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" Abstract

This thesis studies the performance of joint frequency-phase modulation (JFPM)
communication systems, it considers its spread spectrum as well as narrow band
applications.

JFPM signal has been mathematically modeled. Its power spectral density and
bandwidth efficiency have been analyzed. A bit error rate performance of JFPM
signals in AWGN as well as in Rayleigh fading channels is obtained. Assuming sta-
tistical independence of the diversity channels, we have analyzed the diversity com-
bining reception of JFPM over Rayleigh fading channels. These analytical results
show that, JFPM signals are characterized by relative simplicity in obtaining large
set of waveforms, and thus by varying its parameters it can be suitable for either
bandwidth-limited or power-limited applications. Compared to M-ary FSK signals
that use the same number of tones, the needed minimum frequency separation be-
tween two adjacent tones for JFPM signals to satisfy the orthogonality condition is
reduced. '

A spread spectrum system referred to as frequency hopped/joint frequency-phase
modulation (FH/JFPM) has also been presented. The system model is described for
both slow frequency hopping (SFH/JFPM) and fast freq'uency hopping (FFH/JFPM).
Bit error rate performance for SFH/JFPM in the presence of broadband and partial-
band noise jamming is analyzed, and the worst case jamming performance of this
system is evaluated. It is shown that SFH/JFPM is less sensitive to broadband
and partial-band noise jamming than the conventional frequency hopped systems.
The design and analysis of the FFH/JFPM system over Rayleigh fading channels is
presented. An expression for the probability of a bit.err.pr is obtained. Results have

shown that the FFH/JFPM outperforms the conventional frequency hopped systems.

i



A detailed analysis for the probability density function of the received signal phase
in the presence of multitone jamming is provided. The probability density function
is derived for any arbitrary transmitted signal phase. Based on this analysis, the
probability of error for the FH/M-ary DPSK system in the presence of multitone
jamming is obtained. The performance of coherent frequency hopped M-ary PSK
system in multitone jamming environments has also been presented. Bit error rate
performence of this system is analyzed. A simple expression for the probability of a
bit error is obtained. The performance of this system in worst case jamming is also

given.

i



I hereby declare that [ am the sole author of this thesis. I authorize The University
of Ottawa to lend this thesis to other institutions or individuals for the purpose of

scholarly research.

Ibrahim Ghareeb

I further authorize The University of Ottawa to reproduce this thesis by photo-
copying or by other means, in total or in part, at the request of other institutions or

individuals for the purpose of scholarly research.

Ibrahim Ghareeb

il






To my family



Acknowledgments

To all those who contributed so much towards the completion of this study I would
like to express my sincere gratitude and appreciation.

Dr. A. Yongagoglu, my thesis supervisor, for his continuous encouragement, con-
structive comments, invaluable suggestions and steady guidance throughout the re-
search. Many thanks to him for being as a good friend over the whole period of my
graduate study.

My examiner’s committee, Drs. Mohsen Kavehrad, Peter Galko, David Falconer -
and Paul Wittke for there constructive comments and helpful suggestions which led
to signiﬁcant' improvements to my thesis.

Dr. T. Aboulnasr for her help throughout my stay at the University of Ottawa.

CIDA and Jordan University of Since and Technology for there scholarship that
cover a big period of my study.

My epitome thanks go to my wife Iman and our son and daughter Mousa and
Ra.za.n:,. who made this whole effort much more enjoyable than it would have otherwise
been. -

Special thanks to my parents whose love, for their patience, sacrifice, and support

during all those years of my studies.

vi



Contents

1 Introduction 1
11 Motivation . . . . . . o e e 1
1.2 Why Joint Frequency-Phase Modulation? . . . .. ... .. ... ... 3
1.3 The Role of JFPM in Spread Spectrum . . . . . . ... ... ... .. 5
1.4 OQutlineofthe Thesis . . . .. .. ... .. ... . ... ........ 7
1.5 Contributions of the Thesis . ... ... ... ... ... ....... 9

2 Description of a JFPM System, Signal Properties and Power S-p‘ec-
tral Density 11
2.1 Imtroduction . . ... ... . . i i e e 1D
2.2 JFPM Signal Properties . . . ... ......... ... ....... 12

2.2.1 Transmitted Signal Model . . . ... .............. 12

2.2.2 Correlation Coefficient . .. .. ................. 15

2.3 Power Spectral Density . . . . ... .. ... .. .. o 0L 16

2.4 Bandwidth Efficiency . . . . . .. ... ... ... o 18
2.4.1 Bandwidth Efﬁciency Based on Minimum Frequency Separa-

tion Bandwidth . . . ... ... e e e e 19

2.4.2 Bandwidth Efficiency Based on Null-to-Null Bandwidth . . . . 20

vii



2.4.3 Bandwidth Efficiency based on Fractional Power Containment

Bandwidth. . . . . . . . . . e 21

2.5 Results and Comparisons . . . . « . v o v v e 22
2.5.1 Spectral Characteristics . . . . .. .« ... L 22
259 Bandwidth Efficiency . . . . . . ... .o oo 27

96 ConcluSions . . . .« v o et e e e e 33

Demodulation and Error Performance of JFPM Signals over AWGN

Channels 35
3.1 Inmtroduction . . . . . v v o v i it e e e e e e 35
3.2 Transmission Model . . . . . . . .. . . oo | . 36
3.3 Performance with Coherent Detection . ... .. ... .. .. ..., 37
3.3.1 Optimum Receiver . . .. ... ... ... 38
3.3.2 Results of Coherent Detection . . .. ............. 40
3.4 Performance with Differential Detection . . . .. ... .. ... .. 43
34.1 Receiver Structure . . . . . . . v o e 44
3.4.2 Error Probability Performance . . .. ... .. ... ... .. 54
3.4.3 Results of Differential Detection . .. ............. 62
3.4.4 Simulation Results . ... ... ... ... 68
3.5 ConcluSions . . . v v v v v i e e e e e e e e 71

Performance of Joint Frequency-Phase Modulation over Rayleigh

Fading Channels 72
4.1 Introduction . . . . . v o o v vt e e e e 72
42 Channel Model . . .. .. . . i i 73
4.3 Performance of Coherent JFPM . . . . ... ... ... ..o 74

viii



4.4 Performance with Differential Detection . . ... ... ... ... .. 7T
4.5 Diversity Combining Techniques . . . . . . .. ... .. oo v v 79
4.5.1  Diversity Receiver Structure . .. .. ... ... ... 80
452 Analysisof Performance . . .. ... ... 81
46 Performance Results and Comparisons . . . . . .. ...« oo 84
47 ConclUSIONS . . . v . v v e e e e 89
The Spread Spectrum Frequency Hopped/JFPM System 90
51 Introduction . . . . . . o ot it e 90
5.2 The Frequency-Hopped/JFPM System . . .. ... PR | |
5.3 Performance of SFH/JFPM Signals . . . . . ... ..o v v 96
5.3.1 Broadband Jamming . . .. ... ... e 97
5.3.2 Partial-Band Jamming . . . . . ... ..o 99
5.4 The FFH/JFPM System . . . . . . .. .o oo v vi oo oo o 107
5.4.1 The FFH/JFPM System Model . . . . .. ... ... ... 107
5.42 Performance Analysis of FFH/JFPM . ... ... ..... .. 112
55 ConclusSions . . . . v v v v b e e e 126
The Performance of Slow Frequency Hopped/Multi-Phase Signaling
in the Presence of Multitone Jamming Interference 127
6.1 Introduction . . . . .o v oo 127
6.2° FH System Model . . . . .« oo oo e e 130
6.3 Coherent FH/M-ary PSK System . . . . . ...« v oo e 131
6.3.1 The Probability Density Functionof ¢ . . ... ... ... .. 132
6.3.2 Evaluation of the Probability of Error . . . . . . . v .o oo e 140
6.3.3 Worst Case Multitone jamming . . . . -« .« « -0 r 0 v 143

ix




6.4 The FH/M-ary DPSK Systom . . . .. ..o o oo e e
64.1 Evaluationof Poi . . . . . . o o vt i e
642 Evaluationof P . . . . o o o oo e

6.5 ConcluSiONS . « « - v v v o b e e e e e e e e

7 Conclusions
71 SUMIMATY .« - o o v v v o v e e e e e et e e

w9 Tuture Research . . . . . . . . . . . e
A Derivation of inverse transformation of u

B Derivation on the bounds of u

Bibliography

156
156
158

159

161

163



List of Figures

1.1

2.1
2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

Outline of the thesis

Block diagram of a JFPM modulator. . . . .. ... ... ..o 12
Normalized power spectral density of a JFPM signal (witl'i a combina-
tion MpF/2P and 2f,T; = 0.5 ) as a function of fT) when Mp=1,24_8,16. 23
Normalized power spectral density of a JFPM signal (with a combina-
tion MpF/2P and 2f;T, = 1) as a function of fT) when Mr=1,2,4,8,16. 24
Normalized power spectral density of a JFPM signal (with a combina-
tion MpF /4P and 2f;T, = 1) as a function of fT}, when MpF=1,2,4,8,16. 25
Normalized power spectral density of a JFPM signal (with a combina-
tion MpF/8P and 2f,T, = 1) as a function of fT}, when Mr=1,2,4,8,16. 26
Fractional out-of-band power of JFPM as a function BT}, with MpF /2P
format when Mp=1,2,4,8,16 (2f;Ts=05). ... .. .. ... ... 29
Fractional out-of-band power of JFPM as a function BT}, with MpF /2P
format when Mp = 1,2,4,8,16 (2fiTs=1). « .o oo oo v .30
Fractional out-of-band power of JFPM as a function BT, with MpF /4P
format when Mp = 1,2,4,8,16 2fsTs=1). ... ... .. .. ... 31
Fractional out-of-band power of JFPM as a function BT}, with MpF /8P
format when Mr=1,2,4,8,16 (2f;T.=1). ... ... .. ... ... 32

xi



3.1
3.2

3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.’1;

Che

3.12

3.13

4.1
4.2

The optimum cross-correlation-type coherent demodulator of the JFPM. 39

Additive white Gaussian noise channel bit error probability of coherent
JFPM with a combination MpF/2P when Mr =2,4,8,16. ... ..
Block diagram of differentially detected JFPM receiver. . . . . . . . .
Matched filter with square-law detector (frequency detector # i).

Block diagram of a DPSK-part. . . ... .. ... . ... ... . ...
Block diagram of a DPSK-part. . . . . ... ... .. .. ... . ...
Block diagram of a reference signal generator for JFPM with 2F/MpP
Block diagram of a reference signal generator . . . .. .. ... ...
JFPM bitpatterns . . . . . .. .. . oo e e
Bit error rate performance of DPSK, noncoherent FSK and differen-
tially detected JFPM in AWGN channel when Mp = 2 and Mp =
2,4,8,16 (JFPM with a combination MpF/2P). . .. ... .. .. ..

Bit error rate performance of DPSK, noncoherent FSK and differen-

tially detected JFPM in AWGN channel when Mp = 4 and Mp =

2,4,8,16 (JFPM with a combination MgF/4P). . . .. ... ... ..
Bit error rate performance of DPSK, noncoherent FSK and differen-
tially detected JFPM in AWGN channel when Mp = 8 and Mr =
2,4,8,16 (JFPM with a combination MgF/8P). .. .. .. ... ...
Bit error rate performance of differentially detected JFPM with 2F/2P

in AWGN channel obtained by simulation and also analysis. . . . . .

Block diagram of diversity receiver for JFPM. . . ... ... ... ..
Bit error rate performance of DPSK (P), noncoherent FSK (F) and
differentially detected JFPM in Rayleigh fading channel when Mp =

and Mp = 2,4, 8,16, and diversity order L=1,2. . ... o

xii

41
45
46
46
47
52
53
61

64

65

66

70

82

85



4.3

4.4

5.1
5.2

3.3

5.4

5.5

5.6

5.7
5.8

5.9

Bit error rate performance of DPSK (P}, noncoherent FSK (F) and
differentially detected JFPM in Rayleigh fading channel when Mp = 4
and Mr =2,4,8,16, and diversityorder L=1,2. . . ... .. .. .. 86
Performance comparison of two differentially detected JFPM schemes
with binary DPSK and binary FSK in Rayleigh fading channel with
diversity order L = 1,2 (note that JFPM provides power and band-

width efficiency at the same time over the conventional noncoherent

binary FSK and binary DPSK schemes). . ... ... ... ...... 88
Block diagram of a FH/JFPM system. . ... ... .......... 93
Frequency-hopping signal in the Frequency-Time plane of (a) trans-
mitted signal for FH/JFPM spread spectrum system; {b) a receiver
dehopped signal at the input of a JFPM demodulator. When T}, = 2T
(e, L=1/2,8FH). ... ..... ... . ... ... ... P 94
Partial-band jamming model. . . ... ... ... ... ... . ... 99
Bit error probability performance for FH/JFPM in worst case par-
tial band noise jamming with a combination MpF/2P when Mp =
0 4,8,16. + e e e e e e " 103

Bit error probability performance for FH/JFPM in worst case partial
band noise jamming with a combination MgF /4P when Mp = 2,4,8,16.104
Bit error probability performance for FH/JFPM in worst case partial
band noise jamming with a combination MgF/8P when Mp = 2,4,8,16.105
Block diagram of a diversity receiver for an FFH/JFPM system. . . . 108

Block diagram of a noncoherent FSK-part diversity receiver and com-

Block diagram of a DFSK-part diversity receiver and combiner. . .. 111

xiii



5.10 Bit error probability performance for FFH/JFPM with a combination
9F /2P and the conventional FFH/2FSK system in Rayleigh fading
channels for different diversity levels when L =2,3,4,5. ... .. ..

5.11 Bit error probability performance for FFH/JFPM with a combination
2F /2P and the conventional FFH/4FSK system in Rayleigh fading
channels for different diversity levels when L =2,3,4,5. . ... ...

5.12 Bit error probability performance for FFH/JFPM with a combination
9F/4P and the conventional FFH/2FSK system in Rayleigh fading
channels for different diversity levels when L =2,3,4,5. .. .. .. ..

5.13 Bit error probability performance for FFH/JFPM with a combination
2F /4P and the conventiona! FFH/4FSK system in Rayleigh fading
channels for different diversity levels when L =2,3,4,5. ... .. ..

5.14 Performance of FFH/JFPM with a combination 2F /2P and the con-
ventional FFH/2FSK system in Rayleigh fading channels as a function

of diversity levels. . . . . .. .. ... o oo

6.1 The functionu=g (qb(")) for both jamming cases. . . . . ... ....
6.2 The function u = g (qb(‘)) for0<p<l. oo
6.3 Bit error probability performance for FH/M-ary PSK in worst case

multitone jamming when M =2,4,8,16,32,64. ... .........

xiv

121

122

123

124

125

133
135



List of Tables

2.1

2.2

2.3

2.4

3.1

3.2

Comparison of null-to-null bandwidth efficiencies in bit/s/Hz for M-
ary PSK, MSK and different JFPM formats with 2,7, = 0.5 (the
value of Npp = Rp/W,, for MSK is givenin [16]).. . . . .. .. . ...
Comparison of null-to-nuli bandwidth efficiencies in bit/s/Hz for M-
ary PSK, MSK and different JFPM formats with 2fsT, =1. . .. ..
Comparison of 90% power bandwidth efficiencies in b/s/Hz for M-ary
PSK, CPFSK and different JFPM formats (the values of (1/BT) for
the conventional M-ary CPFSK are given in {16] and [34]). . . . . . .
Comparison of 99% power bandwidth efficiencies iﬁ b/s/Hz for M-ary
PSK, CPFSK and different JFPM formats. . . . . . .. ...... ..

Power and bandwidth efficiencies, based on minimum frequency sepa-

ration bandwidth, of coherent JFPM, M-ary PSK and coherent M-ary

27

28

33

FSK in an AWGN channel. (B, = 1075, p, in dB, Ry/W in bits/s/Hz) 42

Power and bandwidth efficiencies, based on 90% fractional power con-
tainment bandwidth, of coherent JFPM, M-ary PSK and coherent
M-ary CPFSK with 2T, = 0.5 in an AWGN channel. (P = 1075,
ppindB, peoinbits/s/Hz) . .. ... ... ...

Xv



3.3

3.4

3.5

3.6

4.1

4.2

Power and bandwidth efficiencies, based on 99% fractional power con-
tainment bandwidth, of coherent JFPM, M-ary PSK and coherent
M-ary CPFSK 2f,T, = 0.5 in an AWGN channel. (FPe = 107°, p; in
dB, peg inbits/s/Hz) . . . . .. ...
Power and bandwidth efficiencies of differentially detected M-ary JEPM,
M-ary DPSK and noncoherent M-ary FSK. (Pp = 107%, p, in dB,
n=Ry/Winbits/s/Hz) . ... ..... ... .. ...
Power and bandwidth efficiencies based on 90% fractional power con-
tainment bandwidth of differentially detected M-ary JFPM and M-ary
DPSK. (Ps = 1075, py in dB, ueo in bits/s/Hz) .. ..........
Power and bandwidth efficiencies based on 99% fractional power con-
tainment bandwidth of differentially detected M-ary JFPM and M-ary
DPSK. (P = 1075, p in dB, pge in bits/s/Hz) . ... ........

A comparison of differentially detected JFPM, noncoherent FSK and
DPSK'in terms of bandwidth efficiency Ry/W (in b/s/Hz) and energy
per bit to noise density ratio g, (in dB) required to achieve a bit error
rate of 10~ in a Rayleigh channel (no diversity). . . ... ......
A comparison of differentially detected JFPM, noncoherent FSK and
DPSK in terms of bandwidth efficiency R,/W (in b/s/Hz) and energy
per bit to noise density ratio 5, (in dB) required to achieve a bit error

rate of 10~ in a Rayleigh channel (with second order diversity). . . .

xvi

67

68

68

87

87



5.1

5.2

Parameters of bit error performance for FH/M-ary JFPM, FH/ M-ary

FSK and FH/M-ary DPSK signals in worst case partial-band noise
jamming (pso in dB, the values of & for the conventional FH/M-ary

FSK and FH/M-ary DPSK are given in [18] and [20]}) .. ... ... 102
Asymptotic gain performance of FH/M-ary JFPM for worst case partial-
band noise jamming over the conventional FH/M-ary FSK and FH/M-

ary DPSK. . . . o 106

xvii



Acronyms

AWGN
BER
BFSK
BPSK
BDPSK
CDMA
CFSK
DPSK
DS

FH
FFH
FSK
JFPM
MSK
PN
PSK
QPSK
SFH
85

Additive white Gaussian Noise
Bit error rate

Binary frequency shift keying
Binary phase shift keying

Binary differential phase shift keying
Code division multiple access
Continuous frequency shift keying
Differential phase shift keying
Direct Sequence

Frequency hop

Fast frequency hopping
Frequency shift keying .

