver when only one user is present is investigated 

in section 6.3. The simulated. channel contains multi-path fading interference. By adding 

multiple-access interference we investigate the performance of the optimum receiver for the 

full system. The performance for each user in tbe channel can be compared as the receiver 

detects all of the signals received from each of the users, as can be seen in section 6.4. 

Finally, the simulation is extended to model the operation of the sub-optimum receiver. 

The performance of this receiver is presented in section 6.5 and compared to the results ob

tained for the optimum receiver. 

Due to complexity and time limitations in the simulation programme, only very small sys

tem configurations are considered. From these results, some inferences are drawn concerning 

the behaviour of larger configurations. 

6.1 OVERVIEW OF THE SIMULATION 

The performance of the receiver structures derived in the previous chapter is investigated 

through Monte Carlo simulation. Errors are detected in the receiver's operation by compar

ing the transmitted symbols with those detected by the receiver. At least two hundred errors 

were required for each of the users monitored before the simulation terminated. This ensured 

that the results are not biased by any single burst of errors in the system's operation. 

Only the dominant sources of interference in the proposed system are included in the 

simulation. These were presented in chapter 3. Only operations which directly affect the 

performance of the proposed receivers are included. The simulation operates in complex base

band. The operations not modelled by the simulation have known effects on the signals and 

are widely covered in the literature. 

The results of the simulation provide an indication of the performance to be expected 

of the proposed system in the mobile multi-user, multi-path environment. By comparing the 
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results obtained from various runs, we can examine the effects of the system parameters and 

the simulated interference. 

Desired user's Multi-path 
~ 

~ 
Transmitter Channel 

Interfering user's Multi-path 
~ 

Transmitter Channel 

8~ (Sub) Optimum Receiver 

Interfering user's Multi-path 
~ 

Transmitter Channel 

Interfering user's 
~ 

MUlti-path 

Transmitter Channel 

Figure 6.1: Block diagram of the system as simulated. 

A block diagram of the simulation is shown in figure 6.1. The contribution to the received 

signal of each user present in the system is directly simulated. Their contribution to the received 

signal is derived directly as if they were the desired user. No single user obtains preferential 

treatment. The simulation checks the optimum receiver's performance for all simulated users. 

The single user receiver only monitors the desired user's signal. 

6.1.1 Simulating the Transmitter 

The transmitter for the proposed system was discussed in chapter 2. Each user is represented 

within the simulation by an independent transmitter. The user's data stream is a randomly 

generated M -ary symbol sequence. The data stream is modulated once per symbol, providing 

an FSK data signal. This is then frequency-hopped across the available spectrum in a pattern 

determined by the user's individual spreading code. The spreading operation is presented in 

section 2.2. 

While the system may operate with an alphabet of any size, binary signalling is used. For a 

given system bandwidth this provides for a larger number of orthogonal frequency bins. For ex

ample, if there were sixteen orthogonal frequencies available, binary signalling allows for eight 

orthogonal frequency bins. Only four frequency bins are available if M = 4. The interference 

model derived in chapter 3 indicated that this configuration provides the best performance in 

the presence of multiple-access interference. By maximising the number of available bins, the 

frequency bin selected by the desired user is less likely to contain an interfering user's signal. 

By minimising collisions between users, the performance and capacity are increased. 
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The simulation allows the number of orthogonal hopping bins available to the system to 

be varied. Each user has equal access to all of the available frequency bins. Once per hop each 

user transmits a data signal in one of the frequency bins. Which frequency bin they select is 

determined from their spreading code. 

The hopping codes are provided to the transmitter by the simulation. These may be se

lected from any possible modulo-N B sequence. Each user employs a unique code. For the best 

performance these will be orthogonal, but the simulation does not require them to be. When 

the number of users in the channel exceeds the number of available frequency bins, orthogonal 

codes are not possible. The hopping codes are presumed to repeat after some constant period of 

time. To minimise complexity the simulation operates assuming that the hopping codes repeat 

with every data symbol. Consequently, each user uses the same hopping sequence for each 

symbol. The user's signals are consistently affected by the same sources of multiple-access 

interference in each hop. 

In hopping the user's data symbol, the transmitter applies a pulse shape to each of the 

hops. This minimises the spectral and temporal spreading of the individual hop signals. As 

discussed in section 2.3, a square root raised cosine pulse shape is used. The simulation uses 

a 75% roll-off factor with a pulse length of one hop period. Both of these parameters can be 

varied in the simulation. 

Once the user's data signal has been modulated and spread, it is passed to a fading channel 

simulator. 

6.1.2 Simulating the Channel 

The method employed to simulate the channel is discussed in section 3.2.2. The simulated 

multi-path fading channel is assnmed to represent a wide sense stationary uncorrelated scat

tering channel. Each user's signal is subjected to an independent multi-path fading process. 

The component paths of the channel, affecting each user are discretely simulated to represent 

the uncorrelated scattering effecting each user. The samples of each multi-path fading process 

are generated by passing complex white Gaussian noise through a filter with an appropriate 

impulse response. A third order Butterworth filter is used as proposed by Loo [1984]. The 

fading generated by this method fits previously published measurements of the mobile com

munication channel [McLane et ai. 1987]. This method provides for an efficient simulation of 

the fading environment without requiring a high complexity filtering and sampling system. 

The samples of the fading process are applied to the respective user's transmitted signal 

to generate the faded signal for that path. Each independent path is then delayed by a number 

of samples to simulate the multi-path delay experienced by that path. All of the simulated 

paths, for all of the users, are then combined to form the received signal. Prior to any receiver 

processing, AWGN is added to simulate the background channel interference and any noise 

present in the receiver's electronics. The signal is then passed to the receiver which operates 

on the signal to estimate the data transmitted by the users. 
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6.1.3 Simulating the Receiver 

The simulation models the iterative receivers discussed in chapter 5. The receiver repetitively 

calculates possible branch metrics for each postulated received sequence. These metrics are 

shown in equations 5.39 and 5.57 for the optimum and sub-optimum receivers, respectively. 

The Viterbi Algorithm is used to combine the branch metrics with the previous path metrics to 

determine the best estimate of the received data symbol(s). 

The predictor coefficients required by the receivers are calculated prior to the simulation 

being run. This is possible as the channel is assumed to be wide sense stationary. 

The length of sequence which the receiver is required to trace is dependent on the delay 

experienced in the channel. The effects of the delayed symbols on the the selection of an appro

priate sequence length are illustrated in figure 6.2. The three things which must be considered 

are: first, the maximum multi-path channel delay, second, the pulse length of the transmit

ted data signal, and third, the number of previous symbols employed in the prediction of the 

received signal. The sequence represents the set of symbols which still affect the symbol(s) 

currently being received. 

Receiver uses the last B symbols in calculating the predictors Maximum multi-path delay TmallJ 

~r------------------------------ ---------~[:> 

4 3 2 

. 0"··· ... . ,' ". 
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Transmitted signal Multi-path delayed signal 
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Figure 6.2: Seleetion of sequence length and predictors. 

The zone of effect for the symbols in figure 6.2 is shown by the dotted arcs. Each symbol 

is active for a period of time equal to the sum of the symbol period (Til) and the maximum 

multi-path delay of the channel (T rna:.!;)' The symbols are plotted in time, where the dots repre

sent hypothesised sampling instances. The desired symbol is labelled 1 and is represented by 

the three hop pulse shapes and dark grey shading. The effect of the multi-path fading on this 

symbol introduces the delayed hops, indicated by the light gray shading. When the previous 

two symbols (symbols 2 and 3) are employed to predict the evolution of the received process, 

the sequence the receiver traces contains four symbols. The extra symbol, number 4, is in-
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eluded as it affects symbol 3 through the effects of the mUlti-path delay. In general, the number 

of symbols which the receiver is required to track /'i,A may be found from 

/'i,A=B+ (6.1) 

where B is the number of previous symbols used in the prediction of the received process. H 

represents the length of the hop pulse shape. Th and Ts are the periods of the hop and data, 

respectively. When the sequence contains /'i,A symbols, the optimum multi-user receiver must 

check MH,ANu possible sequences per received symbol. The sUb-optimum receiver does not 

postulate the multiple-access interference and, therefore, must only check MH,A sequences per 

received symboL Each receiver need only track the best path to each of the possible sequences. 