Joint frequency-phase modulation
Minimum shift keying -

Pseudo noise

Phase shift keying

Quaternary phase shift keying
Slow frequency hoping

Spread spectrum

- S

xviii



Nomenclature

2fa

(44

ﬂbin

ﬁch

ﬁss

C

Af
A{ps)ppsk

Alps)rsk

Ey
Es
2

frequency separation between two adjacent signals

path gain of the k-th path in fading channels

bandwidth of a bin

bandwidth of a frequency slot

total spread spectrum bandwidth

complexity

minimum frequency separation

The asymptotic gain performance of FH/M-ary JFPM for worst case
partial-band noise jamming over the conventional FH/M-ary DPSK
The asymptotic performance of ¥H/M-ary JFPM for worst case
partial-band noise jamming over the conventional FH/M-ary FSK
energy per bit '
energy per symbol

the ratio of the received jamming power for each tone to the
signal power

the fraction of the spread spectrum bandwidth that is jammed
worst case value of y

improvement factor for the FSK part

improvement factor for the DPSK part

average jamming power

number of bits per symbol used to determine the signal frequency
number of bits per symbol used to determine the signal phase
number of the bits per symbol

number of diversity branches

number of modulating signals

number of frequencies used to shift the frequency of the carrier
number of phases used to shift the phase of the carrier

power contained in bandwidth

fractional out of band power

noise power spectral density

number of frequency bins in the available channel bandwidth
one-sided power spectral density of the jamming signal

xix



nj

p
Py

Py

Py(M)

P

Pe;

Fe psk
Pe(M)
Pe,psk|Fsk

PG
PGppsk
PGp
PGFrsk
PGp

s

zF /yP

the power spectral density of the jamming signal in the jammed
fraction vy

the probability that the jammer will hit a frequency bin
probability of a bit error due to an error in the frequency
probability of a bit error due to an error in the phase given that
the noncoherent decision on the frequency was correct
probability of a bit error of a signal with M waveforms

average probability of a correct reception of a symbol

the probability of symbol error for symbol intervals which are jammed
the probability of an erroneous noncoherent decision on the frequency

probability of a symbol error of a signal with M waveforms
the probability of an incorrect decision on the phase given that
the noncoherent decision on the frequency was correct
processing gain

processing gain of the DPSK-part

processing gain of the conventional FH/Mp-ary FSK system
processing gain of the FSK-part

processing gain of the conventional FH/Mp-ary DPSK system
phase shift of the k-th path in fading channels

number of jamming tones

complex-valued correlation coefficient

information bit rate (in bit per second)

bandwidth efficiency (in bit/s/Hz)

hop-rate

signal energy per symbol to noise density ratio

the value of the signal energy per bit to jamming noise density
ratio (Ep/n;) that maximizes the the probability of a bit error
signal energy per bit to noise density ratio

average signal-to-noise ratio per diversity channel

average signal-to-noise ratio per symbol

average signal-to-noise ratio per bit

average signal-to-noise ratio per hop

symbol rate (in symbols per second)

average signal power

propagation delay of the k-th path in fading channels

bit duration time

hop-duration

symbol duration time

required channel bandwidth

the JFPM format results from the combination of z-frequencies
and y-phases



Chapter 1

Introduction

1.1 Motivation

There is no single class of modulation techniques that is suitable for all appli-
cations, since communication channels and pefformances requirements vary widely.
The conventional classification of various modulation schemes is based on their power
and bandwidth utilization efficiencies [1]-[4]. However, there are other aspects of
modulation signals and channels that might be taken into account in classification of
modulation schemes, such as the modulated signals’ properties including their spec-
tral characteristics, amplitude variations and correlation properties. In this respect
a constant envelope property of a modulated signal is desirable, so that it can be
transmitted over nonlinear and/or fading channels, and nonlinear amplifiers can be
used [5]. A measure of the spectral characteristics of a modulation scheme can be
drawn from the attenuation of the power spectrum at a specified separation from the
center frequency. It is very important to keep the sidelobes of the spectrum as small
as ]-)t‘)SSible to avoid degradation due to adjacent-channel interference. In general for
frequencies far from the center frequency, the rate at which the spectrum falls-off is

equally important. Continuous phase modulation is often preferred for compact spec-



trum in some applications, as several papers in {6] indicate. For a given modulation
technique with a given number of points in the constellation, the bandwidth efficiency
improvement can usually be achieved by filtering/pulse shaping. This improvement
is usually at the expense of some power efficiency loss and increased complexity.
When M-ary orthogonal signals are used, the bandwidth increases proportionally
to the number of transmitted tones M. Thus, in a system using M-ary orthogonal
signals the bandwidth is traded off for a reduction in the required E;,/No to achieve
a given bit error rate. On the other hand, for efficient usage of bandwidth, more
signal points for a given dimensionality are desired. This results in the reduction
of the minimum Euclidean distance between the signals in the same constellation,
which degrades the error rate performance. M-ary PSK and the combined digital
modulation techniques, such as combined amplitude-phase modulation and quadra-
ture amplitude modulation, are bandwidth efficient digital modulation techniques,
where the bandwidth efficiency increases in proportion to the number of levels M.
For M > 4, the cost of achieving the same bit error rate is an increase in the required
Ey/No. ‘
So far, we have only considered the main criteria guiding the choice of modulation
techni(jues. Other aspects that must be taken into account are the type of demodu-
l' lation to be employed, the sensitivity to various impairments, interference, jamming

etc.
1

The’i‘fdemodulation process is the complementary operation of modulation and is
performed in the receiver. Demodulation can be either coherent or noncoherent. In
coherent detection, the receiver needs a carrier reference whose phase is approximately
close to the phase of the incoming sig;ml. This means that coherent detection requires

the extracting and maintaining the phase of the incoming carrier. Noncoherent de-



tection does not require the absolute phase information and essentially performs a
nonlinear operation.

Spread spectrum techniques are generally used in antijam applications where a
low level of interference within the desired signal bandwidth can be achieved. The

use to frequency hopping or direct sequence spread spectrum techniques depends on

a number of factors, particularly the type of jamming.

1.2 Why Joint Frequency-Phase Modulation?

As can be seen from brief descriptions in the previous section, there are several
modulation schemes which are in use or will be coming into use in the near future.
There is of course, no single class of modulation technique that is suitable for all
applications. Hence, it is very desirable to employ a modulation scheme that is hybrid
in its properties, and which includes the most desirable properties of the conventional
modulation schemes. Joint Frequency-Phase Modulation (JFPM) is one such hybrid
modulation scheme derived from multi-frequency and multi-phase signals. JFPM
is a constant envelope digital modulation technique, where both the frequency and
the phase of the signal are simultanedusly keyed. Such signals are characterized by
relative simplicity in obtaining large set of waveforms. This modulation technique
includes cases which permit it to be classified as an bandwidth efficient modulation
or power efficient modulation technique. Because JFPM signals have a constant
envelope property, this modulation technique can be used in nonlinear and/or fading
channels, where nonlinear amplifiers can be used. The minimum frequency separation
needed between two adjacent tones for JFPM signals to satisfy the orthogonality
condition is reduced compared to M-ary FSK signals that use the same number of

tones. In JFPM signals, the number of signal points in a given dimension are varied.



Thus, it is possible, by combining this fact and proper coding techniques for JFPM
signals, to achieve an improvement in bit error rate performance without expanding
the bandwidth.

The concept of JFPM was first proposed by Reed and Scholtz as “N-orthogonal
phase modulated codes”. In that initial work [7], the matched filter receiver criteria
for coherent detection in a Gaussian channel were developed and integral expressions
for the probability of error were derivéd. Simple upper and lower bounds on these
probabilities were derived by Viterbi and Stiffler [8]. Several suboptimum receiver
structures for “N-orthogonal phase modulated codes” were demonstrated by Lindsey
and Simon [9). Recently a coded modulation format based on expanding the sig-
nal size by utilizing both frequency and phase was suggested by [10]-[15] to achieve
further coding gain for the same number of trellis states. Fleisher and Qu studied
the effect of MSK type pulse shaping in JFPM signals [16]. The performance of a
nonconstant envelope JFPM format derived from binary fréquency shift keying in
the Gaussian and Rayleigh fading channel is given in [17], which also provides the
spectral characteristics of this kind of JFPM format.

Generally speaking, all of the previous work has beer_ devoted to study of the
performance of coherent JFPM systems; no general work hag been done on nonco-
herent or differential detection JFPM systems. This thesis pfesents a performance
z}nalysis in Gaussian and Rayleigh fading channels for JFPM system, employing non-
coherent demodulation for the frequency part of the JFPM signals and differential
phase-shift-keyed modulation and differentially coherent dembdulation for the phase
pa:;t of the JFPM signals. A differential modulation system has most of the perfor-
mance advantage of a coherent system at high signal-to-noise ratios. Also, it has no

phase ambiguity problem and needs no sophisticated phase tracking system.



1.3 The Role of JFPM in Spread Spectrum

The ultimate objective of any communication system, for both military and civilian
users, is to transmit the information to the receiver as reliably as possible. Unfortu-
nately, mobile channels are always susceptible to hostile or unintentional interference
and environmental effects. Both Direct Sequence (DS) and Frequency Hopping (FH)
spread spectrum systems are widely used in mobile communication systems to combat
severe fading and to improve antijam capabilities.

Frequency hopped systems usually employ either noncoherently detected M-ary
FSK (FH/M-ary FSK) or differentially detected M-ary PSK (FH/ M-ary DPSK).
Several mobile communication systems are based on FH/M-ary FSK system, be-
cause of the high processing gain and the ability of a wide-band signal to resist the
effects of multipath fading [18]-[19]. Much of the previously published research has
been devoted to study the performance of slow FH/M-ary DPSK systems [20]-(26].
This interest is based on the fact that a SFH/DPSK system can support a much
higher data rate than Fast Frequency Hopping (FFH) while having .the same hop
fé.te. FFH/DPSK has been proposed as a possible way of providing mobile radio
service to a large number of users [27]-[30], where linear and nonlinear receivers are
considered. The performance of a FFH/DPSK system in jamming environment is
given in [31]-[33].

In radio transmission, the desired signal is often disturbed by jamming signals and
interference from other users which affect the band occupied by the desired signal.
This interference leads to a degradation in the bit error rate of the desired user. To
overcome this degradation, the processing gain of the spread spectrum system must be

increased. FFH with diversity combining is used in spread spectrum systems to limit



the effect of jamming interference. As the number of diversity branches is increased,
the error rate decreases. By keeping the hopping rate fixed, the price paid for this
improvement is a reduction in data rate available for each user.

Improvements in the performance of the FH system can be achieved by employ-
ing modulation techniques more powerful than basic FSK or basic DPSK. For this
purpose, we have investigated the impact of using hybrid modulation technigues. In
this thesis the design and analysis of a slow as well as fast frequency hopped JFPM
system is given in jamming environments and over fading channels.

In the general literature, from analytical point of view, the performance of coher-
ent FH/PSK and FH/DPSK systems in the presence of multitone jamming presented
a difficulty in the past. Since differentially coherent detection of M-ary DPSK signals
employs two symbols in a symbol decision interval, each of the data symbols may or
may not have been subjected to the jamming interference in a multitone jamming
strategy situation. Thus, the detection of M-ary DPSK signals takes place in four
possible circumstance. In the general literature, the authors in [20, 21] and [23, 24]
considered the performance of the FH/DPSK system in a multitone jamming envi-
ronment. Their analysis is applicable to the case where either a whole hop is jammed
or not (both adjacent symbols are always assumed to be jammed by continuous tone
jamming). By deriving the expression for the probability density function of the
received signal phase in the presence of multitone jamming, this thesis provides a
theoretical basis for the analysis of coherent frequency hopped M-ary PSK and fre-
quency hopped M-ary DPSK systems in multitone jamming environments. Based on
this analysis, work on JFPM with multitone jamming can be done, but this will not

be attempted in this thesis.



1.4 Outline of the Thesis

The outline of this thesis is as follows (see Fig. 1.1}). In Chapter 2 a mathemat-
ical description of JFPM signals is given. The power spectral density is analyzed,
and the bandwidth efficiency is derived based on the minimum frequency separation
bandwidth {maximum frequency deviation), null-to-null bandwidth and fractional
power containment bandwidth. The bandwidth efficiency is calculated for different
combinations of JFPM signals and compared with various other modulation schemes.

lChapter 3 is devoted to study of the demodulation and error rate performance of
JFPM signals over AWGN channels. Background information for coherent detection
of JFPM signals is provided. A receiver structure employing noncoherent detection
for the frequency part of JFPM-iignals and differentially coherent detection for the
phase part of the JFPM signals is introduced and the probability of a bit error is
obtained. The performance given in this chapter is presented in terms of bandwidth
efficiency and bit error rate.

Chapter 4 presents the performance of JFPM over Rayleigh fading channels. The
channel model under consideration is described. Bit error rate performances of coher-
ent and differentially coherent detection are analyzed. The performance with diversity
combining in multipath fading channel is evaluated.

In Chapter 5 a description of the proposed frequency hopped/joint frequency-
phase modulation is given. The performance analysis of SFH/JFPM system is ob-
tained in the presence of broadband and partial-band noise jamming, and the optimal
jamming strategy is evaluated and compared with the conventional frequency hopped
systems. A receiver structure for FFH/JFPM signals is introduced and its perfor-

mance in Rayleigh fading channels is analyzed.
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In Chapter 6 the performance of frequency hopped/multi-phase signals in the
presence of multitone jamming is studied. The probability of a bit error and the
worst case jamming strategy of coherent frequency hopped M-ary PSK system are
obtained. Also, an analysis of the probability of error for the FH/M-ary DPSK
system in the presence of multitone jamming is obtained.

Chapter 7 summarizes the conclusions reached in this thesis and discusses some
of the potential future research topics.

Appendix A presents the derivation of inverse transformation of u (the received
signal phase the presence of multitone jamming).

Appendix B presents the derivation on the bounds of .

1.5 Contributions of the Thesis

In this thesis, many new areas have been explored and results obtained [34]-[42]. In
terms of joint frequency-phase modulation, a mathematical model for JFPM signals
is given and the correlation coefficient is obtained. The power spectral density and
the spectral efficiency of joint frequency-phase modulation is analyzed. The power
spectral density of JFPM does not contain a discrete component and in some cases
the same bandwidth efficiency can be obtained by using a different JFPM format.
This gives an additional degree of freedom to the system designer.

The probability of error for JFPM signals over AWGN channels is analyzed and
an expression for the probability of a bit error is obtained. Results show that this
modulation technique includes many formats which may be classified as bandwidth
efficient modulation or power efficient modulation technique.

The probability of error performance of JFPM signals in slowly fading frequency-

nonselective Rayleigh channels is analyzed. Error rate performance using diversity



techniques is evaluated. Results show that JFPM performs better than conventional
noncoherent M-ary FSK or M-ary DPSK of comparable spectral efficiency.

A frequency hopped spread spectrum system (FH/JFPM) is introduced. A de-
scription of both slow and fast FH/JFPM systems is given. The performance of
SFH/JFPM systems in broadband and partial-band noise jamming are analyzed and
the optimal jamming strategy is evaluated. The performance of an FFH/JFPM in
Rayleigh fading channels is analyzed and an expression for the probability of a bit
error is obtained. As was previously shown, for a given channel bandwidth and at a
fixed data rate, the processing gain of the two parts of FH/JFPM system is improved
and for a given data rate and hop rate the diversity level of this system could be
increased. Results also show that FH/JFPM outperforms the conventional frequency
hopped systems.

The performance of frequency hopped/multi-phase signals ih the presence of mul-
titone jamming is presented, and a theoretical basis in the performance of coherent
frequency hopped M-ary PSK system in multitone jamming environments is provided.
The probability of a bit error and the worst case jamming strategy of this system are
analyzed. Also, analysis of the probability of error for the FH/M-ary DPSK system
in the presence of multitone jamming is obtained. Related results are obtained for the
probability density functions of the received signal phase in the presence of multitone
jamming. Equations were derived describing the probability density function of the

received signal phase for any arbitrary transmitted phase.
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Chapter 2

Description of a JFPM System,
Signal Properties and Power
Spectral Density

2.1 Introduction

As the previous chapter has indicated, in radio communication links, the band-
width and/or power are limited. This forces one to search for a good modulation
scheme that compromises between the bandwidth and the power available for trans-
mission. The power and bandwidth efficiency of a modulation scheme depend on the
signal constellation of the transmitted waveforms. This chapter is devotéd to study
of the properties of Joint Frequency-Phase Modulation (JFPM) signals. Such sig-
nals are characterized by relative simplicity in obtaining a large set of waveforms and
the ability to be either bandwidth or power efficient. In this chapter, a mathematical
model for JFPM signals is presented and a framework is provided for analyzing power
spectral density and bandwidth efficiency.

The chapter is organized as follows. Section 2.2 presents the mathematical repre-
sentation and the correlation coefficient of the transmitted JFPM signals. In Section

2.3 the power spectral density of JFPM signals is analyzed. The bandwidth efficiency
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is derived and the fractional out-of-band power is obtained in Section 2.4. The nu-

merical results and comparisons are given in Section 2.5. Finally Section 2.6 presents

the conclusions of this chapter.

2.2 JFPM Signal Properties
2.2.1 Transmitted Signal Model

A block diagram depicting the modulation process of JFPM signals is shown in
Fig. 2.1. In this figure, e{rery k.-bits of the source stream is divided int}o two streams.
The first stream (denoted as kr) is used to shift the frequency of the c&rier by using a.
frequency synthesizer or Mp-ary FSK modulator. At the same time, the other stream
of data bits (denoted as kp) is differentially encoded and is used to shift the phase

of the carrier generated by the frequency synthesizer. In each symbol interval the

kp Differential
encoder

ks bit ke / kp Phase JFPM signal
bit splitter modulator

ky Frequency
synthesizer

Figure 2.1 : Block diagram of a JFPM modulator.

tone at the output of frequency synthesizer are all assumed to start with the same

initial phase. This assumption is made to relax the requirements on the receiver with
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noncoherent detection. This model represents the situation in which the tones are
generated by oscillator whose frequencies are such that their phase changes over an
interval of Ty is a multiple of 27, allowing each to have the same initial phase in each
symbol time interval. In practice this can be achieved with the digital generation of
the signal waveforms [69).
Adopting the notation of [45], the frequency-phase modulated signal corresponding
to a sequence of K messages can be represented as
K-1
(i) =R { E) s(t — kTy; (., Ak)eﬂ”fc‘} 0<t< KT, (2.1)
where R{ } denotes the real part of the argument. The signal s(t — kT%; (i, Ak)
represents the k-th transmitted symbol associated with the random variables (i, A,

and is given by
s(t — kTs; Ce, Ak) = Geult — kT Ax) (2.2)

where the random variable ¢ is given by

G =™ (2.3)
and 6 takes values in the set
2T, .
{m(z - 1)} for i=1,2,..., Mp. (2.4)

The random process u(t — kT,; M) represents the equivalent low pass waveform of the

transmitted signal, which can be written in the form of
ut — kT, M) = glt — kT,)ei2mlads(t=kTa) 45y (2.5)

where 2f; is the separation between adjacent frequencies, ¢ is the initial phase intro-

duced by the frequency synthesizer and the random variable ). takes values in the
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set
{21:— I—Mp} for i= 1,2,...,MF. (26)

The discrete random sequences {{x} and {\} are independent and stationary, and
are referred to as source symbol sequences.

In the simplest form of JFPM, the complex envelope g(t) in (2.5) has a constant
amplitude v2S and symbol duration T,. Thus, the waveforms generated by the
JFPM modulator can be expressed as

smnt) = R{Boma(®)™™*}  0<t<T 2.7
= v2Scos(2rfut+8,+¢) m=1,2,..,.Mp and n=1,2,...,Mp

where the modulation process Bemn(t) denotes the mn-th signal transmitted during

the k-th symbol interval and it is given by
Biemn(t) = V25 ed (2 farm(t=kTa)+0n+¢) (2.8)
In (2.7), fm is one of the modulated frequencies and takes its value from the set
fn=fc+@m—-1-Mp)fa m=1,2,.., Mp. (2.9)

The signal set represented in (2.7} can be divided into Mp sets of Mp signals each.
It is assumed that the signals in different sets are uncorrelated and orthogonal, and
the My x Mp signals have equal energy and equal time duration.

The source emits a random symbol from a set of M symbols every T, seconds,

where
M=20te  pu_log,Mp, kp=loggMp, ksi=kr+kp. (2.10)

The relationship between the symbol duration T and the bit duration T} is given by
Ts = (kF‘ + kP)Tb-
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2.2.2 Correlation Coeflicient

The complex-valued correlation coefficient of the JFPM signals can be defined as

1 kDT ,
"=3E Bremn () Brar (2 )dt (2.11)

where the signal energy E, = ST, and the asterisk denotes the complex conjugate.
Without loss of generality, if & = 0, the complex-valued correlation coefficient in

(2.11) can be written as

I,
r= gm ) BB

T, L o
= _117 fo P2 fadmidiOntip o —i2nfadit—i01=de gy (2.12)
A :

By setting A, = 2k — 1 — Mp and substituting for A,, and J;, the integral in-(2.12)
gives (for m # i)

_ SIN20STa(M = &) g ra(m—iy+3(0a-00
27 faTo(m — 1) )

(2.13)

The JFPM signals satisfy the orthogonality condition if real the part of the correlation
coefficient r is zero, that is
sin 27 f4Ts(m — ) ,
= 2 ] - n—
R{r} o FaTo(m — 1) cos(2x fgTs(m — 1) + (0 0;))
= 0. (2.14)

Thus, in the case where the receiver has perfect knowledge of the signal phases (co-
herent detection) and when the number of phases is equal to two (i.e., |[f, ~ )| =0

or w} , R{r} = 0 when the cosine term is zero, i.e., when the frequency separation

between two signals 2 f; is such that

2faTs = g, k any non zero integer. (2.15)
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From (2.15) we observe that the orthogonality condition is met when the minimum
frequency separation is such that 2,7, = 0.5.

In noncoherent detection (or coherent detection with Mp > 2), the phase in-
formation is not available (or used), the orthogonality condition must be fulfilled
independently of the phase of the signals. In this case {r}=0 Qhen the sine term
is zero, i.e., the orthogonality condition is satisfied when the frequency separation

between two signals satisfies
2fT, =k, k any non zero integer. (2.16)

This means that the minimum frequency separation between two adjacent frequencies
is such that 2f4T, = 1.
An interesting relation obtained by observing (2.15) and (2.16) is

kr+ kp

2fdT, = 2fakrTy -

(2.17)

The JFPM signals satisfy the orthogonality condition when the minimum frequency
separation between two adjacent tones is 1/T, (or 1/2T}). During each symbol time
T,, (kp + kp) bits of information are transmitted. Only kp bits are transmitted,
however, during each symbol time T, by M-ary FSK having the same number of tones
Mp = 2%¢. The symbol time of FSK must then be reduced to T, = Tukr/(kr+kp) in
order to maintain the same information bit rate. The minimum frequency separation
between two adjacent tones in this equivalent FSK system is 1/T (or 1/2T}, and is
(kg + kp)/kr wider than the JFPM tone separation of 1/T; (or 1/2T%).

2.3 Power Spectral Density

A standard result of the power spectral density of a digitally modulated signal . -

that is generated by a Markov chain is given by [49]. The power spectral density of
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JFPM signals may be viewed as a special case of the result given in [49]; in which
JFPM waveforms are Markov chain driven process for random memoryless choice of
signals. For this class of signals, the source can be modeled as a degenerate case of
4 Markov source whose transition matrix P has the property P™ = P for all m 2 1,
where P™ denotes the m-step transition matrix. The power spectral density of JFPM
signals is given by [49, eq. 22], 45, p. 45

S(f) T, [EPMS £ =

=

M
EP!S i CI»A:)H

Tié Epls(fa Ch

s |i=1

S (1-%). 218)

I=—c0
where S(f;(, ) is the Fourier transform of s(t; (1, ;) and p; is the probability of
occurrence of s(t; (i, Ar)-

Defining U(f; A as the Fourier transform of u(t; A1), and substituting S(fi¢i, M) =
GU(f; M) in (2.18) gives

1 [ \ M 2
S(f) = T EP:IC:U(f;At)l - EP:C:U(f;)\z)
1 _M
v mlEnsoun| £ s(r-7). 2.19)
3 {{=1 [=—o0

Using U(f; \) = G(f — faki}, G(f) is the Fourier transform of g(t), (2.19) can be

l

E 6 (f - —) (2.20)

==t

written as

s = T S G - fad)F - z:plcla(f fah)

L"‘

-

+

7 EP:C:G(f ~ fahi)
8 =1

For equally probable symbols p; = 1/M for all ! and when the number of phases used

is greater than one, the last two term of (2.20) are vanish and the power spectral
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density of the JFPM signals given in (2.20) reduced to

M
SU) = 377 LIOU ~ A
g =1
— 1 ur G A 2 o 221
= 357 210U - ) (221)

Assuming that the complex envelope g(t) is a rectangular pulse with unit amplitude

and duration Ty, it follows that

sinw(f — fad)Ts ) ’ _ (2.22)

m(f — fad)Ts

By substituting (2.22) into (2.21), the power spectral density of the JFPM signals is

(P =T (

found to be

1 Mz (sinw(f - f, A;)ii 2
SW= MpT, E( w(f - fd;l)Ts ) o (2.23)

i=1

Thus the spectrum of JFPM does not contain a discrete spectral components but con-
sists of a continuous spectrum whose shape depends only on the spectral characteristic
of the signal pulse. The above analysis can be concluded by observing two factors
which affect the shape of the signal spectrum, independently. The first factor is the
shape of the complex envelope wavefo;_‘m g(t). The second factor is the correlation
of the sequence {¢x}. When no spectral shaping is employed, and for frequencies far
from the center frequency, the spectra of JFPM signals fall off at a rate proportional

to the inverse of the frequency difference squared.

2.4 Bandwidth Efficiency

One of the important spectral properties of a communication system is bandwidth
efficiency. Bandwidth efficiency, expressed in bit/s/Hz, is a measure of the so-called

channel throughput, which can be defined as the information bit rate that can be
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transmitted per unit of bandwidth for a given modulation scheme with a specific
acceptable bit error rate. This parameter shows how well the digital communication
link makes use of the available channel bandwidth. To make a meaningful derivation
of the bandwidth efficiency, it is convenient to derive it for a particular measure of
signal bandwidth. Actually there is no unique measure of the signal bandwidth and
the simplest and most popular measures of the signal bandwidth [45] are based on half
power bandwidth, null-to-null bandwidth, minimum frequency separation bandwidth,
fractional power containment bandwidth, bounded power spectral density bandwidth
and equivalent noise bandwidth. In this section, the bandwidth efficiency based
on minimum frequency separation bandwidth, null-to-null bandwidth and fractional

power containment bandwidth are analyzed and numerically evaluated.

2.4.1 Bandwidth Efficiency Based on Minimum Frequency
Separation Bandwidth

Orthogonality of JFPM waveforms, which are coherently detected, requires a min-
imum frequency separation Af = 2f,, where 2f; = 1/2T;,. “Lii noncoherent detection,
orthogonality requires.a minimum frequency separation Af = 2f; = 1/T,. In JFPM,
the required carrier }“j;a.ndwidth will almost always be determined by its FSK part but
not by the PSK part. Consequently, the required channel bandwidth for transmission
can be approximated by [46, p. 254]

W = MpAf. - (2.24)

However, the bit rate is given by Ry = log, M/T, = (log, MF + log, Mp)/T,. Hence,
for coherent JFPM the bandwidth efficiency is

Ry _ 2(logy Mr + log, Mp)
W Mp

(2.25)
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For noncoherent JFPM, the bandwidth efficiency is given by

&= IogzMF'}']ngMP
W Mp

(2.26)

The expressions given in (2.25) and (2.26) show that as the number of keying fre-
quencies My increases, the bandwidth required for transmission also increases and
the bandwidth efficiency decreases. If the number of keying phases Mp increases, the

bandwidth required for transmission decreases and the bandwidth efficiency increases.

2.4.2 Bandwidth Efficiency Based on Null-to-Null Band-
width

~ The null-to-null bandwidth Wh, represents the width of the main spectral lobe.

According to (2.23), the first zero of the power spectral density S(f) is determined

by the term { = Mp, which is

sin® (7(f — farme)Ts)
(7 — fanan) Ta)? 220

Considering only the first zero frequency (denoted as f,), this can be found by letting

T(fo = fdue)Ts =7 (2.28)
ar
fa= :_,,1- + farny (2.29)

The null-to-null bandwidth is

24 2faTsApmp

fn = =
Wan = 25 T (2.30)
using Ay, = Mp — 1 and T, = (log, Mr + log, Mp)/Rs, then
W,, = 2+ 2f;T,(Mp—1) (2.31)

® " logy Mp +log, Mp
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For 2f;T, = 0.5, the bandwidth efficiency is given by

Ry log, Mp +log, Mp

Won = 2+ (W = ]2 (2:32)
and for 2f,;T, = 1, the bandwidth efficiency is given by
Ry _ log, Mp + log, Mp (2.33)

W'rm . MF+1

2.4.3 Bandwidth Efficiency based on Fractional Power Con-
tainment Bandwidth

In practice, bandwidth efficiency depends entirely upon the roll-off factor of the
filters used. As well, channel effects and adjacent channels interference must be in-
cluded. However, the definition of the bandwidth efficiency may often be modified to
cover such cases. From a practical point of view, the bandwidth efficiency of a modu-
lated signal can be calculated in terms of fractional out-of-band power containment.
If the total power is normalized to 1, the power contained in bandwidth B may be

expressed as

B/2

poi= [ st (2:34)

Therefore, the fractional out of band power is then defined as

Bf2

peo=1-pg=1- [ 5y S (2.35)

If the fractional out of band power containment defined in (2.35) is plotted against the
bandwidth normalized by the bit rate (BT}), bandwidth efficiency can be obtained

directly for a given fractional power bandwidth.
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2.5 Results and Comparisons

2.5.1 Spectral Characteristics

Our concern in this section is to calculate the power spectral density for different
JFPM signal formats. As a short hand notation, the JFPM signal format that results
from the combination of z-frequencies and y-phases is referred to as the zF /yP format.
The power spectral density derived in (2.23) depends on the parameter 2 faTs. For
the JFPM waveforms with 2f4T, = 0.5, substituting the values of Ax from (2.6) into

(2.23), we obtain

T, Mg (sinm(fT, — 2k — 1 — MF]/4) 2
S(f"m,é( 7(fT. — 2k - 1 - Mzl/4) ) | (230

For JFPM waveforms with 2T = 1 and by substituting the values of Ax from (2.6)

into (2.23), we obtain

_ T, Mg fsinw(fT, - [2k - 1 - Me)/2))*
S )"EE( +(FTs — 2k — 1= Mr]/2) ) ' (2.87)

Our observation on {2.36) and (2.37) is that, when My = 1, the power spectral density
of a JFPM signal is reduced to the power spectral density of an Mp-ary PSK signal.

The power spectral density (as a function of the normalized frequency fT) of
JFPM waveforms with the MzF/2P format (for My = 1,2,4,8,16 and 2T, = 0.5)
is plotted in Fig. 2.2. The same family of curves representing the power spectral
density of JFPM waveforms with the M #F /2P format when 24T, = 1 is illustrated
in Fig. 2.3. From Fig. 2.2 and Fig. 2.3, we observe that the main spectral lobe of
JFPM with 2f;T, = 1 is wider than that of JFPM with 2f4T, = 0.5 for the same
value of Mp.  The power spectrum density of JFPM with MpF/4P and MpF /8P
formats (for Mp = 1,2,4,8,16 and 2fsT, = 1) is plotted versus fT; in Fig. 2.4 and
Fig. 2.5 respectively. From a comparison of Fig. 2.4 and Fig. 2.5, it is evidént that for
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Figure 2.2 : Normalized power spectral density of a JFPM signal (with a combination
MgpF/2P and 2f4T, = 0.5 ) as a function of fT, when Mp=1,2,4,8,16.
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fixed Mp, and as M increases, the main spectral lobe widens, although a reduction

in the out-of-band spectral tails is observed.

2.5.2 Bandwidth Efficiency
Bandwidth Efficiency Based on null-to-null Bandwidth

Numerical computations of the bandwidth efficiencies, based on the null-to-null
bandwidth, for JFPM, M-ary PSK and MSK are given in Tables 2.1 and 2.2. From
these data, we conclude that in terms of null-to-null bandwidth and for a given value
of M the bandwidth efficiency of JFPM is less than that of PSK system and it is
greater than the bandwidth efficiency of MSK system. Also, the bandwidth efficiency
of JFPM with 2f,T, = 0.5 is greater than that of JFPM with 2f¢T. = 1.

Table 2.1 : Comparison of null-to-null bandwidth efficiencies in bit/s/Hz for M-ary

PSK, MSK and different JFPM formats with 2f4T, = 0.5 (the value of Ty = Ry/Whn
for MSK is given in {16]).

- 2fiTs = 0.5 ! - -
M | MpF/2P | MgF/4P MgF/8P | MpF/16P PSK | MSK
2 - - - ' - 0.5 -

4 0.80 - - - 1.0 | 0.67
g8 0.86 1.20 - - 1.5 -
16 0.73 1.14 1.60 - 2.0 -
32 0.53 0.91 1.43 2.00 2.5 -
64 0.33 0.63 1.09 1.711 3.0 -

BT, in Fig. 2.6, for different values of Mp.
obtained by substituting (2.37) into (2.35) is plotte

Bandwidth Efficiency Based

tained by substituting (2.36) int
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on Fractional Power Containment Bandwidth

The fractional out-of-band power containment of JFPM with MpF/2P format ob-
o (2.35) is plotted versus the normalized bandwidth
The same family of curves for JFPM

d in Fig. 2.7. From this family




Table 2.2 : Comparison of null-to-null bandwidth efficiencies in bit/s/Hz for M-ary
PSK, MSK and different JFPM formats with 2f4T, = 1.

- 3fiTe =10 S -
M | MrE/2P | MpF/4P | MzF/8P | MpF/16P | PSK | MSK
2 - - - = 05 | -
| 067 - - = 1.0 | 0.67
8| 060 1.00 = - 15 | -
16| 044 0.80 1.33 - 20 | -
33| 0.29 0.55 1.00 1.66 25 | -
64| 018 0.35 0.67 1.20 3.0 | -

of curves, we conclude that the normalized bandwidth of JFPM with 2f;T, = 0.5 is
smaller than that of JFPM with 2f;T, = 1 for any given value of fractional out-of-
band power containment.

The curves of fractional out-of-band power containment for JFPM with MgF /4P
and MgF /8P formats obtained by substituting (2.37) into (2.35) are plotted versus
the normalized bandwidth BT} in Fig. 2.8 and Fig 2.9, respectively. From these and
other plots we conclude that, for any fixed Mr and as the nufhber of phases Mp
increase, the bandwidth efficiency of JFPM is increased and the out-of-band spectral
tails are reduced.

Numerical computations of the bandwidth efficiencies for JFPM, Mp-ary PSK
and continuous phase FSK (CPFSK) are given in Table 2.3 and Table 2.4 for the
bandwidth that contains 90% and:99% of the total power, respectively. Our observa-
tion of the data in Table 2.3 and Table 2.4 is that, by using JFPM, there are many
possibilities for chtusing the bandwidth efficiency of the desired system (as allowed
in the design). In terms of 90% power bandwidth efficiency, one can observe that,
for M > 4 the bandwidth efficiency of JFPM is greater than that of the CPFSK
system with the same M. It can also be observed that, for any fixed value of M,
the bandwidth efficiency of JFPM is smaller than that of the M-ary PSK system.
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Figure 2.6 : Fractional out-of-band power of JFPM as a function BT, thh MgpF/2P
format when Mr =1,2,4,8,16 (2/4T; = 0.5).
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Figure 2.7 : Fractional out-of-band power of JFPM as a function BT, with MpF/2P
format when Mp =1,2,4,8,16 (2fsT: = 1).
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Figure 2.8 : _Fract:’ona! out-of-band power of JFPM as a function BT, with M pF/4P
format when Mr =1,2,4,8,16 (2f,Ts =1).
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In terms of 99% power bandwidth efficiency, our observation is that, the bandwidth
efficiency for both JFPM and M-ary PSK are very close. However now, CPFSK is
more bandwidth efficient than JFPM.

Table 2.3 : Comparison of 90% power bandwidth efficiencies in b/s/Hz for M-ary

PSK, CPFSK and different JFPM formats (the values of (1/BT}) for the conventional
M-ary CPFSK are given in [16] and [34]).

— [ 2faTa =05 2fals =1 - =
M [T MpEJ2P | MzF/2P | MrF/4P | MrF/8P | MpF/16P | MPSK | CPFSK
2 - - - - - 0.501 | 1.250
] 0.993 0.877 - = = 1.188 | 1.180
R 1.156 0.764 1.317 - = 1.789 =
16 0.967 0.535 1.018 1.756 - 2.398 | 0.560
32 0.662 0.340 0.669 1.273 2197 | 2.900 =
64 0.408 0.206 0.408 0.803 1528 | 3.470 | 0.210
198 | 0.241 0.121 0.241 0.476 0.937 | 4.070 Z

Table 2.4 : Comparison of 99% power bandwidth efficiencies in b/s/Hz for M-ary
PSK, CPFSK and different JFPM formats.