This is possible as the paths are causal and cannot decrease in value after a branch metric has 

been added. The number of paths the optimum receiver is required to track is M(H,ANu-l). 

Similarly, the sUb-optimum receiver requires to track M(H,A -1) paths. 
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Figure 6.3: Trellis representation of the branch metric for a branch sequence of four symbols. 

The set of possible sequence transitions when the sequence contains four symbols is illus

trated by the trellis shown in figure 6.3. This example represents either the optimum receiver 

in the absence of multiple-access interference or the operation of the sub-optimum receiver. 

Once the previous path metrics and the calculated branch metric values have been combined, 

the Viterbi Algorithm is used to search the trellis for the optimum value for the received se

quence. In the above example with binary symbols, there are sixteen possible branches. The 

receiver is required to track eight states representing the three previously received symbols. 

1\vo symbols are necessary due to the length of the prediction process, the third is required to 

minimise the effects of the multi-path delay. While there are sixteen possible branch metrics, 

the receiver is only required to track eight paths. These represent the best path into each of 
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the possible states. The other path for each state will have a lesser metric and consequently be 

less likely to be received. After the path metrics have been updated, a decision is made on the 

most delayed symbol. This is then dropped from the possible state sequences, which are up

dated to include the most recently received symbol. These symbols are indicated in figure 6.3. 

The branches in the trellis represent the receiver's postulated decision on the symbol which is 

currently being received. 

The branch metrics are calculated directly from the metrics shown in equation 5.39 for the 

optimal receiver and equation 5.57 for the sub-optimal receiver. Each branch requires a set of 

predictor coefficients unique to that branch. As the simulation assumes a wide sense stationary 

channel, the required predictors will not change. The simulation, therefore, calculates the 

predictors for all possible branch metrics prior to the data being transmitted. 

The complexity of the derived receiver structure limits the size of the receiver which can 

be implemented within the simulation. This is discussed further in section 6.2. 

6.1.4 Parameters of interest to the simulation 

The simulation evaluates the performance of the proposed receivers in the proposed channel. 

By varying the system parameters, their effect on the system can be investigated. 

The performance improvements obtained by increasing the number of frequency bins 

available to the system is investigated. The number of times the user hops their signal per 

symbol is also considered. By varying the number of hops and the number of bins available to 

the system we can investigate the effect of the processing gain on the proposed system. The 

performance can be compared between systems where the same processing gain is obtained by 

different means. Interfering users are added to the system to observe the effect of the increased 

interference on the performance. 

The number of interfering users together with the number of available frequency bins 

directly affects the performance of the proposed system. With more bins the user's signal 

occupies a larger bandwidth leading to a better resolution of the mUlti-path fading affecting the 

system. The extent to which the user occupies the full spectrum is determined by the spreading 

codes employed. 

The effect of the fading channel on the system is investigated by varying the speed of the 

fading and the selectivity of the channel. 

The simulation investigates the performance of both derived receiver structures. Within 

the receivers the number of symbols used to predict the evolution of the channel is investigated. 

6.1.5 Capacity of the Simulated Systems 

CDMA systems are inherently interference limited. The number of users which can be sup

ported in the channel is dependent on the resources available to the network and the perfor-
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mance required. Larger levels of interference may be tolerated if reduced performance is ac

ceptable. 

Capacity in CDMA networks is typically measured by tbe average number of users which 

can be supported by the network for a given performance threshold [Viterbi 1995]. In the fol

lowing results, the number of users present in the cbannel is constant within each simulation. 

Hence, the capacity of the channel is taken to be the number of users which can be supported 

by the network with reliable performance. Typically, for a voice connection a maximum prob

ability of error of 10-3 is required for acceptable performance. By comparing the performance 

of each simulated system with a threshold such as this we can detennine the capacity of the 

system. 

Typically, with a larger set of available resources, more users can be accommodated by 

the system for a given performance threshold. Thus, the effect of increasing the number of 

frequency bins or the number of hops per symbol on the capacity is investigated. 

6.1.6 Signal-to-Interference Noise Ratio 

When comparing the performance of the multi-user receivers in the multiple-access channel the 

signal to interference noise ratio (SINR) provides a useful measure to compare the individual 

user's performance. This measures the strength of the individual user's transmitted power in 

the interference environment. This includes the effects of the other users' signals. 

The average SINR for the i 1;h user is defined to be 

SIN~ 
N l'!f + r:/:~l E?) 

(6.2) 

k*i 

where E~k) is energy transmitted per symbol by the k th user and No is the magnitude of the 

two sided power spectral density of the background AWGN noise process. The SINR, simply 

provides a measure of the user's performance compared to the background noise process. This 

can still be used in the multiple-access channel. It provides a means of comparing the perfor

mance of the individual users. It does not reflect the strength of the interference present in the 

channeL 

6.2 COMPLEXITY LIMITATIONS IMPOSED ON THE SIMULATION 

The size of the simulation is limited by the complexity of the proposed receiver structures. 

The number of predictors required for the optimum receiver limits the practical size of the 

system which can be simulated. The SUb-optimum receiver is not as limited as it only detects 

the desired user's signal. For each received symbol the receiver requires to calculate M"'ANu 

branch metrics. This grows exponentially as /'i,A and Nu are increased. When /'i,A = 2 and 
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M = 2, this requires the calculation of 256 branch metrics per symbol when four users are 

present. 65536 branch metrics are required per symbol when eight users are present! 

The bandwidth required by the simulation is directly dependent on the processing gain of 

the simulated system. The larger the number of frequency bins or the number of hops employed 

per symbol, the larger the required bandwidth. The simulated receiver in turn requires an 

increased number of samples per symbol to provide the required frequency resolution. This 

increases the number of calculations required to evaluate each branch metric. Each symbol 

requires 2M N B N h samples to represent the signal. 

The memory required to store the predictor coefficients is proportional to the number of 

samples required per symbol and the number of sequences which can be received. As the 

number of users is increased in the multi-user receiver, larger numbers of predictor coefficients 

are required. These are required for additional sequences which must be considered. This 

places further demands on the resources available to the simulation. As an example, four users 

in a system employing three hops with three frequency bins and binary data require nearly five 

megabytes of storage when the received sequence is three symbols long. The required storage 

grows exponentially as the system parameters are increased. The same system requires nearly 

40 megabytes of storage when one extra user is added! 

The size of the memory required to store the precalculated predictors and the volume of 

calculations required of the receiver when many interfering users are present limits the simu

lation. Rather than pre-calculating the predictors, the simulator could operate by calculating 

them as required. This would allow the users to have longer code sequences. Since the re

ceiver requires the full set of predictors to evaluate the branch metrics, this is impractical for 

the simulation. The computations required to calculate a full set of predictor coefficients would 

severely restrict the speed of the simulation. 

To minimise the memory required of the simulation only small systems were simulated. 

These systems employed limited numbers of hops per symbol. Further, only a small number 

of hopping bins were available to the system. The performance of these basic systems in 

the interference limited environment can be compared. This provides an indication of the 

performance which may be expected of a more realistic system. The observed trend provides 

an indication of the performance to be expected of a full system using the derived receivers. 

In the simulated systems the effect of increasing the system resources can be examined. 

The effects of increased multiple-access interference can be compared against the resources 

available to the system. 

6.3 PERFORMANCE IN THE ABSENCE OF MULTIPLE-ACCESS 

INTERFERENCE 

In the absence of multiple-access interference, both the receivers of Chapter 5 are equivalent. 