— | 2faTs =105 2fgTs =1 - -
M MpF/2P | MpF/2P | MpF/4P MpE/8P | MpF/16P | MPSK | CPFSK
2 - - - - - 0.052 0.830
4 0.105 0.101 - - - 0.104 0.790

8 0.156 0.150 0.153 - - 0.150 -
16 0.202 0.194 0.201 0.207 - 0.210 0.470
32 0.240 0.208 0.244 0.252 0.271 0.250 -
64 0.249 0.174 0.250 0.294 0.305 0.300 -

128 0.202 0.110 0.204 0.292 0.344 0.350 -

2.6 Conclusions

In the first part of this chapter, a mathematical model of JFPM signals was
presented. Such signals are characterized by relative simplicity in obtaining a large

set of waveforms. The modulated signal has a constant-envelope and therefore is
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of interest for use in nonlinear and/or fading channels. We restricted our attention
to the orthogonal JFPM signals. In this case, the minimum frequency separation
between the two adjacent tones of JFPM signals is reduced compared to FSK signals
that use the same number of tones. Thus, requiring less bandwidth for the same bit
rate.

In the second part of this chapter, the power spectral density of JFPM signals
was analyzed. This analysis concluded that the spectral density of JFPM does not
contain discrete components (which waste power) and contains only continuous com-
ponents which carry the information. The main factor affecting the shape of the
signal spectrum is the complex envelope of the waveform.

Finally, the spectral efficiency of JFPM signal was studied. It can be concluded
that the same bandwidth efficiency may be achieved by using different combinations

of JFPM formats, which give the system designer a freedom of choice.
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Chaptér 3

Demodulation and Error
Performance of JFPM Signals
over AWGN Channels

3.1 Introduction

Evaluation of a digital modulation technique (EDMT) involves many parameters
and constraints. The most important parameters of EDMT that are well known
and used in the literature can be stated as: bit error rate (P.), Ey/Np, bandwidth

efficiency and complexity. Therefore, the cost function of EDMT may be written as
EDMT = f(F., Eys/Ny, R/W,C) (3.1)

where P, is t-{ﬂé:performance target, E,/No is a measure of the power expenditure,
R/W is a measure of the bandwidth required for a given data rate, and C is the
complexity or the cost. The constraints on EDMT depend heavily on the applications
and on the channels to be used where the power and the bandwidth are limited.
Therefore, these constraints force the designer to see\. to minimize the bit error rate,
minimize the required power, maximize the bandwi'ti?.‘h efficiency and minimize the
complexity.

It should be noted that all of the EDMT parameters are related to each other. The
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bit error rate can be easily expressed in terms of E,/N, and The complexity C is
related to all of the other parameters.

The growing need for digital transmission demands efficient utilization of band-
width and power. This has led to the search for power and bandwidth efficient
modulation techniques for use in mobile and satellite channels. The preceding chap-
ter considered the signal properties and the spectral efficiency of JFPM signals. Here,
we study the bit error rate performance of JFPM signals.

'This chapter is organized as follows. Section 3.2 describes the Transmission Model
of JFPM signals. In Section 3.3, we review some previous research which covered
the operation of the receiver structure and bit error rate performance of coherently
detected JFPM signals in AWGN channels. In Section 3.4, the receiver structure of
differentially detected JFPM signals is obtained and the probability of a bit error is

analyzed. Finally, conclusions are drawn in Section 3.5.

3.2 Transmission Model

In JFPM modulation system, the transmitted signal in the k-th signaling interval

is represented by

sonslt) = 2?" cos(2mfut +0® + ), KT, <t< (k+ 1T, (3.2)

where g is the initial phase introduced by the frequency synthesizer whose frequencies
are such that their phase changes over an interval of T} is a multiple of 27. 6'%) is the
transmitted phase in the k-th signaling interval and its value depends on the type of

detection to be employed. For coherent detection

%) = [9,, 2 M] for n=1,..,Mp.
Mp

36



For differential detection
6% = 9, + 6% modulo 2,

where 6, = 2r(n — 1)/Mp is the differential phase to be transmitted in the k-th
signaling interval and 81 is the total accumulated phase (modulo 27) until the end
of (k — 1)-th signaling interval.

Assume a nondistorting linear time-invariant channel with transfer function H(f),
H(f) = ™D, (3.3)

In this channel there is no amplitude distortion and Q(f) is a linear function of

frequency, i.e. the channel delay, T, is constant for all frequencies and
Qf)=2nfT. (3.4)

The system noise v(t) is an additive white Gaussian noise (AWGN) process with
one-sided power spectral density Np. It is further assumed that the intersymbol
interference (ISI) from the adjacent symbols is negligible (this is especially true when
the frequency spacing between successive symbols is large [32]).

If the waveform smn(t) in (3.2) is transmitted, the received signal during the k-th

symbol interval is given by

sp(t) =

2,1'?’ cos(27 fmt + 6% + 0 + Qfm)) + v(t) (3.5)

where Q(f,,) is the phase introduced by the channel which is assumed to be constant

for each frequency.

3.3 Performance with Coherent Detection

As mentioned in Chapter 1, the performance of coherently detected JFPM signals
in an AWGN channel have been studied by [7]-[9). However, it is perhaps worthwhile
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to review some of the previous work which covered the operation of the receiver struc-
ture and bit error rate performance. Hence, in this section we restrict our discussion

to the optimum receiver structure and the bit error rate performance of JFPM.

3.3.1 Optimum Receiver

In coherent detection, the receiver needs a carrier reference whose phase is close
to the phase of the incoming signal. If we assume that each of the JFPM waveforms
is equiprobable, then the receiver producing the lowest possible average error rate is
the maximum likelihood receiver which merely needs to correlate the received signal
s+(t) with all possible Mp X Mp noiseless waveforms given in (2.7} and decide on
the symbol that results in the largest correlation. The optimum receiver structure of
JFPM signals is shown in Fig. 3.1.

1t was shown in [9] that the symbol error probability of the coherently detected
JFPM signals is given by

1 fo T 2
P, (M) \/7?.[0 erf (uﬁtan MP) e

MP w T 2 Mp=-1
X [F j{; erf (vtanﬂ—dr;)e d'u] dw, (3.6}

where p denotes the signal-to-noise ratio for each k,-bit defined as

E_g _ STS

p=-ﬁ(; No’

(3.7)

E, represents the received symbol energy, S is the signal power and erf(u) is the error

function given by
£
erf(u) = % A et dt.

The relationship between the signal-to-noise ratio per symbol and the signal-to-noise
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Figure 3.1: The optimum cross-correlation-type coherent demodulator of the JFPM.
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ratio per bit can be expressed as
p = kspy = (kp + kp)po. (3.8)

The special cases of Mp = 2 and Mp = 4, the error probability performance of an
M-ary JFPM signal set of M = Mp x Mp signals is equivalent to that of biorthogonal
signal set of M signals. That is

P(M)=1- -\% [ )20 ey (3.9)

For equiprobable and equal energy M-ary biorthogonal signals including MpF/2P,
the bit error probability is upper bounded in [16], [47] by

Py(M) <

M; 2erfc ( g) + %erfc (vP) (3.10)

Exact values of p, required for a given P,{M) with biorthogonal signals sets are given

in {47, Table 5.2], and are reproduced in Fig. 3.2 for various values of M.

3.3.2 Results of Coherent Detection

The two basic measures of performance in digital modulations are the bit error
rate (BER) and the bandwidth efficiency. The probability of a bit error as a function
of py has been plotted in Fig. 3.2 for MpF/2P JFPM format when Mr=2,4,8,16.
From this figure it can be observed that, for a given error probability, JFPM requires
less power than BPSK and QPSK.

A comparison of JFPM with different modulation schemes based on the normalized
data rate R»/W versus p, required to achieve 10~° BER are tabulated in Table 3.1..
In this table, the bandwidth efficiencies of JFPM with MgpF/2P are calculated bjf "
using (2.25) i.e., bandwidth efficiency based on minimum frequency separation band-

width. As well, the bandwidth efficiency of M-ary PSK has been calculated using
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Figure 3.2 : Additive white Gaussian noise channel bit error probability of coherent
JFPM with a combination MpF/2P when Mr = 2,4,8,16.
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the theoretical minimum bandwidth; in practice a wider bandwidth (a function of
the roll-off factor of the filters employed) is occupied resulting in a smaller bandwidth

efficiency. From the data in Table 3.1, it is clear that JFPM performs better than the

Table 3.1 : Power and bandwidth efficiencies, based on minimum frequency separation
bandwidth, of coherent JFPM, M-ary PSK and coherent M-ary FSK in an AWGN

channel. (Pa = 1075, p, in dB, Ry/W in bits/s/Hz)

MpF/2P | M-ary PSK | M-ary FSK
Re/W | pp | Re/W | oo | R/W | po
- - 1.0 [ 9.6 [ 1.000 | 12.6
2000 196 20 9.6 { 1.000 | 10.0
1.500 {83 3.0 |12.9] 0.750 | 8.3
1.000 | 74| 4.0 7176 0.500 | 74
0625 |66 5.0 [22.3] 0313 | 6.6
64| 0.375 {6.1| 6.0 |27.3] 0.188 | 6.1

< I ES LY

conventional M-ary FSK and M-ary PSK of comparable bandwidth efficiency. For
example Ry,/W = 1.0 bit/s/Hz can be obtained by the conventional BPSK, 2FFSK and
4FSK or by the JFPM formats 8F /2P while requiring a p, of 9.6, 12.6, 10.0 and 7.4 -
dB, respectively. In this particular example, JFPM signals provides power efficiency

improvement up to 2.2 dB over B_PSK and 5.2 dB over 2FSK.

Table 3.2 : Power and bandwidth efficiencies, based on 90% fractional power contain-
ment bandwidth, of coherent JFPM, M-ary PSK and coherent M-ary CPFSK with
2f4T, = 0.5 in an AWGN channel. (Fo, = 1075, p in dB, peo in bits/s/Hz)

MpF /2P | M-ary PSK | M-ary CPFSK
Heo Po Hao Po Moo 4

- - 0581 9.6 12560 12.6
0993 |96}1.188 | 9.6 [1.180| 10.0
1.156 | 8.3 1.789 | 129 | - 8.3
0967742398176 | 0560 74
0662663470223 - 6.6
64 | 0.408 [ 6.1 | 4.070 | 27.3 | 0.210 6.1

S B ES R
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Table 3.3 : Power and bandwidth efficiencies, based on 99% fractional power con-
tainment bandwidth, of coherent JFPM, M-ary PSK and colerent M-ary CPFSK
2f4T; = 0.5 in an AWGN channel. (P, = 1075, py in dB, jtep in bits/s/Hz)

- | MpF/2P | M-ary PSK | M-ary CPFSK
M| pe | oo | 1o b Moy Po

2 - - 10052 9.6 | 0.830 | 12.6
4 |0.105(9.60.104| 9.6 [0.790 | 10.0
8 | 0.156 | 8.3 | 0.150 | 12.9 - 8.3
16 10.202 [ 7.4 ] 0.210 | 17.6 | 0.470 74
32|0.240 | 6.6 | 0.250 | 22.3 - 6.6
64 | 0.249 [ 6.1 { 0.300 | 27.3 - 6.1

Finally, the power and bandwidth efficiencies of JFPM and the conventional
schemes are compared, based on the bandwidth that captures 90% and 99% of the
total power. Our observation of the data in Table 3.2 is that the bandwidth cfficiency
of M-ary PSK is greater than that of the JFPM and CPFSK, but there is a JFPM
format whose bandwidth efficiency is very close to that of the M-ary PSK. From
the data in Table 3.3, the bandwidth efficiency of JFPM is almost equal to that of
the M-ary PSK, while JFPM requires less power than the M-ary PSK. Also, the
bandwidth efficiency of JFPM with some formats is higher than that of CPFSK.

3.4 Performance with Differential Detection

In this section, we present the receiver structure and error rate performance of
differentially encoded JFPM signals by first discussing the practical problem which it
overcomes. In Section 3.3, it was assumed that the receiver was perfectly synchronized
in frequency and had exact knowledge of the carrier reference phase. In practice,
however, the carrier phase is extracted from the received signal by performing some
nonl}gear operation that introduces a phase ambiguity [46, p. 315]. In JFPM, this

problem can be overcome by employing a differential phase-shift-keyed modulation
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and differentially coherent demodulation of the JFPM signal phase components.

3.4.1 Receiver Structure

The JFPM signal set consists of Mr subsets of polyphase signals, where the signals
in each subset are orthogonal to signals in all other subsets. Because of the special
form of this signal set, the differential detection of JFPM signals must be accomplished
in two stages. In the first stage the signal set containing the transmitted frequency
is estimated. This is the noncoherent FSK part. In the second stage, the phase
difference between the present and the previous symbol is estimated. This is the
differentially detected PSK (DPSK) part.

The receiver structure for differential detection of a JFPM signal set can take the
form as given in Fig. 3.3. The receiver requires Mp noncoherent frequency detectors
and a single differential phase detector. The FSK-part can work without any phase
information; thus it is independent of the DPSK-part. However, the DPSK-part
requires a knowledge of the transmitted frequency. For this purpose, the inputs to
the DPSK-part are the one-symbol delayed signal and the estimate of the frequency
provided by the FSK-part. This frequency estimate can be obtained from a reference
signal generator driven by the output of the FSK-detector. The one symbol delay in
the DPSK-part is later compensated in demultiplexing (bit combining) by introducing
a one-symbol delay following the FSK detector.

A possible implementation of the one branch of the frequency detector and Mp-
ary DPSK detector for the JFPM receiver are shown in Fig. 3.4 and Fig. 3.5. Another
possible implementation of Mp-ary DPSK detector is illustrated in Fig. 3.6.

In the DPSK part of a JFPM receiver, the receiver employs two symbol interval in

a symbol decision interval, each of the phases may or may not have been transmitted
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Figure 3.3 : Block diagram of differentially detected JFPM receiver.
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on the same carrier. Thus, in the presence of a channel phase distortion, i.e., 2(f) # 0,
the phase shifts introduced by the channel for different frequencies are different. Our
approach to solve this problem is to utilize an input from a time tracking loop in the
receiver. Which is mainlf’émployed for symbol timing recovery. In our case it also
serves as a reference signal generator for estimating the frequency dependent phase
shift. |

For convenience, we rewrite the possible transmitted frequencies of (2.9) as
fm= fc+mfd; fOI‘ m=:’:1,:t3,...,:l:(MF— 1). (3-11)

Then the received signal during the k-th symbol interval is given by

so(t) = 2?* OS2 fint + 0% + @+ Qfm)) + 1(2), for KT, <t < (k+ 1T, (3.12)

L)

where Q(f,) is the phase introduced by the channel and is given by

Qfm) = —2rfor — 2rmfar; for m==1,%2,...,%(Mp—1)
= -~ —mdq (3.13)
where 7 is the channel delay, 9. = 2x f.7 and 94 = 27 fa7.

If f, (I # m) is the transmitted tone in the (k — 1)-th symbol interval, then the

received signal can be written as

s (t) = 1/27?3 cos(27 fit + 8%V 4+ o + Q) + v(t) for (k~ 1)T, < t < kT, (3.14)
where the phase introduced by the channel is given by

QUf)) = —2nfer —2mlfyr; for [=+1,%2,...,+(Mp—1)

= —d,— Wy (3.15)

In the DPSK part, the decision on the transmitted phase is made by first computing
the phase difference between the k-th and (k — 1)-th signal intervals. This phase
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difference is then compared to all possible phases and the closest one is selected.
From (3.12)-(3.15), we observe that, the phases ¢ and ¥ are commion to all possible
transmitted tones, and that ‘differential detection can eliminate them. The indices m
and I (fm is the transmitted frequency in the k-th symbol and f; is the transmitted
frequency in the (k — 1)-th symbol) are determined in the FSK part of the receiver.
In addition, the start time of each symbol is estimated by the time tracking loop. As
will be seen in the forthcoming analysis, the reference signal generator produces &
signal with phase md, for the symbol number k and 19, for the symbol number !.

To describe the operation of the reference signal generator, we first start describing
the case when the system uses only two tones (i.e., 2F/MpP). Then we generalize
this method to a system employ M tones (i.e., MpF/MpP).

Fig. 3.7 shows the block diagram of the reference signal generator for the JFPM
system with 2F/MpP. The time tracking loop generates the signal v(t) = g0 6t —
tx), where #; is the start time of the k-th symbol, i.e.,

te = kT, — 7. (3.16)

In (3.16) 7 is the delay time introduced by the channel. We assume that the channel
delay 7 is fixed for the duration of at least two symbol intervals.

The signal generator generates the signal ro(t) = Ziwo cos(27 falt—t]). In a fixed

signal interval the output of the signal generator is given by
re(t) = cos(2mfalt — 1)
= cos(2r fat — Va) (3.17)
by using phase shift = /2 then we have |
ro(t) = sin(@rfaft — 7))

= sin(2rfat — Va) (3.18)
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The local oscillator generates, at frequency f., the tones

ce(t) = cos(2m f.t +6)

¢s(t) = sin(2r f.t + ) (3.19)

where 8 is a random phase. The output of the multipliers, d;(t) and dx(t) are given

by
di(t) = ci(t)rs(t)
= —;— cos(2m fot — 2r fat + 94 + 0)
- -;— cos(2m fot + 27 fat — 9 + 0) ' (3.20)
and

da(t) = ce(t)re(t)
= -;—cos(21rfct + 27 fgt —da+6)
+ % cos (27 fot — 2w fat + V4 + 8). (3.21)
By inverting the sign of d,(t) and using the adders, we get the waveforms b, (t) and
by(t) where,
h(t) = da(t) — da(3)
= cos(2n fot + 27 fat — F4 + 6) (3.22)

and
bo(t) = dy(t) + di(?)
= cos(2n fot — 2n fat + 94 + 0), (3.23)

which are the waveforms needed for the differential detector. The frequency selector
select either b(t) or by(t) based on the estimated frequency at the output of the

frequency detector.
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Fig. 3.8 shows the block diagram of the reference signal generator for the JFPM

system with MpF/MpP. The signal generator generates the signals

ra(t) = cos(2mifyft — 7)) for i=1,3,..,(Mr—1)

= cos(2mifgt — i9y) (3.24)
by using phase shift 7/2 then we have

rg(t) = sin(2mifyft — 7)) for ¢

Il
[
&
2

G|

|
p—
N

= sin(2mifat — 9y (3.25)

The local oscillator generates, at frequency f., the tones given in (3.19). By following
a procedure similar to that leading to dy(£), d2(t), b1 (t) and by(t) in the 2F/MpP case,

we obtain

1
du(t) = 5 COS(21cht —2mifqt + idq + 6)

- —;-cos(Zvrfct +2mifgt — 04+ 6) for i=1,3,..,(Mp— 1) (3.26)

() = %cos(21rfct+21rz'fdt—z'19¢+9)

1
+ 3 cos(2r fot — 2mifgt +i94+0), for i=1,3,...,(Mr—1) (3.27)

bii(t) = cos(2m fot + 2mifat — i0q + 0) for i=1,3,..,(Mp-—1) (3.28)
and
bai(t) = cos(2r fet — 2mi fat + i0q + 0}, for i=1,3,..,(Mp—1) (3.29)

The frequency selector select either by;(t) or by(t) for i = 1,3,...,(Mp — 1) based on

the estimated frequency at the output of the frequency detector.
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to the DPSK part

‘bl (£) or ba(t)

frequency selector

() ba(2)

o

di(t) da(

t)

cos(2n fat — ¥a)

O ©

from the FSK part

cs(t) = sin(2w fet + )

local oscillator

74(t) re(t) signal
/2 generator
ce(t) = cos(2n fct + 6) v(t)

time tracking
loop

— symbol clock

Figure 3.7 : Block diagram of a reference signal generator for JFPM with 2F/MpP
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to the DPSK part

frequency selector

dy(Mp-1)(8)

dy¢Mp—1)(8)

R T T ()

from the FSK part

Tel (t)

Te2 (t)

Te(Mp—1){")

rsl(t)

dn (t) da1(t)

cs(t) ce(t)

local oscillator

Ts2(t)

Ta(Mp-1)(t
i ——

phase
shift
by
/2

rcl(t)
rea(t)
signal
. generator
Fo(Mp—-1){¢
2(t)
time tracking
symbol clock — loop

Figure 3.8 : Block diagram of a reference signal generator
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3.4.2 Error Probability Performance

Assuming sma(t) is the transmitted signal, a correct decision from the receiving

system of Fig. 3.3 is made if |V,,(1k)| is chosen such that

V| = e, [V (3.30)

and the phase @, satisfies the following

I R @3

where
|V,(k)| denotes the output of the envelope detector ! in the k-th signaling interval,

~(®) is the estimate phase of the incoming signal in the k-th signaling interval at the

output of the inverse tangent circuit,

(=1} is the estimate phase of the incoming signal in the (k— 1)-th signaling interval

at the output of the inverse tangent circuit, and
8, for L =1,..., Mp denotes any of the Mp possible phases.

In the absence of noise, the index ! where (3.30) is satisfied should be equal to
the index m of the transmitted signal smn(t) and the index ! where (3.31) is satisfied
should be equal to the index n of spa(t).

The decision variables V¥, 4(®) and 4®~1 can be written as

(VE= cos(0® +p+Q(f))+Nem )+ (Vs sin(8® + p+Q(f) +Nom) L=
v®= (3.32)

Ny + N l#m,
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VE sin(0'®) + ¢ — 9.~ 6) + N,
(k) = arct Essm(ﬁ -{-(p ¢ & -
7 retan VE,cos(@®) + o — 9.~ 0) + N, (3:33)
and
VE, sin(6%-1 —9.—0)+ N,
(k=1) _ " E, Sll‘l(9 + @ e 4 )
Y arctatl [\/ES cos(0FD 4o — 9. —0) + V.| (3:34)

The noise components N, Ng, Ng and Ny for I = 1,2, ... M are independent Gaussian

random variables, where

2 (T,
N, = \/';s fo u(t) cos(2m fit + 0 — 194)dt, (3.35)
2 Ta . , .
Ny = —\/%[) v(t) sin(2r fit + 6 — Wy)dt, (3.36)
Ny = 72,_ / " u(t) cos(2r fit)dt, (3.37)
and
Ny= -\/;3: jﬂ " (t) sin(2r fit)dt. (3.38)

The probability of a correct decision for the receiving system is equal to-th
probability that IV,S,"’)I = max “V,(k)l] for | = 1,..., Mp times the probability of th(; -
event that the measured phase difference ('y(’“) - 'y““"}) differs by less than 7/Mp
in absolute value from the phase difference (9“‘) - 9(’““)) of the transmitted signals,

given that |V,£,")| = max HVz(k)” for I = 1,..., Mp. That is,

P, = Prob ('V’S‘k)|=ze{ﬁiﬁp} [|V‘(k)|]) (3.39)

« prn =] (19 -0) - (0 -] < = e, (7))
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The Prob (|V,$f‘)| = max [|1/;(k)”) for | = 1,...,Mr is equal to the probability that
a correct decision is made on the transmitted tone at the output of the frequency
detectors. For convenience, the squared envelope is normalized by 2/Ng. It was shown

in [45] that the decision variables

V,-(k)['_for i =1,.., Mp are mutually statistically
independent and the probability density function of the envelope |V,-(k)| conditioned
on the transmitted signal smn(t) is given by

ae"(02+2p)/2‘[0(0‘r¢2_p) 1= m,o 2 0
dmn (a|3mﬂ)

ae~'/2 ' i#m,a >0,

PM(k)I (3-40)

where p denotes the signal-to-noise ratio for k,-bits, defined as p = E;/No, Io, is the
zeroth-order modified Bessel function of the first kind. By uéing (3.40), the probability
of correct decision being made on the transmitted tone can be expressed as
P.psx = j{; * qe-(et+20)/ 2fo(a\/2_p) [1 — g/ 2] Me—t da

The Prob(|¢'| <7w/Mp ”Vnﬁ"’)l = max [lVl(k) ”) for! =1,..., Mp as given in (3.39) is
equal to the probability that the transmitted phase is chosen correctly at the output
of the phase estimators, given that a correct decision is made on the transmitted
frequency at the output of the frequency detectors. Thus, the phase difference 9 can
be viewed as being the phase difference between two vectors perturbed by Gaussian

noise [48]. In [48) the Prob(¥min < ¥ < Yimaz) Was expressed in terms of an auxiliary

function F(¢) as

{ F(Tpmz) - F('d)min) +1 1,bmin. <0< ¢mz
Prob(¢min <% < Ymaz) = (3.42)
F("/)ﬂmm) - F(¢m’iﬂ) "pmin > 0, Or'd)ma.x < 0,

where F(1) is given by
sin(y) /2 e—P(1-cos(¥) cos(u))

R = T -[1r/2 1 — cos(%)) cos(u) du. (3:43)
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The probability of correct decision for the phase, given that the transmitted frequency

is estimated correctly, can be expressed as

P.pskipsk = F(r/Mp)— F(—=/Mp) +1
- x/2  g—p(1—cos(n/Mp)cas(u))
- 1- sin(w/Mp) /‘ e .
2x —n/2 1 — cos(m/Mp) cos(u)

(3.44)

Substituting (3.41) and (3.44) in (3.39), the symbol error of the differentially detected
JFPM signals, which is P.(M) = 1 — P, can be expressed as

P(M)=1- (1

sin(m/Mp) [r/2 g=pllcos(m/Mp)cox(u))
T f-n/z 1 — cos(w/Mp) cos(u) “

1 Me M =1
—_ —1)! P ome(Fh), i
XMF i=1( ) ( ¢ )B (345)

For M =4 (i.e., Mr = 2 and Mp = 2) the expression given in (3.45) can be written

as

P.(M) = 1- (1 - -él; ,/://22 e_”du) (1 - %e“"’ﬂ)
= 1- (1 - %e“”) (1 - %e'”*) . (3.46)
After some manipulations the symbol error probability given in (3.46) becomes
P.(4) = %8—9/2 [1 +eP?_ %e—f’l . (3.47)

For M = 2MpF (i.e., Mp = 2) the symbol error probability expression given in (3.45)

can be written as

P(M)=1~ (1 —~ -;-e"’) MLF Mé (-1 ( N,?' ) (5, (3.48)

In general, the integral expression given in (3.45) cannot be written in a closed form

when Mp > 2.
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The Probability of a Bit Error

In JFPM signal detection, a two step decision process is necessary to establish
which signal was received. The relationship between the bit probability and the
symbol error probability of the JFPM signal set is not related in the same way as it
is for orthogonal signals or polyphase signals. This is so because of the two kinds of
symbol errors that can occur. The first type of error occurs when the transmitted
tone is chosen incorrectly, causing at least one bit error in the kr + kp bits of the
selected symbol. The second kind of symbol error may occur when the transmitted
tone is selected correctly, but there is an error in the selection of the transmitted
phase. This symbol error can cause at least one bit error out of kp bits in the kg +kp
bits of the selected symbol. In the receiver of Fig. 3.3, a symbol error occurs if the
frequency is incorrectly chosen in the first stage. If the frequency is correctly chosen,
an error occurs in the second stage if the differential phase is incorrectly estimated.

Hence the probability of error is
P,(M) = P sk + (1 — Pers) Fepskirsk (3.49)

where P, rsk is the probability of an erroneous noncoherent decision on the frequency
in the FSK-part (first stage) and P, pskrsk is the probability of an incorrect decision
on the phase in the DPSK-part (second stage) given that the noncoherent decision of
the FSK-part was correct.

By using (3.41) the probability of an erroneous noncoherent decision on the fre-

quency in the first stage may be given in the form

P.rsk = 1— Fepsk
1 My : { Mp ~p{iL
—3 —_— —1 * . p( 1 ) R
MFi=2( ) ( v )e_ (8:50)
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which is the well-known performance of a noncoherently demodulated Mp-ary FSK
signals [46, p. 296].
Recall the relationship between the symbol signal-to-noise ratio p and the bit

signal-to-noise ratio py

p=kspy = (kp + kp)po. (3.51)

An interesting relation can be found by observing (3.50), (3.51), where at certain
b, the combined Mp-ary FSK (i.e., JFPM) perform better than the conventional

Mp-ary FSK by an improvement factor Ir, where

ke kr+kp kp
I -—ee— e ee————— — + — .
F kp kg L kp (3:52)

This result means that the error rate performance curve of P psi moves left by
101og,o I» dB (in comparison to FSK system that use same number of tones).

Using the probability of an incorrect decision on the phase given that the nonco-

herent decision on the frequency was correct is given by

Pepskirsk = 11— P psk|rsk
Sln(?r/MP) T/2 e—p(I—COB(‘II‘/Mp) cos(u)) d
27 ./:—-n-/2 1 — cos(w/Mp) cos(u) u

(3.53)

which is the ideal performance of Mp-ary DPSK signals [48].
For Mp = 2, it is possible to evaluate the integral given in (3.53) in a closed form,

and the result is given by

1
P pskirsk = '2"€_p (3.54)
For Mp > 2 the approximation of ( 3.53} is
1+ cos(m/Mp) ( )
A o~ e - 3.5
Fe psk|Fsk \l 3 cos(n/Mp) rfe ( y/p[1 — cos(w/Mp)] (3.55)
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where erfc(u) is the complementary error function

o

erfe(u) = % e dt. (3.56)

u

The combined Mp-ary DPSK outperforms the conventional Mp-ary DPSK by an

improvement, factor Ip, where
Ip=—=——=1+— (3.57)

It seems worthwhile here to observe (3.57), where the symbol error probability curve
of the DPSK-part of the joint receixre; (i.e., P.pskrsk) moves left by 10log, Ip dB
(in comparison to DPSK system that. use same number of phases).

The easiest way of relating the symbol error to bit error probability is to assume
that the transmitted k,-bit word corresponds to all zeros (see Fig. 3.9), and then
find the probability of 1's in an incorrect decision." If the symbol error is due to an
incorrect decision on the frequency, then there are (Mp — 1)Mp = (M — Mp) equally
likely incorrect k,-bit patterns. In the Mp patterns with the correct frequency, the
number of 1’s is kpMp/2. Hence, the total number of 1’s in the incorrect patterns is
(Mk,/2) — (Mpkp/2). By taking the ratio of 1's to the total number of bits in the
frequency incorrect part, we find the probability of bit error due to an error in the

first stage (Py) as

ksM — kpMp

Pbl = mpe,ﬁ'sxl

(3.58)

When a symbol error is due to an error in the DPSK part, kp bits of k-bit pattern
are correct, and the decision affects the kp bits for the phase. A phase error in a
Gray coded system is well approximated by a one bit error in kp-bits (Gray code is

used only for the kp-bits). Hence the probability of bit error due to an error in the

60



“ipﬂ
“kp=bit  kp-bit
p—— pre—e—

000---0 000---0
000.--0 000---1

000---0 111---0
000---0 111---1

000---1 000---0
000---1 000---1
set # 2 of Mp patterns v
000---1 111---0
000..-1 111-.-1

(010---1 000---0
010---1 000---1
set # i of Mp pa,tternsw

01¢---1 111---0
010---1 111---1

[111---1 000--.0
111.--1 000---1
set # Mp < Do
111.--1 111--.0
111---1 111.--1

Figure 3.9 : JFPM bit patterns
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second stage (Ph) is

1

Py ’—c*-(l — Po.rsi) Pe,pPsk|rsk- (3.59)

Using (3.58) and (3.59), the total bit error probability for JFPM signal set is given
by

P(M) = Pa+ P

kM — kpMp 1

2ks(M — Mp) Prsk + k—s(l — Prsk)Fppsk|Fsk- (3.60)

By substituting the expressions of Prskx and Pppsk|rsk given in (3.50) and (3.53)

into (3.49), the bit error probability expression can be obtained as

a»

- kM —kpMp :1 Mr, if Mp\ _p(i32)
A(M) = %,(M—MP)'MFE( 1)( i /€

Mr . i-1
. kis{l-ﬂ—;—z(—w(ﬂ?)e—o(ﬂ}

F =3
. n/2 @—pll—cos(x/Mp)cos u}
sin(mw/Mp) f e e (3.61)
27 —n/2 1 — cos(n/Mp) cosu

The bit error probability obtained by (3.61) is evaluated numerically for different

values of Mp and Mp and the results are presented in the next section.

3.4.3 Results of Differential Detection

The bit error probability as a function of p, has been calculated by using (3.61)
and the results have been plotted in Fig. 3.10, Fig. 3.11 and Fig. 3.12 for MzF /2P,
MpF/4P and MyF /8P respectively when Mr=2,4,8,16. We also added the curves
for the conventional noncoherent FSK and DPSK systems. From these figures it
can be observed that, for a given error probability and with the same signal set

size M, JFPM with a combination MpF/2P requires less power than M-ary DPSK

62



and M-ary FSK. JFPM with a combination MpF /4P also requires less power than
M-ary DPSK but it needs more power than M-ary FSK at bit error rate less than
3x 1073, In addition JFPM with MpF /8P requires less power than M-ary DPSK but
it needs more power than the conventional FSK system. Another important property
of JFPM with MyF/4P is observed from Fig. 3.11, where JFPM curves crossover the
conventional FSK curves when the two systems have the same signal set size. The
reason for these crossover points is that the bit error rate curves of the conventional
FSK system fall down faster than that of the conventional DPSK system. In JFPM
the bit error rate is limited by either FSK-part or DPSK-part {whichever one can
provide the higher bit error rate). Therefore crossover points can occur.

The comparisons of JFPM and the conventional schemes are made in terms of
power efficiency (i.e., required signal-to-noise ratio per bit to achieve a given bit error
rate) and bandwidth efficiency (i.e., Ry/W which is in bit/s/Hz). The comparison
between JFPM, M-ary FSK and M-ary DPSK, based on the bandwidth efficiency
Ry/W versus p, required to achieve 105 BER, are tabulated in Table 3.4. The
bandwidth efficiencies of JFPM and M-ary FSK are calculated by using (2.26), which
are realistic values. The theoretical bandwidth efficiency of M-ary DPSK is also
tabulated by using (2.26) when Mg = 1. For a practical M-ary DPSK system,
these theoretical values should be divided by {(1+a) to account for the non-minimum
bandwidth of practical filters, with o representing the roll-off factor (0 < @ < 1).

From the data in Table 3.4, we observe that the same bandwidth efficiency can be
achieved by using different combinations of JFPM schemes. For example, Ry/W = 1.0
bits/s/Hz can be obtained by conventional 2-DPSK, or by JFPM with combinations
2F /2P or 4F/4P while requiring an p;, of 10.34, 10.22 and 8.63 dB respectively to

~ achieve a bit error rate of 10~%. In this particular example, using a more complex
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Figure 3.10 : Bit errér rate pérformance of DPSK, noncohe
detected JFPM in AWGN channel when Mp =2 and Mp=2,4.8,16 (JFPM with 2

_ combination MpF/2P).
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Figure 3.11 : Bit error rate performance of DPSK, noncoherent FSK and differentially
detected JFPM in AWGN channel when Mp = 4 and Mr = 2,4,8,16 (JFPM with a
combination MgF/4P).
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Figure 3.12 : Bit error rate performance of DPSK, noncoherent FSK and differentially
detected JFPM in AWGN channel when Mp = 8 and MF = 2.4,8.16 (JFPM with a

combination M rF/8P).
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configuration provides up to 1.71 dB power efficiency improvement over 2-DPSK.
Another example where JFPM provides power efficiency at a given bandwidth effi-
ciency, occurs when Ry/W = 0.5 JFPM with a combination 2F /8P performs better
than 2-FSK and 4-FSK system by 5.52 and 2.78 dB respectively. There are also cases
where JFPM provides power and bandwidth efficiency over the conventional M-ary
FSK system, as an example M #F/2P. Finally, JFPM with all frequency and phase
combinations, provides power efficiency over the conventional M-ary DPSK system.

Table 3.4 : Power and bandwidth efficiencies of differentiaﬂy detected M-ary JFPM,

M-ary DPSK and noncoherent M-ary FSK. (Py = 107°, py in dB, 7 = Ry/W in
bits/s/Hz)

MgpF/2P MFF /4P MpF/8P | M-ary DPSK | M-ary FSK

M| 1 Po i po n | pf | 7 P n Py
2| - - - - — —11.0| 1034 [ 0500 13.35
4 | 1000 [10.22] - - - — [ 20 1196 | 0.500 | 10.61
8 | 0.750 | 8.81 | 1500] 1001 | - — | 30| 15.82 | 0.375] 9.09
61 0500 | 7.83 | 1000 | 5.63 |2.000 | 1443 | 40| 2040 | 0250 808
35| 0313 | 7.10 | 0.625 | 7.59 | 1.250 [ 13.35 [ 50| 26.34 | 0.156) 7.33

641 0.188 | 6.49 |-0.375 | 6.78 [ 0.750 | 12.47 6.0 3047 0.094 | 6.56

A further advantage of using JFPM appears when the comparisons are based on
ihe bandwidth that contains 90% and 99% of the total power, our observation of the
data in Table 3.5 is that the bandwidth efficiency of M-ary DPSK is greater than that
of the JFPM, but there is a combination of JFPM where its bandwidth efficiency is
very close to M-ary DPSK. In general, JFPM requires less power than M-ary DPSK.
A specific example illustrating this point can be obtained by observing that JFPM .
with 4F /4P and the conventional 4-DPSK have approximately the same bandwidth
efficiency in terms of the bandwidth that contains 90% of the total power, however
in terms of power efficiency JFPM outperforms 4-DPSK by 3.33 dB at a BER=10""%.
From the data in Table 3.6, the bandwidth efficiency of JFPM is almost equal to

67




that of the M-ary DPSK, and JFPM requires less power than M-ary DPSK. As an
example JFPM with 8F/8P and the conventional 64-DPSK have approximately the
same bandwidth efficiency in terms of the bandwidth that contains 99% of the total
power, but JFPM outperforms 64-DPSK by 18 dB at BER=10°

Table 3.5 : Power and bandwidth efficiencies based on 90% fractional power con-
tainment bandwidth of differentially detected M-ary JFPM and M-ary DPSK.