Hence, results for this case are presented first to provide a baseline for the performance of the 
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receivers in the multiple-access environment. These results show the performance obtainable 

from the system in the channel which is perturbed by multi-path fading and AWGN. In each 

case the effect of increasing the number of previous symbols used to predict the received signal 

on the system performance is shown. The performance of the systems in frequency-selective 

and non-selective multi-path fading is examined. 

The results compare the effect of varying the number of resources available to the system 

on the performance achievable by a single user in the channel. The performance of a system 

using two hops per symbol with three available hopping bins are investigated in figures 6.4 

and 6.5. This system has a processing gain of twelve. The system employing three hops per 

symbol with two available hopping bins is shown in figures 6.6 and 6.7. This system, again has 

a processing gain of twelve. The performance of a system using three hops per symbol when 

three hoping bins are available is illustrated in figures 6.8 and 6.9. This provides the system 

with a processing gain of eighteen. 

Finally, the performance of the system using five hops per symbol is investigated. This is 

shown in figure 6.10 when two hopping bins are available and in figure 6.11 for the case where 

there are three hopping bins. The former has a processing gain of twenty, while the processing 

gain of the latter system is thirty. For each of the five hop per symbol systems, the performance 

is plotted when only one symbol is used to predict the evolution of the fading process effecting 

the system. 

By examining the various results we can compare the performance of the simulated sys

tems. The processing gain can be used to compare systems employing similar levels of system 

resources. The effect of the fading channel on each system can be seen in each figure. Within 

each figure the number of fading paths (Np) and the speed of the fading process (BT) experi

enced by that system is varied. 

6.3.1 Performance in the Flat-Fading Channel 

In all cases the performance of the receivers is limited by the multi-path fading channel. 

The speed of the fading process does not appear to affect the performance of the receiver. 

Within the statistical bounds of the simulation, the receiver performs equally well in both the 

fast fading (BT = 0.1) and in the moderate fading channel (BT 0.01). 

Overall, the performance of the simulated systems is similar. The factor which limits 

the achievable performance of the system is the effect of the multi-path fading channel. An 

increase in the processing gain of the system appears to have no significant effect on the per

formance when ouly a single user is present. This is as expected as processing gain provides 

protection only against finite dimensional interference. 
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Figure 6.4: Performance for a single user in the system employing two hops per symbol, with three available 
hopping bins and a prediction order of one symbol. The effect of increasing the number of fading paths (N p ) is 
evident The speed of the fading process (BT) has minimal effect. 
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Figure 6.5: Performance for a single user in the system employing two hops per symbol, with three available 
hopping bins and a prediction order of two symbols. The effect of increasing the number of fading paths (N p ) is 
evident. The speed of the fading process (BT) has minimal effect. 
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Figure 6.6: Performance for a single user in the system employing three hops per symbol, with two available 
hopping bins and a prediction order of one symbol. The effect of increasing the number of fading paths (N p ) is 
evident. The speed of the fading process (BT) has minimal effect. 
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Figure 6.7: Performance for a single user in the system employing three hops per symbol, with two available 
hopping bins and a prediction order of two symbols. The effect of increasing the number of fading paths (N p ) is 
evident. The speed of the fading process (BT) has minimal effect. 
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6.3.2 Performance in the Frequency Selective, Multi-path Fading Channel 

The derivation of the receiver to operate in the multi-path selective fading channel is evident 

in the following figures. As the number of fading paths affecting the transmitted signal is 

increased the performance of the system actually improves. The three path channel simulated 

has a maximum delay spread of half a symbol. The receiver is conditionally aware of the path 

structure affecting the received signal. This provides implicit diversity information which the 

receiver employs to aid in resolving the channel's selectivity. The receiver's knowledge of 

the path delays provides for a well defined state structure in the postulated received symbol 

sequence. This minimises the effects of the inter-symbol interference. Together, the implicit 

diversity and the improved state structure provide for significantly improved performance over 

that observed in the flat fading channel. Again, the simulated systems appear to perform equally 

well in the frequency selective multi-path fading channel. 
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Figure 6.8: Perfonnance for a single user in the system employing three hops per symbol, with three available 
hopping bins and a prediction order of one symbol. The effect of increasing the number of fading paths (N p) is 

~/evidenf~-The speed of the fading process (BT) has minimal effect. 

6.3.3 Influence of the Prediction Order on the Performance 

By increasing the number of symbols used in the prediction process the performance is slightly 

improved. This is evident at higher signal-to-noise ratios. The number of coefficients used per 

symbol to predict the fading is equal to the number of samples required to fully sample the 

transmitted signal. Should the number of predictor coefficients used per symbol be reduced 

then the system experiences an error floor. 

In figure 6.4 the start of an error floor may be evident. In this system the transmitted signal 

is only hopped twice. The receiver employs only one symbol to predict the effects of the fading 
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Figure 6.9: Performance for a single user in the system employing three hops per symbol, with three available 
hopping bins and a prediction order of two symbols. The effect of increasing the number of fading paths (N p) is 
evident. The speed of the fading process (BT) has minimal effect. 
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Figure 6.10: Performance for a single user in the system employing five hops per symbol, with two available 
hopping bins and a prediction order of one symbol. The effect of increasing the number of fading paths (N p ) is 
evident. The speed of the fading process (BT) has minimal effect. 
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Figure 6.11: Performance for a single user in the system employing five hops per symbol. with three available 
hopping bins and a: prediction order of one symboL The effect of increasing the number of fading paths (N p ) is 
evident. The speed of the fading process (BT) has minimal effect. 

process. This may indicate the limitations of the receiver for the simulated systems in the flat 

fading channel. When more symbols are used to predict the effects of the multi-path fading, 

as shown in figure 6.5, the error floor is no longer apparent. Similarly, increasing the number 

of hops which are used per symbol removes any hint of this error floor. This may be seen, for 

example, in figure 6.6. 

6.4 PERFORMANCE OF THE FULL MULTI-USER RECEIVER 

This section provides indicative performance of the proposed optimum receiver in the fading 

multiple-access interference channel. Due to the complexity of the simulation, the results 

obtained are limited. This receiver operates to detect the composite signal transmitted by each 

of the users present in the channel. This minimises the probability of error observed by all of 

the users. 

The performance of the full optimum multi-user receiver is investigated in the limited 

systems initially presented in the section 6.3. The effect of increasing the system resources on 

the observed perfonnance is investigated. The results only provide a limited exploration of the 

receiver's capacity. They indicate the trend in performance which can be expected of a larger 

more practical system. 

The results are plotted against two metrics. For each system the performance of the opti

mum receiver in detecting the desired user is investigated. First the results are plotted against 

the signal-to-noise ratio (SNR) perceived by the desired user for the medium and fast fading 

channels. In the fast fading channel, the same results are then plotted against the SINR for the 
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desired user. The SINR includes the effects of the multiple-access interference and is presented 

in section 6.1.6. The SNR is a comparison of the user's transmitted signal power with the power 

of the AWGN process. In each case the effect of the increased multiple-access interference on 

the performance is visible. The curves plotted in these figures represent the performance of 

the system as the multiple-access interference is increased. In the case where only the desired 

user is present (Ny, = 1) then the performance is that observed in section 6.3. Finally the 

performance of the receiver in detecting each of the four users present in each system in the 

fast fading channel is presented. These results are plotted against the SINR perceived by each 

user. 

6.4.1 Performance of the two hop, three bin system 

The performance of the system employing two hops with three available hopping bins is shown 

in figures 6.12, 6.13, 6.14, and 6.15. The performance of the receiver in detecting the de

sired user does not deteriorate in the presence of additional multiple-access interference in the 

medium speed fading channel, as can be seen in figure 6.12. The performance obtained is 

that obtained by the receiver operating to detect the single user in fading channel within the 

statistical bounds of the simulation. Similar results for the fast fading channel are shown in 

figure 6.13. When these results are plotted against the SINR, the effect of the increased in

terference is clearly evident as shown in figure 6.14. While the performance may not have 

decreased, the effect of the equal transmit power employed by all of the users is evident. As 

each user increases their transmit power, improved performance is obtained for approximately 

the same SINR. The performance of the receiver in detecting each of four users operating si

multaneously in the system is shown in figure 6.15. Each user is detected with approximately 

the same probability of error for a given SINR. The receiver favours no individual user above 

any other. It simply detects the sum of all of the users' signals. It then extracts the desired 

user's signal from its decision. 

6.4.2 Performance of the three hop, two bin system 

The reversed system, employing three hops and two hopping bins, is investigated in fig

ures 6.16,6.17,6.18, and 6.19. A similar performance is observed as was seen in the previous 

system. Of note, is that, as only two hopping bins are available there is a larger discrepancy in 

the system performance as the multiple-access interference is increased. There are fewer fre

quency bins for the users to share and consequently the performance degrades more quickly as 

the number of users increases. This is evident in figures 6.16 and 6.17. In the fast fading chan

nel the receiver supports three users with equivalent performance, but the addition of a fourth 

user imposes a penalty in the observed performance. A similar observation may be implied for 

the medium speed fading channel, although the simulation results are less well defined. This 

can be seen in figure 6.18 where the performance with four users in the channel is worse than 

for the other cases. This system has an equivalent processing gain to the previously presented 
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Figure 6.12: Performance of the optimum receiver in the system employing two hops per symbol with three 
available frequency bins as the number of interfering users is increased. The fading channel comprises of a single 
path with BT = 0.01. The receiver employs a prediction order of one symbol. The performance is approximately 
equivalent as the number of interfering users is increased. 
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Figure 6.13: Performance of the optimum receiver in the system employing two hops per symbol with three 
available frequency bins as the number of interfering users is increased. The fading channel comprises of a single 
path with BT = 0.1. The receiver employs a prediction order of one symbol. The performance is approximately 
equivalent as the number of interfering users is increased. 
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Figure 6.14: Performance of the optimum receiver in the system employing two hops per symbol with three 
available frequency bins as the number of interfering users is increased. The fading channel comprises of a single 
path with BT = 0.1. The receiver employs a prediction order of one symbol. The results are plotted against 
the perceived signal to interference noise ratio for the desired user. The effect of the increasing multiple access 
interference can be clearly seen. 
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Figure 6.15: Performance of the optimum receiver in detecting each of the four users present in the channel, in 
the system employing two hops per symbol with three available frequency bins. The fading channel comprises of a 
single path with BT = 0.1. The receiver employs a prediction order of one symbol. The results are plotted against 
the signal to interference noise ratio perceived by each user. Each user performs equally well in the simulated 
channel. . 
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system. By comparing figures 6.14 and 6.18, we can examine the effect of the the system pa

rameters on the processing gain. When four users are present in the system, a larger number 

of available frequency bins provides increased performance over a system employing a larger 

number of hops per symbol. In the other cases the performance of the system is equivalent. The 

receiver provides equal performance in detecting each of the four users present in the channel, 

as can be seen in figure 6.19. 
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Figure 6.16: Performance of the optimum receiver in the system employing three hops per symbol with two 
available frequency bins as the number of interfering users is increased. The fading channel comprises of a single 
path with BT = 0.01. The receiver employs a prediction order of one symbol. The performance degrades as the 
number of simultaneous users (Nu ) is increased. 

6.4.3 Performance of the three bin, three hop system 

Finally, the system with three hops per symbol with three available hopping bins is presented 

in figures 6.20, 6.21, 6.22, and 6.23. The effect of the extra frequency bin is evident. The 

results are similar to those obtained in the system which only hopped the transmitted signal 

twice per symbol. As more resources are available to this system it can be postulated that this 

three hop, three bin system will perform better in the presence of larger levels of multiple

access interference. The effect of the speed of fading on the performance is seen by comparing 

figures 6.20 and 6.21. In the faster fading channel the simulation provides more stable results. 

The system appears to operate at higher SINR compared to the other systems as shown in 

figure 6.22. This is due to the effect of the increased processing gain on the system. The 

receiver again performs equally well in detecting each of the four users present in the channel 

as shown in figure 6.23. 
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Figure 6.17: Performance of the optimum receiver in the system employing three hops per symbol with two avail
able frequency bins as the number of interfering users is increased. The fading channel comprises of a single path 
with BT = 0.1. The receiver employs a prediction order of one symbol. The performance degrades significantly 
when four users are present in the channel. 
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Figure 6.18: Performance of the optimum receiver in the system employing three hops per symbol with two 
available frequency bins as the number of interfering users is increased. The fading channel comprises of a single 
path with BT = 0.1. The receiver employs a prediction order of one symbol. The results are plotted against 
the perceived signal to interference noise ratio for the desired user. The effect of the increasing multiple access 
interference can be clearly seen. 
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Figure 6.19: Performance of the optimum receiver in detecting each of the four users present in the channel, in 
the system employing three hops per symbol with two available frequency bins. The fading channel comprises of a 
single path with BT = 0.1. The receiver employs a prediction order of one symbol. The results are plotted against 
the signal to interference noise ratio perceived by each user. Each user performs equally well in the simulated 
channel. 
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Figure 6.20: Performance of the optimum receiver in the system employing three hops per symbol with three 
available frequency bins as the number of interfering users is increased. The fading channel comprises of a single 
path with BT = 0.01. The receiver employs a prediction order of one symbol. The performance is approximately 
equivalent as the number of interfering users is increased. 
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Figure 6.21: Performance of the optimUlll receiver in the system employing three hops per symbol with three 
available frequency bins as the nUlllber of interfering users is increased. The fading channel comprises of a single 
path with BT = 0.1. The receiver employs a prediction order of one symbol. The performance is approximately 
equivalent as the number of interfering users is increased. 
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Figure 6.22: Performance of the optimUlll receiver in the system employing three hops per symbol with three 
available frequency bins as the number of interfering users is increased. The fading channel comprises of a 
path with BT 0.1. The receiver employs a prediction order of one symbol. The results are plotted against 
the perceived signal to interference noise ratio for the desired user. The effect of the increasing multiple access 
interference can be clearly seen. 
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Figure 6.23: Perform~ce of the optimum receiver in detecting each of the four users present in the channel, in the 
system employing three hops per symbol with three available frequency bins. The fading channel comprises of a 
single path with BT 0.1. The receiver employs a prediction order of one symbol. The results are plotted against 
the signal to interference noise ratio by each user. Each user performs equally well in the simulated 
channel. 

6.4.4 Comparison of the simulated systems 

The performance of the three systems presented above are compared in fignres 6.24 and 6.25. 

Each figure shows the performance in detecting the desired user's signal when there are a total 

of fonr users present in the channel. The systems employing more hopping bins per symbol 

are superior. The multiple-access interference has a greater effect on the system where only 

two frequency bins are available as can be seen in fignre 6.25. This is because the users are 

required to share the smaller number of available bins over a larger number of hops per symbol. 

Interestingly, the performance of the other two systems are very similar despite their different 

processing gains. 

In all cases the performance of the receiver in detecting each of the users' signals is equiv

alent to that of the receiver which detects only a single user in the fading channeL This is 

due to the receiver operating to detect the composite signal which comprises the set of signals 

transmitted by each of the users. 

The performance of the receiver will degrade as the number of simultaneous users exceeds 

the system capacity. This can be seen in figure 6.17 where the addition of the fourth user 

decreases the performance. This is expected and predicted by the model derived in Chapter 3. 