(P.y = 1075, py in dB, pe in bits/s/Hz)
MiF/2P | MpF/aP | MpF/SP | M-ary DPSK

Hoo Fb Hao Pb oo 2o HMgo Pb

- - - - - - 0.591 | 10.34
0.877 | 10.22 - - - - 1.188 | 11.96
0.764 1 8.81 | 1.317 |10.01 - - 1.789 { 15.82

0.535 | 7.83 | 1.018 | 8.63 | 1.756 | 14.43 | 2.398 [ 20.40
0.340 | 7.10 [ 0.669 | 7.59 |[1.273 | 13.35 | 2.900 [ 25.34
64| 0206 | 649 [ 0.408 | 6.78 | 0.803 | 12.47 | 3.470 | 30.47

Sle|ooj={e|= ¢

Table 3.6 : Power and bandwidth efficiencies based on 99% fractional power con-
tainment bandwidth of differentially detected M-ary JFPM and M-ary DPSK.

(Psy = 1073, p, in dB, peo in bits/s/Hz)
MpF /2P MFgF /4P MpF/8P | M-ary DPSK

Ha9 Pb Lbog Po Htog Po Hog Py
- - - - - - 0.052 | 10.34
0.101 | 10.22 - - - - 0.104 ] 11.96
0.150 | 8.81 | 0.153 | 10.01 - - 0.150 | 15.82

0.194 | 7.83 | 0.201 | B.63 | 0.207 | 14.43 | 0.210 | 20.40
0.208 | 7.1010.244 | 7.59 | 0.252 | 13.35 | 0.250 | 25.34
64 | 0.174 | 6.49 | 0.250 | 6.78 | 0.294 | 1247 | 0.300 | 30.47

S EIES L

3.4.4 Simulation Resuits

For the validation of the analytical results presented in Chapter 3, we also performed
some simulation. For this purpose we ch'ose the simplest JFPM format, i.e., 2F /2P,

and considered the AWGN channel performance.
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Fig. 3.13 show the average bit error probability for JFPM with 2F/2P, also the

analytical P, is added. The number of symbols simulated is 10° when py < 8, and

10° when py > 8. The confidence interval is chosen to be 95%.

The simulation steps of the computer program are as follows.

1. initialization; read: kg, kp, gy and the number of generated bits N.
2. generate random binary data.

3. differentially encoded the kp bit.

4. generate Gaussian distributed random variables.

.
6
7
8
9

generate received samples.

. estimate the frequency.

. generate reference signal to the DPSK part.
. count error in FSK part ep.

. count error in the DPSK part ep.

10.

P, = (er +ep)/N.

From Fig. 3.13 we observe that, the two curves of the average bit error probability

for both analytical and simulation results are so close for high p, and there is a small

difference at low p,. The reason of this is due to Gray coded approximation that is

used in system analysis.

69



probability of a bit error

-8 simulation

—— analytical

10°1

10°2}

10" 3}

10'4_

10°°
2

SNR/bit

Figure 3.13 : Bit error rate performance of differentially detected JFPM with 2F/2P
in AWGN channel obtained by simulation and also analysis.
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3.5 Conclusions

In this chapter, the performance of JFPM signals over AWGN channels was stud-
ied. A differential receiver structure for JFPM signals was introduced and a simple
equivalent receiver was obtained. The probability of error was analyzed and a bit er-
ror rate expression was obtained. The results showed that JFPM can perform better
than M-ary DPSK and M-ary FSK systems of a comparable bandwidth efficiency.
It was also concluded that, this modulation technique includes many formats which

may be classified as an bandwidth efficient or power efficient modulation technique.
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Chapter 4

Pérformance of Joint
Frequency-Phase Modulation over
Rayleigh Fading Channels

4.1 Introduction

In mobile radio communication systems, the received signal frequently undergoes
multipath fading. In a typical urban situation, where the mobile users are not within
a clear line-of-sight of the transmitting antenna, the received signal at the mobile user
is the sum of many random amplitude and random phase signals. The probability
density function of the envelope of the multipath faded signal usually has a Rayleigh
distribution, and is therefore referred to as a Rayleigh channel (50, 51}.

This chapter presents the performance of JFPM over Rayleigh fading channels
with coherent and differential demodulation. Bit error rate performance is evaluated
using diversity techniques over Rayleigh fading channels. Results show that JFPM
performs better than conventional noncoherent M-ary FSK and M-ary DPSK of
comparable bandwidth efficiency.

The organization of the chapter is as follows: In Section 4.2, the channel model

under consideration is described. Section 4.3 presents the receiver structures and
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the performance analysis for coherent detection of JFPM signals. The performance
analysis for differential detection is given in Section 4.4. The probability of error
rate performance for JFPM signals using diversity techniques for multipath fading
channels is evaluated in Section 4.5. Numerical results of error rate performance
" evaluation as a function of the average signal-to-noise ratio are presented in Section

4.6. Finally, the conclusions are stated in Section 4.7.

4.2 Channel Model

We are interested in the performance of the receiver in determining the frequency
f,n and the phase @, of the transmitted signal given in (2.7) when it is transmitted
over a multipath fading channel. The channel, we have assumed, can be represented

as having the equivalent low-pass (complex) impulse response of [46]
h{r,t) =3 o (t)e IO (7 — 7 (2)] (4.1)
k .

where a(t) is the attenuation of the received signal due to the k-th path and 7(t)
is the propagation delay for the k-th path. In (4.1) T represents the usual cchannel
response (pfapagation delay) variable, while the t-dependence indicates that the very
structure of the impulse response changes with time. The impulse response of the
time-varying multipath chann; when the number of paths is large can be approxi-
mated by a complex Gaussian random process. This means that when the channel
impulsc response is modeled as a zero mean Gaussian random process, the envelope
of the impulse response |k(7,t}| at any time instant is a Rayleigh-distributed random
variable.

When a single tone is transmitted through a discrete multipath channel given in
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(4.1}, the received signal in the absence of noise takes the form
s:(t) = Y anft)e ™D = N7 gy () eI O, (4.2)
% k

The observed received phasor is the sum of several phasors, with amplitndes oy (t)
and phases ¢x(t), where ¢x(t) = 2x fer(t). The value of ¢x(t) changes randomly over
the interval (—m,7) . Based on the central limit theorem, the received signal s.(¢)
can be modeled as a complex-valued Gaussian random process [46, 52].

Usually, channel attenuation and phase changes are caused by inhomogeneities
in the propagation medium. If the channel attenuation and phase change slowly so
that they can be treated as constant over each symbol duration, the channel is said
to be slowly fading. Furthermore, if the coherence bandwidth of the channel (which
can be defined as the reciprocal of the multipath delay spread of the channel T;,)
is small in comparison to the transmitted signal bandwidth, the channel is called
frequency-selective.

In most mobile applications and for transmission rates not exceeding a few hun-
dred kbit/s, the mobile communication channel can be classified as slowly-fading
and nonfrequency selective [53, 54]. In this chapter, our analysis will be based on
this channel model, and in a given symbol interval we will assume that the channel

attenuation and phase shift are constant and can be denoted as a and ¢.

4.3 Performance of Coherent JFPM

In this section, the error rate performance of coherently detected JFPM signals
transmitted over slowly fading frequency-nonselective channels is evaluated and the
receiver structure is described.

If the waveform Smn(t) described in (3.2) is transmitted over a frequency non-
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selective, slow Rayleigh-fading channel, the received signal during the k-th symbol

interval is given by
sp(t) = e B (t) + (1) kT Si<(k+ 1T, (4.3)

where SBemn(t) denote the equivalent low-pass waveform of the mn-th signal transmit-

ted during the k-th symbol interval, defined as
. "
Bremn(t) = /95 ei@m fadmi+0 ))’

ar=* represents the attenuation and phase shift introduced by the channel and v(f)
is a zero-mean complex-valued white Gaussian noise process with autocorrelation
function @, (1) = E{v*(tWw(t + 1)} = 2Nod(7) where Ny is the value of the power
spectral density of the original bandpass noise process.

In coherent detection, it is assumed that the correct estimates of all the phases and
frequencies are available at the receiver. The block diagram of the coherent receiver
may be implemented as shown in Fig. 3.1. To determine the error probability of
the JFPM Teceiver, conditional error probability for a given channel attenuation o is
evaluated first. The resulting expression is then averaged over the probability density
function of the channel attenuation. It was shown in (3.6) that the conditional symbol

error probability of the coherently detected J FPM is

1 o0 T 2
Pip)=1 - —= f( _) -(v-vP)?)
(p) \/7?.[0 erf [ vtan )€

P
Mp v iy -2 Mr=1
X [\/1_1'[0 erf (gtan m)e dC] dv, (4.4)
where p denotes the signal-to-noise ratio for each k¢-bit, defined as
o’E, o*ST.
= d = il . 4
=N A (4.5)
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To obtain the probability of symbol error £,(M), we must average Po(p) of (1.4) over

the probability density function (pdf) of p, i.e..

PO = [ RO 0. (4.6)

where f,(p) denotes the pdf of the random variable p. When o is Rayleigh-distributed,

p has a Chi-square-distribution and its pdf is given by

[

fo(p) = =e7?/P, p =0 (4.7)

™

where j represents the expected value of p, i.e.,

p= %s{ 2} (4.8)

where £ { } denotes the expected value of the quantity in the brackets. Using (4.4)

and (4.7), the symbol error probability in (4.6) can be written as

[

1 reo _ 1 0
O —.D/p - — l ('U--ﬁ) ]
P.(M) 1= ,b'[o e l:\/??f erf (v tan Mp) (u)du] dp

1 oo
= 1 - — - (u=/A~p/p 4.9
1 377 Jo erf(vtan MP) g(v) U dp] du, (4.9)

where

” Mp—1
glv)= [% A e~ erf (C tan _]\%}:) dC] . (4.10)

The last integral in {4.9) can be evaluated to give

oo ~ _
Z('U) = /(; e-(’u_\/n"')z-ﬂ/ﬂdp

= ¥ [\/ resute™ erfe (—\/ 5112) +s] , (4.11)
where
-
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Henee, the symbol error probability in (4.9) can be written in the form of

PAM)y=1- E_—\]/—E -/:o erf (u tan A_;_};) g(v)z(v)dv, (4.12)

where g(v) and z({v) are as given in (4.10) and (4.11).
4.4 Performance with Differential Detection

In this section, we consider the problem of finding the probability of error per-
formance with differential detection of JEPM signals over frequency-nonselective and
slow Rayleigh fading channels. The block diagram of the receiver employed is given
in Fig. 3.3. The receiver requires Mp noncoherent frequency detectors and a single
differen;ial phase detector.

To t;btain the error performance of the JFPM receiver in the frequency nonselec-
tive slow Rayleigh-fading channel, we first evaluate the conditional error probability
for each part of the receiver for a given channel attenuation a. The resulting ex-
pression for each part is then averaged over the probability density function of the
channel! attenuation. Finally, the symbol error probability P.(M) of the joint receiver
can be obtained by applying (3.49), which is the probability of either FSK-part or
DPSK-part being in error.

Now let us find the probability of an erroneous noncoherent decision on the fre-
quency in the FSK-part of the joint receiver Fe rsk. It was shown in (3.50) that the
probability of an erroneous noncoherent decision on the frequency for a fixed channel

attenuation a (i.e., Persx(p)) is equal to

Mr . i=1
Persk(p) = L (-1)’ ( M;F ) (%), (4.13)

Averaging the probability of error given in (4.13) over the pdf of p per (4.7) and by

using (4.6), the probability of an erroneous noncoherent decision on the frequency,
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P, rsi is found as
Me—1
. 1 Mp—1
Fersk = — 1 F : 4.14
- ,; =1 kp+k+1 k (1.14)
It is desirable to obtain the symbol error probability in terms ol the average signal-
to-noise ratio per bit . The relationship between the average signal-to-noise ratio

per symbol and average signal-to-noise ratio per bit is given by

p = kspp = (kr + kp)ps- (4.15)

From (4.15) we observe an improvement on the average signal-to-noise ratio per bit
by a factor Ir for the FSK-part of the JFPM over the conventional FSK, where /p
was given in (3.52).

For the DPSK-part, the probability of an incorrect decision on the phase in the
DPSK-part given that the noncoherent decision of the FSK-part was correct for a

fixed channel attenuation « (i.e., P psk|rsk(p)) is given in (3.53) and it is equal to

sin{mw/M w/2 e-P[]—CDS(ﬂ/Mp)cu.qu] ‘
P, psxirsk(p) = S/ Me) / du (4.16)

27 —ns2 1 = cos(m/Mp) cosu
Averaging the probability of error given in (4.16) -over the pdf of p per (4.7) and
by using some trigonometry, the probability of an incorrect decision on the pl.msc
in the DPSK-part given that the noncoherent decision of the FSK-part was correct,
(i.e., Pe,psirsx) when the signal was transmitted over a frequency nonselective, slow
Rayleigh-fading channel is found as

P, psxipsk = Mp—1_ ¢ sin(n /Mp) cot=! —e cos(n/Mp) (4.17)
e, Mp ﬂ-\/l — g2 cos?(w/Mp) \/1 — g2 cos?(m/Mp)

where & = /(1+75). The improvement factor for the DPSK-part of the JFPM receiver

over the conventional Mp-ary DPSK is equal to Ip, where /p is given in (3.57).
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The syrbol error probability for the JFPM signals can be written by substituting
(4.14) and (4.17) into (3.30), and it is given by

Mp-1 1 Mp—1 M- 1 Mp—1
ron = 5 o0 g (M) 8 e ()

k_

Mp—1 esin{mw/Mp) cot=! —ecos(m/Mp)
{ Mp 1r\/1 — g2 cos?(w/Mp) ot [\/l — g2 cos2(1r/Mp)] } - 1)

The bit error probability expression for the JFPM signals obtained by substituting
(4.14) and (4.17) into (3.60) can be written as

koM — kpMp M 1 Mp—1
P = B S e e (M

Ua(M — Mp) ki k+1\ kK
1 MF—I k 1 MF—]_
T E) (-1) kﬁ+k+l( k ) (4.19)

{MP -1 g sin(r /Mp) cot-! [ —¢ cos(n/Mp) ] }
Mp w\/l — &2 cos?(m/Mp) \/1 — &2 cos?(m /Mp) '

The bit error probability expression given in (4.19) is evaluated numerically for dif-

ferent values of Mp and Mp and the results are presented in Section 6.

4.5 Diversity Combining Techniques

If several independent copies of a faded signal are available at the receiver, the
probability that all these signals experiencing large fades simultaneously is much
lower than that of a single copy, and a well designed system can take advantage of
the diversity. Several ways of obtaining independent or nearly independent, signals
to apply diversity combining have been discussed in [52] and [53]. In the generic
diversity reception which we will discuss, the diversity can be as a result of time,

frequ-ency or space diversity introduced in to the system.
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4.5.1 Diversity Receiver Structure

In this section, we introduce a diversity receiver structure for JFPM Signuls, when
the signal in (3.2) is transmitted over a Rayleigh fading channels, with L diversity
branches. Each of the L branches is characterized by an equivalent low-pass impulse
response hy{t) = ore " §(t — &) for k = 1,2,...,L. For simplicity, nonselective
fading on each diversity channel is assumed. The time instants ¢, k= 1,2,..., L are
assumed to be uniformly distributed over the interval (0,275). 1t is also assumed that
the L diversity branches are mutually independent, each having Rayleigh-distributed
envelope statistics. The transmitted signal on each branch is independently corrupted
by an additive white Gaussian noise process. The equivalent low-pass received signal
during the time interval kT, < ¢t < (k+ 1)T, for the I-th branch can be expressed in

the form

sO(t) = e F ) + ) 1=1,2,.,0 (4.20)

where B,(cgm(t) represents the mn-th signal transmitted during the £-th time interval

in the I-th channel, 14(t) is a zero mean complex-valued white Gaussian noise process
with power spectral density No. It is assumed that o; and ¢y are independent for
l=1,2..L

For coherent detection, a maximal-ratio combiner is optimum [46] but it assumes
perfect knowledge of the channel parameters {are=7*}. In differential detection,
channel parameter estimation is done implicitly. In a slowly fading channel, differen-
tial detection effectively achieves maximal-ratio combining by weighing the present
received signal sample with a one-symbol delayed version of itself and then linearly
combining different diversity paths [64]. In noncoherent detection of the FSK-part,

the channel parameters are not known and square-law combining is optimum [46, 52].
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A block diagram describing the diversity system in a multipath fading channel
is shown in Fig. 4.1. Where a two-stage decision process is used to establish which
signal is received. 1t is possible to determine the subset of the transmitted signal
from the frequency of the signal. This can be accomplished in the first stage by
using noncoherent detection with a square law combiner. After the frequency, the
phase of the signal should be determined. The diversity receiver for the differential
phase’ detection linearly combines different diversity paths as shown in [64]. The one
symbol delay at the input of the DPSK-part is later compensated in demultiplexing

by introducing a one-symbol delay following the FSK detector.