By predicting the evolution of the received process over a larger number of previous symbols, 

these effects may possibly be reduced. 
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Figure 6.24: Comparison of the performance of the optimlffil multi-user receiver in detecting the desired user's 
signal for each of the simulated systems. The fading channel comprises of a single path with BT = 0.1. The 
receiver employs a prediction order of one symbol. The performance of the three hop, two bin system is worse than 
that of the other two systems considered. 
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Figure 6.25: Comparison of the performance of the optimum multi-user receiver in detecting the desired user's 
signal for each of the simulated systems. The fading channel comprises of a single path with BT 0.1. The receiver 
employs a prediction order of one symbol. The results ate plotted against the perceived signal to interference noise 
ratio. The multiple access interference appeats to have a greater effect on the performatlce of the three hop, two bin 
system. The other two systems considered ate approximately equal. 
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6.4.5 Influence of the Flat-Fading Channel 

In each of the simulated systems, the multi-path fading process limits the observed perfor

mance. The systems perform equally well in the flat-fading environment. The increased 

processing gain serves only to support a larger level of multiple-access interference. As ex

pected, the performance of the receiver for each of the individual users is equally affected by 

the multi-path fading process. 

The speed of the fading process appears to have no significant effect on the observed 

performance. The fast fading channel provides for more stable results. The performance of the 

medium speed fading, is however, very similar. 

6.5 PERFORMANCE OF THE SUB-OPTIMUM RECEIVER 

Finally, the performance of the sub-optimum interference averaging single user receiver is ex

amined. This receiver has less complexity than the full optimum receiver. In investigating this 

receiver's performance, the observed degradation in performance as compared to the optimum 

receiver is of interest. 

When only one user is present in the channel (Nu = 1), the performance can be directly 

compared to the results in section 6.3 and section 6.4. In this case the two receiver structures 

are equivalent. As shown in section 6.4, this performance is also that of the full optimum 

receiver in the fading channel. The same three limited fast frequency-hopped spread spectrum 

systems are again considered. As the receiver only detects the signal transmitted by the desired 

user, the performance of the individual users present in the channel is not compared. 

The performance of the two hop, three bin system is examined in figures 6.26 to 6.33 

and figures 6.50 to 6.57. The performance of the three hop, two bin system is investigated in 

figures 6.34 to 6.41 and figures 6.58 6.65. Finally, the performance of the three bin, three hop 

system is presented in figures 6.42 to 6.49 and figures 6.66 to 6.73. Each set of simulation 

results are plotted twice, first, against the SNR observed by the desired user and then against 

the SINR. The results for the flat fading channel are presented prior to those for the selective 

fading channel. The results are ordered such that within each system only one variable changes 

between each pair of plots. The order of the prediction process (B) is changed before the speed 

of the fading process (BT). 

6.5.1 Performance in Flat-Fading 

In the flat -fading channel the performance of the three systems considered is similar. This 

can be seen by comparing figures 6.26, 6.34, and 6.42 where BT = 0.01. Alternatively, fig

ures 6.30, 6.38, and 6.46 can be compared to examine the performance in the fast fading chan

nel. The performance is approximately the same while the multiple-access interference does 

not exceed the channel capacity. As users are added to the system, the performance is affected. 
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This is especially evident in the two lesser systems considered. The capacity of these systems 

is limited. The lack of available resources significantly limits the multiple-access interference 

which the receiver is able to tolerate. 
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Figure 6.26: Perfonnance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the mUltiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.01. The receiver has a prediction order of one symbol. Decreased perfonnance is observed 
when four users are simultaneously present in the channel. 
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Figure 6.27: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.01. The receiver has a prediction order of one symboL The results are plotted against the 
signal to interference ratio. The start of an error floor may just be visible. 



142 CHAPTER 6 PERFORMANCE OF THE MLSE RECEIVER STRUCTURES 

In the two hop, three bin system a degradation in the performance is observed when four 

users are present in the channel. This can be seen in figures 6.26 and 6.30. While three or less 

users are present in the channel, the observed performance is equivalent to that of the optimum 

multi-user receiver. 
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Figure 6.28: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.01. The receiver has a prediction order of two symbols. Any hint of an error floor has been 
removed by increasing the order of the prediction process. 

An error floor is observed in the three hop, two bin system when four users are present 

in the channel. Further, the presence of the third user introduces a penalty to the observed 

performance. This is evident in figures 6.34 and 6.38. 

The three hop, three bin system has a larger processing gain than the two previously con

sidered systems. The effect of this is clearly visible in figures 6.42 and 6.46. The additional 

multiple access interference does not significantly effect the performance of the receiver. In 

the fast fading channel, a small penalty is observed when four users are present in the channel. 

This system has a greater capacity and, hence, supports more users prior to experiencing a 

mUltiple-access interference induced performance penalty. 

6.5.2 Performance in Frequency-Selective Fading 

As observed in section 6.3, the implicit diversity information available in the selective fading 

channel provides for better performance. The degree to which the performance is improved 

though, is limited by the presence of multiple-access interference. The results for the three 

systems considered are presented in figures 6.50, 6.58, and 6.66 for the medium speed fading, 

and in figures 6.54, 6.62, and 6.70 for the fast fading channel. 
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Figure 6.29: ~ Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is inereased. The simulated fading channel consists of 
one path with BT = 0.01. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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:Figure 6.30: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.1. The receiver has a prediction order of one symbol. Decreased performance is observed 
when four users are simultaneously present in the channel. The performance for up to three users in the channel is 
approximately the same. 



144 CHAPTER 6 PERFORMANCE OF THE MLSE RECENER STRUCTURES 

10° 

+ Nu =1 
0 N u =2 
lIE Nu =3 
x N u =4 

10-1 

~ 
~ 
.... 
0 

Jl 
.~ 
i:!1 

10- 2 

10-3L-~------L---------~--------~--------~--------~ 
o 5 10 15 20 25 

Signal to interference noise ratio (dB) 

Figure 6.31: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.32: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of two symbols. Decreased performance is observed 
when four users are simultaneously present in the channel. Improved performance is observed over the same system 
employing a prediction order of only one symbol. 



65 PERFORMANCE OF THE SUB-OPTIMUM RECEIVER 145 

10°,--------,---------,---------,---------.--------, 

10- 1 

~ 
r:G 

~ 
~ 

10- 2 

10-3 '--___ -L ____ -'-::-___ ---:'...,..-___ -::'::-___ --::' 

o 5 10 15 20 25 
Signal to interference noise ratio (dB) 

Figure 6.33: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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Figure 6.34: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.01. The receiver has a prediction order of one symbol. Decreased performance is observed 
when three users are simultaneously present in the channel. The presence of four simultaneous users immediately 
leads to an error floor. 
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Figure 6.35: Perfo=ance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.01. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. The effect of the error floor when four users are present can be seen. 
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Figure 6.36: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.01. The receiver has a prediction order of two symbols. Decreased performance is again 
observed when three users are simultaneously present in the channel. The presence of four simultaneous users 
immediately leads to an error floor. Smoother results are obtained as the receiver operates with a larger prediction 
order. 
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Figure 6.37: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.01. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. The effect of the error floor when four users are present can be seen. 
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Figure 6.38: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of one symboL Decreased performance is observed 
when three users are simultaneously present in the channeL The presence of four simultaneous users approaches 
an error floor. Smoother results are obtained in this faster fading channel. 
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Figure 6.39: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.40: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of two symbols. The presence of four simultaneous 
users approaches an error floor. Improved performance is observed due to the increased prediction order, when 
three users are present in the channel. 
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Figure 6.41: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.1. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 

10°'-~~~-r--------.--------'--------'--------' 

10-1 

J!:l 
~ 

~ 
~ 

10-2 

10-3~====~~----~------~------~------~ 
o 5 

Figure 6.42: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.01. The receiver has a prediction order of one symbol. The addition of multiple access 
interference has little effect on the observed performance. 
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Figure 6.43: Perform~nce of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.01. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.44: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.01. The receiver has a prediction order of two symbols. The addition of multiple access 
interference has little effect on the observed performance. 
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Figure 6.45: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.01. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 

Significant performance improvements are observed in the selective fading channel when 

there is very little multiple-access interference. As the multiple access interference is increased 

the performance decreases. Each additional user affects the system performance. The degra

dation in performance observed due to each additional interferer is dependent on the system's 

capacity. There is little difference in the performance observed in the two speeds of fading 

simulated. 

The two hop, three bin system tolerates two users with improved performance over the flat 

fading channel, as shown in figures 6.50 and 6.54. The additional interferer adds approximately 

a 3dB performance penalty compared to the performance observed for a single user. Three 

users are supported with approximately the same performance as observed in the flat fading 

channel. When four users are present the performance degrades and may approach a multi

path induced error floor. 

Similar performance is observed for the system employing three hops and two bins. Re

sults for this system are presented in figures 6.58 and 6.62. The error floor when four users are 

present is clearly evident in this system. 

The increased capacity in the three hop, three bin system is apparent in figures 6.66 and 

6.70. The receiver provides the same perfonnance as was observed in the flat fading channel 

when four users are present in the channel. Improved perfonnance is observed when less than 

four users are simultaneously communicating. Each additional user introduces approximately 

a 3dB penalty in performance. There is no apparent multi-path induced error floor. 
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Figure 6.46: Perfonnance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of one symbol. The addition of the fourth user causes 
a slight decrease in perfonnance. 
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Figure 6.47: Perfonnance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT = 0.1. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.48: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.1. The receiver has a prediction order of two symbols. The presence of four users has a 
lesser performance penalty since the prediction order has been increased. 
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Figure 6.49: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
one path with BT 0.1. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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Figure 6.50: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists 
of three paths with BT = 0.01. The receiver has a prediction order of one symbol. Significantly improved 
performance is observed in the frequency-selective channeL The presence of each additional user adds a penalty to 
the performance. The start of an error floor is possible when four users are simultaneously present in the channel. 
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Figure 6.51: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated channel consists of 
three paths with BT 0.01. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.52: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with B T = 0.01. The receiver has a prediction order of two symbols. Improved performance is observed 
through the increased prediction order. The error fioor is no longer apparent. 
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Figure 6.53: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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6.5.3 Significance of the Prediction Order 

The results presented above employed a prediction order of one symbol. A single previous data 

symbol was used by the receiver to predict the evolution of the received process. Improved 

performance may be obtained in the presence of multiple-access interference by increasing the 

number of symbols employed by the receiver in predicting the received signal. By including a 

longer history in the prediction, the receiver is better able to follow the channel's variation. 
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Figure 6.54: Performance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.1. The receiver has a prediction order of one symbol. The observed performance is 
significantly reduced when there are three or four users present in the channel. 

In the flat fading channel, increasing the prediction order has a small effect on the ob

served performance. Typically, smoother results are obtained when two symbols are employed 

to predict the received signal. This can be seen, for example, when figures 6.34 and 6.36 are 

compared. Further, comparing figures 6.38 and 6.40, we see that the degradation in perfor

mance due to increased multiple-access interference is reduced, while the channel capacity is 

not exceeded. Similar results are obtained for the other two simulated systems. This effect is 

observed, regardless of the speed of the fading process. 

Significant performance improvement is observed when the prediction order is increased 

in the frequency-selective multi-path fading channel. In figure 6.52, the two hop, three bin 

system can be seen to support four users with the same performance as was observed for three 

users when only one symbol was used to predict the received signal as shown in figure 6.50. 

Further, the performance when two or three users are present in the channel is improved. Sim

ilar results are obtained in the fast fading channel, as seen from comparing figures 6.54 and 

6.56. 
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Figure 6.55: Perfonnance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.1. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.56: Perfonnance of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT 0.1. The receiver has a prediction order of two symbols. Improved performance is observed 
through the increased prediction order. 
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Figure 6.57: Perfonnimce of the Sub-optimum receiver for the system employing two hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.1. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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Figure 6.58: Perfonnance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading charmel consists of 
three paths with BT = 0.01. The receiver has a prediction order of one symbol. While the frequency-selective 
charmel provides for increased performance each additional user introduces a penalty to the perfonnance. An error 
floor may possibly be commencing when four users are present in the channel. 
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Figure 6.59: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 

Similar gains are observed in the three hop, two bin system. The error floor is still evident 

when four users are present in the channel. A slight improvement in performance is observed. 

When two or three users are present in the channel, the performance is again significantly 

improved by predicting the received signal over two previous symbols. This is evident when 

figures 6.58 and 6.60 or figures 6.62 and 6.64 are compared. 

The three hop, three bin system provides the best performance when the prediction order is 

increased. In this system four users do not approach the multiple-access capacity of the chan

nel. Comparing figures 6.66 and 6.68, we see that four users can be accommodated with nearly 

the same performance as were two users when only one symbol was used to predict the evolu

tion of the received signal. Similar results are obtained in the fast fading channel, figures 6.70 

and 6.72. Importantly, no error floor is apparent in this system for the levels of multiple-access 

interference simulated. When two previous symbols are employed in the prediction process, 

the performance degradation observed due to each additional user is reduced to between 1 and 

2dB. 

6.5.4 Performance in Multiple Access Interference 

As expected, the performance of the receiver degrades in the presence of multiple access inter

ference. Whilst the number of users is less than the channel capacity the receiver is capable of 

operating in the presence of the interference. The performance is affected by the interference, 

and hence, the best performance is observed in the absence of MAl. The receiver exhibits an 

error floor when the channel's capacity is exceeded. 
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Figure 6.60: Performance of the SUb-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of two symbols. The penalty imposed by the 
presence of each additional interferer is reduced by the increased prediction order. An error floor is evident when 
four users are present in the channel. 
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Figure 6.61: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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Figure 6.62: Performance of the Sub-optimum receiver for the system employing three hops per symbol with 
two available hopping bins as the multiple access interference is increased, The simulated fading channel consists 
of three paths with BT 0,1. The receiver has a prediction order of one symboL Once again the frequency
selective channel provides for increased performance, The presence of each additional user reduces the observed 
performance, When four users are present in the channel the system may again be approaching an error floor, 
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Figure 6.63: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased, The simulated fading channel consists of 
three paths with BT = 0,1. The receiver has a prediction order of one symboL The results are plotted against the 
signal to interference ratio, 
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Figure 6.64: Perfonnance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT 0.1. The receiver has a prediction order of two symbols. The increased prediction order pro
vides for further improved perfonnance. The effect of each additional interferer has been reduced. Unfortunately, 
when four users are present in the channel the system again appears to be approaching an error floor. 
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Figure 6.65: Performance of the Sub-optimum receiver for the system employing three hops per symbol with two 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT 0.1. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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With four simultaneous users, the two hop, three bin system operates at or near its capac

ity. By contrast the three hop, two bin system exceeds its capacity. The presence of the fourth 

user causes an error floor to be observed. While these two systems bave the same process

ing gain, the increased number of bins available in the former system provides for improved 

performance. The three hop, three bin system operates below its capacity when four users are 

present. This can be seen in the results, as good performance is obtained in both the flat fading 

and the frequency selective channels. 
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Figure 6.66: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of one symbol. The increased system resources 
and the frequency-selective channel again provide for increased performance. While each additional user reduces 
the observed performance there is no apparent error floor. 

When plotted against the SINR the effect of all sources of interference in the channel 

on the performance can be seen. The larger the number of interfering users, the larger the 

interference present in the channel. In the frequency-selective channel the presence of the 

multiple-access interference limits the performance which the receiver can achieve. While the 

system's processing gain serves to reduce the effects of the interference, it cannot remove it. 