4.5.2 Analysis of Performance

The error rate performance for the noncoherent FSK-part of the JFPM receiver
will now be determined. The FSK-part of the joint receiver employs square-law
combining. The symbol error probability of the Mp-ary FSK-part in the joint receiver

when square-law combining is employed was found in [46] and it is equal to

1 Meg! 1 Mp—1
K (L-1) kgl =D (kpe + k + 1)* k
k{L-1) - n
pe+1
Y Y L
x n_z_:o onk (L +1—1)! (kﬁc+k+1) (4.21)

where o, is the set of coefficients in the following equation
Lol gn ko k(L-1)
(Z ".) =S oua (422)
n=0 n n=0
and g, = € {03} BEs/ Ny denotes the average signal-to-noise ratio per diversity channel.
The relationship between the average signal-to-noise ratio per diversity channel and
the average signal-to-noise ratio per bit is defined as
= Lﬁc
kr+kp

Do (4.23)
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Having obtained the error rate performance with diversity reception for the Mp-
ary FSK-part of the joint receiver, we turn our attention to the performance of dif-
ferential detection of Mp-ary PSK signals. it was shown in [46] that the symbol error

probability of the Mp-ary DPSK signals is equal to

e ¢ o Ll (- Lo
P, pskirsk = 0" ( ) { { (w Mp—1)

m(L— 1) Ozl-1 |z — Q2 Mp(

3 {sin(w/Mp) -1 —Q cos(m/Mp) )]
o oot it) | o cosﬂ(w/Mp)] }$=(14.24)

where @ = j./(1+7.) and j, is the average signal-to-noise ratio per diversity channel.
The symbol error probability of the diversity receiver can be found by substituting

(4.21) and (4.24) into (3.30), and is given by

1 Mp—1 1 Mg —1
(L= 10 :L;l - (kpe + k + 1) k
£(L-1) Arl \®
x nk (L iy =t
EJ o (L4n—1) (kﬁc+k+1)
Mp—1
1 3 1 Mp—-1
+ == _1) ( )
H(L—l)* ,Z%,( S kil K
k(L-1) )
Pe+1 )"
X L - =
r;] onk (L +n=1) (k,ac+k+1
(-p~! (1- Q2)L fL-1 1 .
X { 7 (L~ 1)! Bzl | 7 — 2 MP(MP~1)

_ Qsin(r/Mp) o[ —Qcos(n/Mp) ]
vz — Q%cos?(r/Mp) cot”™! [\/m_— 0¢ COSz(W/MP)D] }z=1}.| (4.29)

The bt error probability obtained by substituting (4.21) and (4.24) into (3.60) is.
evaluated numerically for different values of Mr and M, p and the results are presented

in Section 6.
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4.6 Performance Results and Comparisons

Based on the equations developed in the previous sections, we now present the
performance of JEPM in a slowly fading nonfrequency selective Rayleigh channel and
demonstrate the improvements achieved by using diversity combining. When diversity
reception is used, if is assumed that the L diversity channels fade, independently.

The performance of JFPM in a frequency nonselective, slow Rayleigh fading chan-
nel has been numerically evaluated. In Fig. 4.2, we plotted the curves for Mp = 2 and
Mp = 2,4,8,16 which have been obtained directly from (4.19) and by substituting
(4.21) and (4.24) into (3.60). We also added the curves for the conventional noncoher-
ent FSK and DPSK systems. The curves when there is no diversity reception indicate
that Rayleigh fading greatly degrades the performance and increasing the number of
frequencies does not yield any appreciable improvement. To obtain a BER of 1 04,
the required g, is about 40 dB, which is at least 30 dB more than the requirement for
an AWGN channel (see Chapter 3). When 2 branch diversity (L = 2) is employed,
significant performance gain (more than 15 dB) is achieved. In Fig. 4.3, we plotted a
similar set of curves when Mp = 4 and My = 2,4,8,16. The comparison ol FFig. 4.2
and Fig. 4.3 indicates that in a Rayleigh fading channel Mp = 2 and Mp =4 yield
very close BER performances. Hence, the selection of the appropriate Mp and Mp
would be based on the bandwidth efficiency versus complexity tradeoff.

The performance of various JFPM, noncoherent FSK and DPSK schemes can also
be compared with the aid of Table 4.1 and Table 4.2. In Table 4.1 we present the
energy per bit to noise density ratio (in dB) required to achieve a BER of 10~ when
the systems do not use diversity reception. We note that in this (;.ase, the required

P is between 35.3 dB and 37.61 dB. Although the difference is small, JFPM schemes
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Figure 4.2 : Bit error rate performance of DPSK (P), noncoherent FSK (F) and
differentially detected JFPM in Rayleigh fading channel when Mp = 2 and Mrp =
2,4,8, 16, and diversity order L = 1, 2. '
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Figure 4.3 : Bit error rate performance of DPSK (P), noncoherent FSK (F) and
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2.4, 8,16, and diversity order L =1, 2.
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Table 4.1 : A comparison of differentially detected JFPM, noncoherent FSK and
DPSK in terms of bandwidth efficiency R,/W (in b/s/Hz) and energy per bit to
noise density ratio py (in dB) required to achieve a bit error rate of 10~* in a Rayleigh
channel (no diversity).

M P k)| 2 4 8 -
1 - 1 2 3 | Ry/W
(DPSK) - 36.99 | 36.58 | 38.74 | fu
5 0.5 1 15 2 | Ry/W
40 | 36.98 [ 36.27 | 3761 | p»

4 0.5 075 | 1 [ 125 [ Ry/W
37.86 | 36.32 | 35.80 | 36.78 | o

5 0.375 | 0.5 [0.625| 0.75 | Ry/W |
{73694 | 35.91 | 3549 36.2L | 4

16 T 025 |0.3125]0.375 | 0.4375 | Ry/W |
36.46 | 35.67 | 35.30 | 35.83 | o

Table 4.2 : A comparison of differentially detected JFPM, noncoherent FSK and
DPSK in terms of bandwidth efficiency R,/W (in b/s/Hz) and energy per bit to
noise density ratio p, (in dB) required to achieve a bit error rate of 10~* in a Rayleigh
channel (with second order diversity).

Mg Mp I -
1 - 1 3 | Ry/W

(DPSK) [ - [ 2233 [2223[ 2498 [ 4
5 0.5 1 15 | 2 | Ry/W

25.34 | 22.03 | 21.15 | 23.32 | /s

A 0.5 075 | 1 1.25 | Ro/W

23.06 | 21.23 [20.47 | 2214 | @

g 0375 [ 0.5 [0.625] 0.7 [R,/W

21.96 | 20.71 [ 20.05 | 21.29 | p

16-:" 0.25 [0.3125 [ 0.375 | 0.4375 | R,/W

21.32 | 20.36 | 19.78 | 20.67 | v
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Figure 4.4 : Performance comparison of two diflerentially detected JFPM schemes

with binary DPSK and binary FSK in Rayleigh fading channel with diversity order

L =1,2 (note that JFPM provides power and bandwidth cfficiency at the same time
over the conventional noncoherent binary FSK and binary DPSK schemes).
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using four phases perform better than their two-phase counterparts. In Table 4.2, p,
required with two-branch diversity is given. The values of g, now range from 19.78
dB (16F/4P) to 24.98 dB (8-DPSK). Note that with diversity, JFPM schemes with
four phases perform slightly better than their two-phase counterparts.

A comparison of two JFPM schemes, namely 2F/4P and 4F/4P that provide
power and bandwidth efficiency at the same time over the conventional noncoherent
binary FSK and binary DPSK schemes is shown in Fig. 4.4, when all the systems use
single and double branch diversity. It is clear from this figure that with diversity, the

improvement in JEPM schemes is greater.

4.7 Conclusions

It has been shown that JFPM schemes, by combining FSK and PSK properties
in desirable proportions, can provide a good combination of bandwidth efficiency of
PSK as the nuqr__nber of phases increases and the power efficiency of FSK as the number
of frequencies 1ﬁcre¢\ses By developing probability of error expressions over nonselec-
tive slow fading Rayleigh channels and evaluating these expressions, we have shown
that they retain these properties in Rayleigh fading channels. Assuming statistical
independence of the diversity channels, we have analyzed the diversity combining
reception of JFPM and shown that significant performance improvements can be
achieved compared with the conventional systems and non-diversity. For a given M,

the improvements of JFPM system over FSK and PSK systems are accompanied by

a slight increase in the complexity of the transmitter and the receiver.
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Chapter 5

The Spread Spectrum Frequency
Hopped/JFPM System

5.1 Introduction

Spread spectrum techniques are widely used in mobile communications because
of their capability to counteract multipath fading and their suitability to multiple
access. Direct Sequence (DS) and Frequency Hopped (FH) techniques offer diflerent
advantages accompanied by different weaknesses. In this chapter, only the FI systems
are considered. The modulation technique usually employed is either noncoherently
detected M-ary FSK (FH/M-ary FSK) [18]-[19], [58]-[61] or differentially detected
M-ary PSK (FH/M-ary DPSK) (20]-{30].

FH systems are classified as slow frequency hopping (SFH) and fast frequency
hopping (FFH). For a given spread bandwidth and hop rate, a slow frequency hopping
system can support higher data rates than a fast frequency hopping system. On
the other hand, FFH systems are more resistant to the effects of multipath fading
and partial band jamming. Improvements in the performance of FH systems can
be achieved by employing modulation techniques more powerful than basic FSK or

basic DPSK. For this purpose, we have investigated the impact of using combined

90




rmodulation techniques.

In the first part of this chapter, a performance analysis of SFH/JFPM system
is given in the presence of broadband and partial-band noise jamming. The worst
case jamming strategy is evaluated. The results show that under these jamming
conditions, the FH/JFPM performs better than the FH/M-ary DPSK and FH/M-ary
FSK systems. It is also shown that for a given channel bandwidth and data rate, the
FH/JFPM system has more processing gain than its FSK or DPSK counterparts. In
the second part of this chapter, the performance of FFH/JFPM system over multipath
Rayleigh fading channels is studied. A receiver structure for FFH/JFPM system
is introduced and the probability of error is analyzed. The results show that the
FFH/JFPM system performs better than the conventional FFH systems.

In Section 5.2, the properties of the transmitted signal and the frequency hopped
system model are described. Section 5.3 presents the receiver structures and the per-
formance analysis of SFH/JFPM signals in broadband and partial-band noise jam-
ming, where the probability of error expressions are obtained and the optimal jam-
ming strategy is evaluated. Section 5.4 describes the mechanism of the FFH/JFPM
system. A receiver structure for FFH/JFPM signals is introduced and the perfor-
mance analysis of this system over Rayleigh fading channels is obtained. Finally, the

conclusions are stated in Section 5.5.

5.2 The Frequency-Hopped / JFPM System

In this section, a description of the frequency hopped system model and the
transmitted signals of a FH/JFPM is given.
A block diagram of a frequency-hopping spread spectrum transmitter and receiver

is shown in Fig. 5.1. The JFPM signal at the output of the modulator is translated in
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frequency by an amount determined and controiled by the PN code generator, which
in turn is used to drive a frequency synthesizer. The modulated signal is mixed by the
synthesized frequency and transmitted over the channel. In the receiver, the incoming
signal is mixed with the synthesized signal identical to the one at the transmitter.
If the PN code generators in the transmitter and receiver are in synchronized, the
signal at the output of the mixer is demodulated in the usual fashion by passing the
signal through the JFPM receiver.

The frequency-time plane of the frequency hopping JFPM signal is illustrated
in Fig. 5.2. The available channel bandwidth f,, is partitioned into ¢ contiguous
frequency slots of bandwidth fc, = Bus/g, and each frequency slot is subdivided into

Mp frequency bins. The frequency separation between two adjacent bins is given by

_ /Bch _ ﬁss -
=iy = oMy (6.1)

This implies that the number of bins in the available channel bandwidth N = gM.

ﬁbfin

On a given hop, to satisfy the orthogonality condition needed for the noncolnércnl.
detection, the JFPM tones must be separated in frequency by an integer multiple of
Boin = 1/Ts.

The processing gain may be defined as a measure of the anti-jam capability of the

spread spectrum system [18, vol. L, p. 138; vol. II, p. 66 | and can be expressed as

— 92 ‘ roe
.PG = le. . (\).2)

The hopping from one frequency band to another is determined by a PN sequence,
The transmission time is subdivided into slots of duration T}, (hop-duration). The
relationship between the symbol duration T, and the hop-duration T}, = 1 /Ry, is given
by

ap
I
b

- %’:. (5.3)
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Figure 5.1 : Block diagram of a FH/JFPM system.

ks bit



Frequency

ﬁ:m

i

2 ¥
ﬁch
1 L
T, 2T, 3Ty, Time
(a)
Frequency
.
; l
2 t
)Bbin
— I
Th 2T, 3T, Time
(b)

Figure 5.2 : Frequency-hopping signal in the Frequency-Time plane of (a) transmitted
signal for FH/JFPM spread spectrum system; (b) a receiver dehopped signal at the
input of a JFPM demodulator. When T, = 2T, | .e,, L =1/2, SFH).
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If I, > 1, there are L hops per symbol duration, and it is called fast frequency hopping.
If L < 1, there are multiple symbols per hop, and it is called slow frequency hopping.
It is generally assumed that for fast frequency hopping L is an integer; and for slow
frequency hopping 1/L is an integer.

An interesting interpretation of the performance characteristic for the FH/JFPM

signals is obtained by expressing the relation given in (5.3) in terms of Ry/Ry, where

ke, kpTh
L = —_
Tw | T
. Ry, Ry
- 10g2 MF Rb “}‘ 10g2 MP Rb . (5-4)

The parameter L is important when the received signal frequently undergoes mul-
tipath fading, and in antijam applications to limit the effect of interference. It is
interesting to observe from (5.4) that, the first part of this equation relates the di-
versity level L and the ratio Ry/R, through the number of FSK tones per channel,
whereas the second part relates the diversity level L and the ratio R/ Ry through
the number of phases used to form the JFPM signals. Therefore, for a given value
of the bit rate and the hop rate, in FH/JFPM the diversity level L can be controlled
by changing either My or Mp. In fading channels, as the diversity level L increases,
the error rate decreases. The price to be paid for this improvement in a given value
of the hop rate is a reduction in the data rate available for each user. In FH/JFPM,

the diversity level L as given in (5.4) may be written in the form

kp+kp_R_}l
krp Ry

L=kp (5.5)

In comparison to the conventional FH systems that use the same number of tones,
from (5.5) it can be concluded that, the diversity level could be increased without

changing the hop rate and the data rate.
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In FH/JFPM system, the transmitted signal during the I-th frequency hopped

slot can be expressed as
sO (8) = V25 cos@r(fm + fu)t + 00 forl=1,2,..,q, (5.6)

where 8% = 8, + %=1 is the signal phase to be transmitted in the A-th signaling
interval, 8, is the differential phase to be transmitted and g1 is the total accumu-
lated phase {modulo 27} until the end of (k — 1)-th signaling interval. In (5.6) fu is
one of the Mr modulated tones at the output of the JFPM modulator and f,, is the
frequency of the hopped slot. If slow frequency hopping is assumed, the trausmitted
tone fr, 4 fi, is constant in the interval kT, < ¢ < (k+ 1)T,. If fast frequency hopping

is employed, the frequency fi, + fu, is constant during each hop kT), < ¢ < (k+ 1)YT),.

5.3 Performance of SFH/JFPM Signals

When the waveform st (t) in (5.6) is transmitted over the channel, the received

waveform is

rO(t) = V25 cos(2m (fm + fudt+ 0®) + Qfm + fuu]) +n5(8) (6.7)

where n;(t) is the jamming noise or interference and £(fm + fn,) is the phase intro-
duced by the channel which is assumed to be constant within a frequency bin, i.¢.,
Qfm + fr) = 27 (fn + fn,)™ where 7 is the channel delay.

In this work, we investigate the determination of the frequency fn, and the phase
8., by passing the dehopped signal through a differentially detected JI'PM receiver.
The block diagram of the receiver structure is shown in Fig. 3.3. To obtain the
symbol error rate performance of the joint receiver, we assume that the data symbols
are independent, equiprobable and during a symbol duration the values of the phase

angle 61y and the frequency fi, do not change.

96




Two types of jamming interference are considered in examining the performance

of FH/JFPM: broadband noise jamming, and partial-band noise jamming.

5.3.1 Broadband Jamming

In the case of broadband noise jamming, n;(t) in (5.7) is characterized as Gaussian
distributed with zero mean and one-sided power spectral density of
s
Nj=-— 5.8
) ﬁss ( )

where J is the average jamming power. If slow frequency hopping is employed and
the receiver hopping pattern synchronized with the transmitter hopping pattern. The
symbol error probability for the FSK-part of the joint receiver is the same as the
symbol error probability for noncoherent detection of conventional Mp-ary orthogonél
signals. As shown in Section (3.5.2) the symbol error performance of this part of the
joint receiver is given in (3.50), where p in (3.50) now denotes the symbol signal
energy-to-jamming noise density ratio and it is defined as

S
R.N;

E,
el e (5.9)

where E, represents the received symbol energy. Substituting (5.8) into (5.9), the

symbol signal-to-jamming noise ratio becomes

p= ﬁ’—;//gi- (5.10)

Recall that each symbol consists of k, binary digits and the number of bits that can
be represented by a set of M-ary JFPM signals is log, M = kp + kp. A convenient
way to express the signal-to-jamming noise ratio is in terms of the processing gain.
The symbol signal-to-jamming noise ratio in (5.10) may be expressed as

(kF + kP)ﬁss/Rb
J/S
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kr(Bos/ Ro)(kr + kp)/kr

J/S
_ krPGr krp+kp
= 775 e (5.1[)

where PG denotes thg processing gain of the conventional FH/Mp-ary FSK system.
The last expression in (5.11) means that, for a given channel bandwidth and data
rate the processing gain of the combined FH/Mp-ary FSK signals (i.e., the FSK part
of JFPM) shows an improvement over the conventional FH/Mp-ary FSK signals by a
factor Ip, where Ip is defined in (3.52). Clearly, the processing gain of the 'SK-part
of the FH/JFPM system may be written as

PGrsk = PGrlp (5.12)

Let us now analyze the DPSK-part of the joint receiver. The differential phase to
be estimated depends on the frequency that is estimated in the same symbol. Under
the assumption that the transmitted tone is estimated correctly, the symbol etror
probability of the Mp-DPSK signal in a broadband noise channel is given in (3.53).
The symbol signal-to-jamming noise ratio in (3.53) can be written as

(kr + kp)Bss/ Ry
J/S
kP(ﬁSS/Rb)(kF + kP)/kP

JJS

_ kp PGp kr+kp f
- T T (5.13)

where PGp denotes the processing gain of the conventional FH/Mp-ary DPSK sys-
tem. One of the advantages of FH/JFPM over the conventional FH systemn can be
observed from (5.13), where the processing gain of the combined FH/M p-ary DPSK
may be defined as

PGppsk = PGplp . (5.14)
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where [p is given in (3.57). According to (5.13) and (5.14), the processing gain of
the combined FH/Mp-ary DPSK signals have an improvement over the conventional
FH/Mp-ary DPSK signals by a factor of Ip.

The symbol error probability for FH/JFPM signals in broadband noise jamming is
given in (3.45). The total bit error probability for a JFPM signal set is given in (3.61)
and it is evaluated numerically for different JFPM formats and the results are given
in Section (3.4.3). From these results it can be observed that the FH/JFPM system
is less sensitive to broad band jamming than the conventional frequency hopped

systems.

5.3.2 Partial-Band Jamming

In the presence of partial-band noise jamming, the jammer concentrates the avail-
able power J over a fraction 7 of the total spread spectrum bandwidth B,s, where

0 < v < 1. The partial-band jamming model is depicted in Fig. 5.3.

Unjammed ——————+Jammed-r— Unjammed —

H‘ -

_‘i I’_ﬂbin Hz |‘7ﬁss Hz "‘
Bss Hz

Figure 5.3 : Partial-band jamming model.