The receiver operates to limit the effect of this interference, but it too is incapable of totally 

removing the effects of the simultaneous users' signals. 

The performance obtained is dependent on the users' transmitted power. By increasing 

their transmitted power each user obtains improved performance. While the users increase their 

transmitted power uniformly no user overpowers any other. The receiver is derived assuming 

conditional knowledge of each user's transmitted signal power. This may not require power 

control, but the system performance may be affected when a strong user, or interferer, is present 

in the channel. 
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Figure 6.67: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.68: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of two symbols. The increased prediction order 
provides for further improved performance. 



6.6 SUMMARY 165 

100 

10-1 

10-2 

., 
10 
~ 
.... 10-3 0 

&i 
.1:: 
~ 

10- 4 

10-5 

10-6 
0 10 15 25 

Signal to interference noise ratio (dB) 

I<igure 6.69: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.01. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 

Each user's signal appears as intenerence to each of the other users. If the receiver was 

unaware that one user had increased its transmitted power, then that signal may swamp the 

detection process. This could effectively block the other user's signals. The receiver could be 

designed to operate by limiting the power received in each hop bin. Such methods are used in 

the interference limited systems discussed in section 1.2.2. Alternatively, power control can be 

used to limit the power transmitted by the users. 

6.6 SUMMARY 

The performance of the proposed multi-user receiver structures was investigated in this chapter. 

The operation of the receivers was simulated in the channel for which the proposed system was 

designed to operate. The effects of the multiple-access intenerence and the selective multi-path 

fading were included. 

In the absence of mUltiple-access interference, the penormance of the receiver structures 

is limited by the multi-path fading environment. The receiver penorms equally well in the 

fast and moderate speed fading channels considered. No apparent error floor was evident 

in the receiver's penormance in the flat fading channel. Improved penormance is observed 

in the selective fading channel. The receiver operates on the received signal to combine the 

implicit diversity information available. The presence of this diversity information provides 

for the improved penormance. In the limited systems simulated there was little difference in 

the penormance observed. The presence of increased system resources increases the multiple

access capacity of the channel. The penormance can be improved by increasing the prediction 
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Figure 6.70: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.1. The receiver has a prediction order of one symbol. The increased system resources and 
the frequency-selective channel again provide for increased performance. While each additional user reduces the 
observed performance there is again, no apparent error floor. 
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Figure 6.71: Performance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.1. The receiver has a prediction order of one symbol. The results are plotted against the 
signal to interference ratio. 
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Figure 6.72: Perfonnance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading chaffilel consists of 
three paths with BT = 0.1. The receiver has a prediction order of two symbols. The increased prediction order 
provides for further perfonnance improvements, with no apparent error floor. 
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Figure 6.73: Perfonnance of the Sub-optimum receiver for the system employing three hops per symbol with three 
available hopping bins as the multiple access interference is increased. The simulated fading channel consists of 
three paths with BT = 0.1. The receiver has a prediction order of two symbols. The results are plotted against the 
signal to interference ratio. 
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order of the receiver. The greater the number of previous symbols employed by the prediction 

process, the longer the affect of the fading on the received signal that can be traced. Sufficient 

samples must be included in the prediction process to prevent the performance of the receiver 

from experiencing an error fioor. This is especially true of a frequency modulation system. 

Aliasing will effect the system performance if the received signal is insufficiently sampled. 

While the number of simultaneous users does not exceed the system resources, the full 

multi-user receiver provides the same level of performance in MAl as was observed when 

only one user occupied the channel. Additional multiple-access interference may decrease the 

observed performance as the users exceed the system resources. The capacity of the system 

is determined by the number of users which can be supported with a given probability of 

error. The optimum multi-user receiver detects all users with an equal probability of error. 

Hence, while this is less than the performance threshold required by the system, it is said to 

operate within capacity. More users can be supported, but the quality of service is limited as 

the performance may degrade. The receiver essentially operates by detecting the sum of the 

received signals. From this decision the signal received from each user can then be obtained. 

The degradation in performance can be seen in the system employing three hops and only 

two frequency bins. When four users are present in the system, a slight decrease in perfor

mance is observed compared to the performance when less than four users are present in the 

system. As more users are added to the system the performance of the receiver will continually 

degrade. This serves to show that the performance of the system, for a given set of resources, 

is limited by the number of simultaneous users. From a comparison of systems of the same 

processing gain it is evident that a larger number of frequency hopping bins provides increased 

performance over a larger number of hops per symbol. 

The degradation in performance observed in the optimum multi-user receiver is expected. 

CDMA systems are known to be interference limited. Their capacity to support a number of 

simultaneous users depends on the required performance threshold. In the limited systems 

simulated, this effect was evident. Of note, the performance of the receiver does riot degrade 

while the system capacity is not exceeded. 

The performance of this receiver could be further improved by increasing the number of 

symbols used to predict the evolution of the received signal. The complexity of the receiver 

limits the practical size of system which can be simulated. Further, the complexity of the full 

optimum receiver limits its practical uses. While it provides the best possible performance in 

the channel, it is impractical with current generation mobile hardware. This receiver can be 

used at a base station where it is desired to detect each of the received signals. 

In limited multiple-access interference environments, the sub-optimum receiver approaches 

the performance of the full optimum receiver. This receiver requires less complexity and is 

more applicable to a mobile terminal. While the number of simultaneous users do not exceed 

the system resources, the SUb-optimum receiver provides good performance in the channel. 

The receiver uses the prediction process to reduce the effect of all interference on the received 
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signal. Rather than detecting all of the received signals, the receiver operates by tracking the 

average of the interference. 

Like the full optimum multi-user receiver, the sub-optimum receiver is sensitive to the 

multiple-access interference present in the channel. As this receiver does not attempt to track 

the interfering user's symbol sequences, the effect of the interference on its performance is 

greater. The nnmber of users which can be supported with a given probability of error by a 

system operating with the sub-optimum receiver is less than that which can be supported by an 

optimum multi-user receiver. 

The sub-optimum receiver performs equally well in the flat fading channels considered. 

The perfonnance is similar to the optimum receiver until the receiver's capacity is exceeded. 

When more users are present in the channel than the receiver can support, an error floor is ob

served. In the limited systems considered, as the capacity of the receiver is approached a slight 

decrease in performance is observed. Typically, this receiver can provide equivalent perfor

mance to the full optimum receiver up to a slightly lower level of multiple-access interference. 

This can be seen by comparin~ the optimum and SUb-optimum simulation results in the flat 

fading channel. 

In the frequency-selective fading channel, the sub-optimum receiver experiences improved 

perfonnance over that observed in the flat fading channel. Unfortunately, it is more susceptible 

to the effects of the multiple-access interference in this channel. As the receiver is only tracing 

the average of the anticipated interference, it cannot directly postulate the effect of the multi

path fading process on the interference signals. The implicit diversity information available 

in this channel does provide for increased performance over that observed in the flat fading 

environment. While the capacity of the receiver is not exceeded, significant improvements 

in performance are observed. The degradation in perfonnance observed due to the multiple

access interference is directly related to the system resources available to the system. When 

more resources are available this receiver supports more simultaneous users. 

The performance of the sub-optimum receiver can be significantly improved by increasing 

the order of the prediction process employed in the receiver. As the interfering users' symbol 

sequences are no longer being detected, the receiver is unable to include their value in its 

decision. Their effect on the desired user's signal can be minimised by increasing the order of 

the prediction process. This allows the effect of the mUlti-path fading process on these signals 

to be more efficiently tracked. 

In the limited systems considered, the effect of increasing the number of frequency bins 

available to the system over the number of hops per symbol can be examined. A larger number 

of frequency bins provided better performance than a larger number of hops per symbol. 

In a realistic system, a much larger set of resources would be available. Consequently 

a larger number of users could be supported by the receivers for a given performance. This 

follows directly from the results obtained from the interference model derived in Chapter 3. 

From the simulated results it can be seen that a larger number of available frequency bins 
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provides for improved performance. Like all CDMA systems, the performance will degrade as 

the multiple-access interference is increased. In a realistic system, the performance degradation 

due to each additional user will be small. The multi-path fading limits the performance which 

can be achieved. In the frequency-selective channel, a large number of frequency bins provides 

for improved performance. This is true when the number of users is less than the receiver's 

capacity. 

The system performance could be further improved if longer hopping sequences were 

employed. When the period of the hopping code is the same as the symbol period, the users 

are consistently effected by the same interfering user's signal. 



Chapter 7 

CONCLUSIONS 

Mobile communication systems are continuously evolving to provide users with increased per

formance and larger bandwidths. This thesis has proposed a FFHSS code division multiple ac

cess scheme which allows mUltiple users to share a common band of frequencies. This system 

theoretically provides for large system capacities and increased performance within tolerable 

interference limits. The wideband nature of the channel allows the receiver to resolve some of 

the effects of the fading environment on the received signaL 

This thesis has considered the design of receiver stmctures for the proposed system. The 

conventional soft decision, single user receiver is incapable of providing the required perfor

mance in the interference limited channeL The presence of the multiple-access interference and 

the multi-path fading channel cause this receiver to experience an error floor. By selectively 

including the effects of the anticipated interference, the stmcture required of the optimum re

ceiver was investigated. For the best performance in the channel it was found that the desired 

receiver must operate concurrently on both the multi-path fading and the multiple-access in

terference. If the receiver only attempts to resolve the effects of one source of interference, 

its performance is limited. Such a receiver has an irreducible error floor which is directly 

attributable to the source of interference not considered in its design. 

Two novel receiver stmctures have been derived in this thesis. Both operate sequentially 

on the received signal to reduce the effects of any inter-symbol interference. Each receiver 

employs a prediction process to minimise the effect of the mUlti-path fading channel on the 

transmitted signals. 

The full multi-user receiver operates on the received signal to detect the complete set of 

received signals. This receiver essentially detects the composite signal comprising all of the 

individual users' signals. Once a decision has been made, the individual signals received from 

each user may then be obtained. This receiver provides the best performance possible in the 

proposed channel. Provided the multiple-access interference does not exceed the channel's 

capacity this receiver is able to detect each user with an equal probability of error. The receiver 

is unaffected by the speed of the fading process effecting the channel. Further, it exploits 

the inherent multi-path diversity information available in the channel to improve the observed 

performance. By increasing the order of the prediction process employed by the receiver, the 
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effect of the fading on the received signals can be further reduced. 

This receiver is highly complex. It must check for all possible combinations of received 

signal sequences prior to making any decision. This complexity limits the receiver's prac

ticality for a mobile terminal. It would provide for an efficient base station receiver as one 

operation would detect the set of received signals. In its current synchronous form this may be 

impractical. The receiver could be extended to an asynchronous mode of operation, to suit the 

requirements of a base station. To provide asynchronous operation the receiver would require 

to employ a further symbol in the prediction of the received sequence. This allows the receiver 

to process the unknown time delay in each of the received signals. 

The capacity of the receiver is limited by the range of resources available to the system. 

With only a limited range of resources, only a few simultaneous users may be supported be

fore performance is affected. A practical system would operate with a much larger number 

of hopping bins together with three or more hops per symbol. Such a system would easily 

provide excellent performance for a considerable number of simultaneous users. This receiver 

is not hard limited in the number of users which it can support within a cell. For a tolerable 

decrease in performance, additional users above the system capacity can be supported. While 

the number of additional users is small, the effect on the performance will be minimal for any 

realistic system. 

For efficient operation at a mobile terminal, the complexity of the receiver must be re

duced. Thus, a sub-optimum receiver structure was developed. This receiver tries to approach 

the performance available to the multi-user receiver while minimising the required complexity. 

The sub-optimum receiver operates by averaging the effects of the anticipated multiple

access interference. As the receiver is no longer required to trace the evolution of the interfer

ing user's signals, less computation is required per decision. Prior to the averaging process, the 

effect of the multi-path fading process on the multiple-access interference is included. Conse

quently, the receiver is able to operate to reduce the effects of the multi-path channel on the 

received signal. 

In the flat fading channel the receiver has equivalent performance to the multi-user receiver 

while the multiple-access interference is less than the channel capacity. When the channel 

capacity is exceeded, the multiple-access interference causes the receiver to exhibit an error 

floor. In the selective fading channel, the presence of the multiple-access interference limits 

the increase in performance observed. When there are few simultaneous users present in the 

channel, the performance is similar to that observed when there is only one user in the channel. 

The presence of each additional interfering user provides an additional degradation. While the 

total number of users is less than the system's capacity, improved performance is observed in 

the selective multi-path fading channel over that seen in the flat fading channel. 

The systems illustrated in this thesis were limited. In practical systems there would be a 

large number of resources available. In these systems the SUb-optimum receiver would provide 

for increased performance. As the number of users present in the channel increased, the per-
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formance would slowly decrease. With efficient system design this effect would be tolerable. 

The pelformance of this receiver can be further improved by increasing the order of the 

prediction process. By predicting the evolution of the received signal over a larger number of 

symbols, the effect of the interference can be minimised. This allows the receiver to exploit 

the multi-path structure effecting the interfering user's transmitted signals. 

The receivers exploit the implicit diversity contained in the multi-path fading process to 

increase the system performance. Further the prediction process, minimises the effect of the 

perceived interference on the received signals. 

7.1 TOPICS FOR FUTURE RESEARCH 

This research can be extended in many directions. This thesis has assumed a frequency-hopped 

spread spectrum system. The form for the transmitted signal in equation 2.14 can equally de

scribe a direct sequence spread spectrum system. With appropriate modifications the perfor

mance of the derived receivers .could be investigated for a DSSS system. The metrics derived 

for the receivers apply directly as they assume knowledge of the signalling protocol employed 

by the transmitter. 

Alternatively, many of the assumptions made in this thesis may be investigated. How 

would the receivers perform if pseudo-random sequences were used by the users to hop their 

data signals? For simplicity, the simulation of the receivers' performance assumed that the 

hop sequences employed by each user were constant. By removing this requirement individual 

users would no longer experience the same multiple-access interference in each hop period. 

Performance may be further extended by including an error correcting code to protect the 

transmitted data signal. Would better performance be obtained through a different modulation 

scheme? How would the performance of the system compare with an equivalent DSSS system? 

While it would increase the complexity of the receivers, this thesis may be extended to 

examine the asynchronous operation of the proposed system. Similarly the performance of the 

receivers in time varying multiple-access interference would provide further scope for investi

gation. The receiver derivation assumes that all users are present all of the time. In a realistic 

system the users randomly access the channel. Not all of the users would be present at any 

one time. Further, the number of interfering users may be greater than was anticipated. For 

efficient operation this would require additional complexity as the receivers would require ad

ditional states. These would represent the possibility that a given user was not present in the 

channel at a given time. 

Further, how would the system perform in a realistic scenario? This thesis has extrapolated 

the performance expected from a large system from the simplistic systems simulated. 

Diversity provides for significant performance improvements in the fading channel. This 

was seen when the receiver operated in the selective fading channel. The receiver design could 

be extended to include further diversity information. This would provide for improved sys-
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tern performance. Possible examples to be considered are the use of multiple antennae at the 

receiver. In conventional systems these have been shown to provide significant performance 

gains. 

Finally, a bound on the performance of the receivers may be developed. This would in

clude the effects of the interference present in the channel. In the case of the full multi-user 

receiver, this would provide a bound for the multi-dimensional communication system which 

this receiver detects. Essentially, the system would operate to simultaneously detect a number 

of independent distorted transmissions. The bound for the sub-optimum receiver would require 

to include the effects of the averaged multiple-access interference. 
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