The power spectral density of the jamming signal in this jammed fraction of
bandwidth is n; = J/7¥8,s = N;/v where N; was defined in (5.8). The remaining

(1 = ¥) fraction of the band is not jammed. Therefore, if the signal is randomly
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hopped, then on average the probability that the carrier band is jammed equals v,
and during this fraction of time the noise density is the sum of the jamming noise
density n; and the thermal noise density No. For the fraction (1 — v} when the signal
is not jammed, only thermal noise is present. Using Pe(x) to denote the symbol error
probability as a function of z, then the probability of symbol error as a function of

energy per bit to jamming noise density ratio can be expressed as

E E y
() =n (em) ro - (7). o

For a large value of E,/Np the last term in (5.15) can be ignored and the equation

B, E,
() = = (3)

(1 6
= 'yPe(Nj) | (5.16)

N
—
[e]
—t

can be rewritten as

14

where

y J/7ﬁss Nj -

From (3.61), (5.16) and (5.17) we can write the probability of bit error as

Py(pp) = Ezbnj {Pm (%) + P (%)} (5.18)

As stated in [20], for any value of E,/N; and at a given M, there is an optimum value

of v from the jammer’s strategy that maximizes the probability of bit error. This is
the worst case value of v and is denoted as 7y, The maximum value of P,(p,) can
be found by differentiating Py(py) with respect to Ey/n; and equating the result to
zero. This yields

B(Eny)  O{Pu(B)+Pa(R))
(Bo/ms) {Pbl (%) + P (% } '

¢

(5.19)
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The solution of the above differential equation can be expressed in the form of [20]

Pbg = &
° " Po(pee) + Pozpn,)

(5.20)

where the value of E;/n; that maximizes (5.18) is denoted as py, and § is a constant
which depends on the number of levels Mr and Mp. Substituting py, from (5.20) into
(5.18), the probability of bit error for partial or broadband jamming (in partial-band
jamming v < 1 OF p» > Py, and in broadband jamming v =1 or gy < P,) is obtained

as

& P> Pbo
Pi{py) = (5.21)

Fui{ps) + Pialps) o6 < oo
By writing (3.61) in the form of (5.18) and differentiating Py(ps) with respect to
Ey/n;, the resulting differential equation does not seem to have an analytical solution.
However, py, can be solved numerically. An easy way to find the optimal value of gy,
that maximizes the probability of error numerically is by finding the maximum value
of p»Py(ps) which is equal to the parameter & in (5.20). The value of py at this point
is denoted as ps,. Then, in the worst case januning,__f_x_‘om (5.17) the value of Yuc is
given as |
Yoo = F2. (5.22)
2
The value of & and pw are evaluated numerically for different JFPM formats and
tabulated in Table 5.1. A comparison of & and pw of FH/JFPM, FH/M-ary FSK
and FH/M-ary DPSK are also given in Table 5.1.
In the worst case partial-band noise jamming, the bit error rate performance as
a function of p, for FH/JFPM has been calculated by using (5.21) and the values of
&, given in Table 5.1. The results are plotted in Fig. 5.4, Fig. 5.5 and Fig. 5.6 for
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Table 5.1 : Parameters of bit error performance for FH/M-ary JFPM, FH/M-ary
FSK and FH/M-ary DPSK signals in worst case partial-band noise jamming (pw in
dB, the values of &, for the conventional FH/M-ary FSK and FH/M-ary DPSK are
given in [18] and [20])

MypF /2P MFpF /4P MgF /8P M-FSK M-DPSK

— — - - - - 0.3679 | 3.01 | 0.1839 [ 0.00

0.1669 | -0.54 - - - - 0.2329 | 0.76 | 0.2118 | 0.95

0.1512 | -1.22 | 0.1402 | -1.01 - - |1 0.1954 ] -0.33 | 0.4269 | 4.88

M
MpxMp | &b Obo &b P50 &b P10 £b P &b Pb
2
4
B
16

0.1454 1 -1.68 | 0.1305 | -1.86 | 0.1515 | 1.17 | 0.1812 [ -0.59 | 1.1579 | 9.64

32 0.1447 | -1.89 } 0.1275 | -2.33 | 0.1279 | -1.12 1 0.1759 | -1.41 | 3.5586 | 14.68

64 - - 10.1282 | -2.62 | 0.1223 | -2.11 - - - -

128 = - - - 0.1220 | -2.61 - - - -

combination of MpF/2P, MpF/4P and MpF /8P respectively when Mp = 2,4,8,16.
We have again included the conventional M-ary FFSK and M-ary DPSK curves for
comparison.

A careful observation of these graphs reveals that when Mp = 2,4, 8, the bit error
probability appears almost independent of Mp. This is because the improvement
factor Ir of the FSK-part of the joint receiver starts to decrease when the alphabet
size Mp increases while Mp remains fixed. These results also indicate that the JFPM
formats MpF /2P, MpF /4P and MgF /8P are less sensitive to worst case partial-band
noise jamming than the conventional FH/M-ary FSK and FH/M-ary DPSK systems,
In Figs. 3.10-3.12 it was observed that in broadband noise jamming, increasing Mp
beyond 4 resulted in performance degradation. However, a comparison of Figs. 5.4-
5.6 indicates that by increasing Mp or Mp the FH/JFPM system performs better
than the conventional FH systems. The reason for this behavior is that, the bit error
rate of JFPM system is limited to either FSK-part or DPSK-part (whichever one can

provide the highest bit error rate). Also, worst case partial-band jamming converts
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Figure 5.4 : Bit error probability performance for FH/JFPM in worst case partial
band noise jamming with a combination MpF/2P when Mr = 2,4, 8, 16.
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the relationship between the bit error rate and the signal-to-jamming noise ratio from
exponential to inverse linear dependence. Therefore, this behavior can oceur.

The asymptotic gain performance of FH/M-ary JFPM for worst case partial-band
noise jamming over the conventional FH/M-ary FSK, A(py) rsic (additional py in dBB
needed for FH/M-ary FSK system to achieve the same BER) and FH/M-ary DPSK,
A(py)ppsk (additional p, in dB needed for FH/M-ary DPSK system to achieve the
same BER) is tabulated for different FH/JFPM formats as shown in Table 5.2. Where
the asymptotic gain, A(ps)rsk in dB is defined as

EbrsK (
€, JFPM

A{pp)rsk = 101og,g

where &, srpym and & rsk are the values of & for FH/M-ary JFPM and the conven-
tional FH/M-ary FSK in worst case partial-band noise jamming (see Table 5.1). The
asymptotic gain, A(py) ppsk in dB is defined as

€v,DPSK
&b, arFPM

Alpv)ppsic = 10log, (5.24)

where & ppsk is the value of &, of the conventional FH/M-ary DPSK in the worst

case partial-band noise jamming and is given in [18].

Table 5.2 : Asymptotic gain performance of FH/M-ary JFPM for worst case partial-
band noise jamming over the conventional FH/M-ary FSK and FH/M-ary DPSK.

M Apy)rsx dB | A{py)ppsk dB
Mp x Mp | MpF/25 | MF /4P | M7F/8P | MeE /3P | MyF/AP | M7F/8P
4 1.447 - - 1.035 - -

8 1.114 1.442 = 4.508 4.836 -
16 0.956 1.426 0.778 9.011 9,481 8.833
32 0.848 1.398 1.384 13.908 14.458 14.444

Comparing the result in Table 5.2, we observe that FH/M-ary JFPM is less sen-
sitive to worst case partial-band noise jamming than FH/M-ary FSK and F'H/M-ary
DPSK systems.
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5.4 . The FFH/JFPM System

The fast frequency hopping technique is used to improve reliability in the reception
of signals that are subject to fading or jamming [55]-[60]. The purpose of this section
is to present the design and performance analysis of FFH/JFPM spread spectrum
communication system, employing in the FSK part noncoherent demodulation and
in the DPSK part differential detection. The system described here assumes that
coherent frequency synthesizer can be realized [32, 33] and [68]-[72]. In this section the

performance analysis FFH/JFPM system over Rayleigh fading channels is obtained.

5.4.1 The FFH/JFPM System Model

The mechanism of FFH is accomplished by making L copies of the information
symbol and transmitting these copies over L hops. It is assumed that the time
duration of each of these copies is equal to the hop duration T} and the energy content
of each of these copies is one Lth of the energy of one data symbol. In one symbol
duration the transmitted waveform s,(t) consists of a series of tones at frequencies
J + fm, each of duration Ty, and with a phase 6%). Thus s,(t) may be expressed as

L
sty =Y s8(t—kTh) for 1=1,2,..q, (5.25)
k=1
where s (t) is given in (5.6). In each hop the parameter [ changes its value according
to the hopping pattern. Hence the signal is subject to frequency diversity.

A typical frequency hopping receiver for FFH/JFPM is shown in Fig. 5.7. The
received signal is mixed with the locally éenerated frequency hop signal (assume that
the PN code generators in the transmitter and receiver are in synchronized). The
output of the mixer is then a series of signals each of frequency f.. and phase otx),

and the duration of each of these signals-is equal to the hop duration. Because of
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Figure 5.7 : Block diagram of a diversity receiver for an FFH/JIFPM system.
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the special form of JFPM signals, a two stage decision process is used to establish
which signal was received. In the first stage, the frequency of the received signal is
determined. The second stage, used to determine the signal phasa. As illustrated in
Fig. 5.7 the frequency of the received signal can be determined fw.?-hout any phase
information, but the estimate of the signal phase requires a knowledge of the trans-
mitted frequency. For this purpose, the inputs to the DPSK-part are the one-symbol
delayed signal and the estimate of the frequency provided by the FSK-part. This fre-
quency estimate can be obtained from a frequency synthesizer driven by the output
of the FSK-detector. The one symbol delay in the DPSK-part is later compensated
in demultiplexing (bit combining) by introducing a one-symbol delay following the
FSK detector.

A possible implementation of the FSK part and DPSK part diversity receiver and
combiner are shown in Fig. 5.8 and 5.9. For the FSK-part as depicted in Fig. 5.8,
the dehopped signal s,4(t) is processed by the square-law combining the Mp-ary FSK
receiver. The receiver consists of Mp branches; each branch is tuned to one of the
baseband frequencies, say f; for i = 1,2,..., Mp. The correlators outputs are sampled
every hbp duration T}, and followed by the square-law detector. The sampled values
vy for i = 1,2,...,L and j = 1,2,..., Mp are linearly combined for each branch to
form thé-va.riables u; for j = 1,2, ..., Mp. These variables are then compared and the
decision on the transmitted tone is made corresponding to the largest one.

For the DPSK part, a possible implementation of the diversity receiver and com-
biner is shown in Fig. 5.9. This receiver has two branches: the first one correlates the
dehopped signal s,4(t) with sin(27 f;t) and the other correlates sy4(t) with cos(2r fit);
the frequency f; is the frequency that is estimated by the FSK part in the same sym-
bol interval (note that the input signal to the DPSK part is the delayed version of
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Figure 5.9 : Block diagram of a DFSK-part diversity receiver and combiner.
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the input signal to the FSK part). The correlators outputs arve then sampled every
hop duration Ty. The sampled values z£9 and ={ for i = 1,2, ..., L are then used with
the delayed samples 8" and z{=Y to form the statistics 2; and ;. These statistics
are then combined to provide the decision samples 2 and y. The decision 5.2111'\13105
z and % are passed through a circuit that produces the inverse tangent of y/x. The
output of this circuit, denoted as ©, is the phase estimate of the inconiing signal.
This estimate of the phase is compared >with all possible Mp phases and the decision

is made based on the phase that provides the smallest difference.

5.4.2 Performance Analysis of FFH/JFPM

We now turn our attention to the analysis of the theoretical performance of the
FFH/JFPM system over Rayleigh fading channcls and random noise. We have as-
sumed that the minimum frequency spacing between frequency hop slots is larger
than the channel coherence bandwidth, so that each dehopped signal fades indepen-
dently [46] and [59}-[61]. We also assume that for each hop the channel is modeled
as a multipath Rayleigh-fading nonfrequency selective channel, and the parameters
associated with the channel do not vary significantly over two consecutive hop dura-
tions. Hence, the signal bandwidth is assumed to be much smaller than the coherence
bandwidth of the channel and the coherence time of the channel is much greater than
the hop duration [46, 59] and [60], which means that the requiring hop rate is large
compared to the channel Doppler spread.

The complex lowpass equivalent impulse response of the channel described above

is given by [46]
h(r) =" b (v — 7) e (5.26)
k
where ax, 7« and ¢y, are the path gain, propagation delay and phase of the k-th path,
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respectively. Under our assumption, the dehopped signal amplitude can be considered
as a Rayleigh random variable.
The equivalent low-pass representation of the dehopped signal in the k-th symbol

interval may thus be written in the form
L
Bealt) = 3 cue™ B0 (¢t — 1T3) + wi(t) (5.27)
i=1

where q;e~7 is the channel parameters during the I-th hop, ﬁ,(cgm(t) represents the
rn-th signal transmitted during the k-th symbol interval in the I-th hop, and (1) is
a zero mean complex-valued white Gaussian noise process with power spectral density
No.

Now let us evaluate the performance of FFH/JFPM system for equally likely, and
equal energy signals. If the information signal Sma(t) is hopped in frequency, a correct

decision is made in favour of the signal corresponding to

Lmax, [u4] 3 (5.28)

(see Fig. 5.8 ) and the measured phase difference satisfies the following equation

(oin [19]= 10— 6] (5.29)

(see Fig. 5.9 ) where the value of u; for ¢ = 1,2, ..., Mp at which (5.28) is satisfied
should be equal to u,, and the value of 8 for k = 1,2, ..., Mp at which (5.29) is
satisfied is equal to 8,,.

Now the probability of a correct decision for the receiving system is equal to
the probability that um, = max[u;] for i = 1,2,..., Mp times the probability that
the absolute value of the measured phase difference ¢ is less than m/Mp given that

Um = max|y;] for 1 =1,2,...,Mp. That is

P, = Prob (um = max [u,-]) Prob (|1,b| < m/Mp lum = max [u,]) . (5.30)
i=l,..Mp i=1,..,.Mg
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In order to evaluate the probability of a correct decision, it is mathematically conve-
nient to evaluate the probability of the two terms given in (5.30). Let us derive first

the probability of the first term given in (5.30), i.e.,
— - . e
Prob (um = max [u,]) (5.31)

This is equivalently equal to the probability that the receiver makes a correct deci-
sion on the frequency of the received signal. Our analysis of this event requires the
statistics of the decision samples u; for 1 = 1,2, ..., Mr where u; is given by
L
w=y vy for i=12,..,Mp. (5.32)
=1
Assume that the information signal sy, (t) was transmitted. The probability density

function of the normalized sampled output v;; is given by [62]

ﬁe-vl’“"‘ﬁh) ‘l. =m, v 2 0
Py (V]Smn) = (5.33)

e~ i£tm,v20
where p represents the average signal-to-noise ratio in the L-hop symbol and it can

be written as

o = e {al)

No
_ Eykrp+ kp 2 ___kp+kp
- Dbrthog gy ghes (5.30)

where Ej, denotes the hop energy and 7, is the average signal-to-noise ratio per bit.
It is assumed that the fading on the L hops is statistically independent, then the
output samples v;; for i = 1,2,..., MF are statistically independent.

Let us now evaluate the pdf of the decision samples ;. This may be accomplished

via the characteristic function. The characteristic function of ; is easily determined
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and its given by [65]

1 i=
1—jw(pn+1}

Ly (jw) = . (5.35)
T iFm
By using (5.32) and (5.35) the characteristic function of u; for i = 1,2, ..., Mp is easily
shown to be [65]
L
1 .
(l—jw(ﬁh+l)) v=m
Mo (i) = (5.36)
L .
(l-ljw) iFm

Now the pdf of u; (inverse transform of I'y,(jw)}) becomes

L1 o145 .
warme Y i=m, v 2.0,

Pus (U|Smn) = - _ (5.37)
(LL_—1)| v 7’% m, V2 0.
Having obtained the pdf of u;, it is well known that the probability of the event given

in (5.31) is given by

i=l..,M

‘. Prob (um= max, [u,) f D (V| Smn) [ f pu,(vlsmn)] e ldv for i # m. (5.38)

The integral in the brackets can.be evaluated to yield [63]

pE=1g0/(145h) -1 p-k-1 JMP
Prob ('um e [u,]) /o (1+ph)L(L-—1)|[ ;Z%(L k—l)‘] dv (5.39)

By expanding the integral in (5.39) and collecting terms [62], (5.39) reduces to

Mp-1 k k(L~1) - n
-1 Mp-1 + 1D (L -1y
Prob (um max [u;]) E )1)| ( F k ) E Onk (p }Ekﬁh)-l-i—:;.;lb +n_) (5.40)
n=0

The set of the coefficients o, x is given in the following equation

...,

n

Tnk = E Un,k—l'(;“"_l;'n')—!Q(msk:L) (5'41)

m=n—(L-1)
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where Q{m, k, L) is given by

1 0€sm<k=1)(L~-1).
Q(m,k, L) = { (5.42)

0 otherwise

where

opp = 1 oo = 1

1
Int = —-
n.

[
&

Tk

Now let us evaluate the probability of the second term given in (5.30), i.c.,

w/Mp

um=_max [w])= [ " pu()a. (5.43)

Prob (|¢| < 7/Mp e

Our analysis requires the statistics of the measured phase difference %. Without
loss of generality, if we assume that the transmitted signal phase 6, = 0, then the

measured phase difference ¥ may be written as

1 = arctan E] .‘ (5.44)

The decision samples = and y are given by

L

T = ) % (5.45)
i=1
L

y = 3 % (5.46)

i=1

According to Fig. 5.9, the statistics z; and y; are given by

3 = 2802070 4 A9 (5.47)

= 20D A (5.18)

The pdf of % can be computed based on the characteristic function of the joint

probability distribution function of the random variables z and 4. The pdf of % is
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obtained by [64] and it was shown that py(#) is an even function, so that the above

integral in (5.43) can be evaluated in terms of an auxiliary function G():

PrOb("/)min <y =< d)rmu:) = G(wmz) - G(Itbmin) for 0<Y <7 (549)

where G(1) is given by
(=)t (1= )" B! ( 1 [u\/l = ((r/u?) - )P
2

Gly) = (L — 1) orl-1 \r—p r1/2 cot ™' ()

1/2
—cot™! r'/u (5.50)
Ji=/m-ne])|
where p is equal to
P
= 5.51
b=Too (5.51)
and ¥ is given by
peos(¥) (5.52)

oy fr— preos(®)
By using (5.49) and (5.50), and due to the fact that py(¢) is an even function and

G(0) = 0, the probability given in (5.43) can be expressed as
Prob(—m/M < 9 < n/M) = 2G(x /Mp) (5.53)

where G(r/Mp) is given by

1 (=Rt e [ 7r
Gln/Mp) = 3~ 5 L) {Brf*"‘ [r—;ﬂ (Mp(MP_l)

_ psin(/Mp) 1| __—# cos(m/Mp) 5.54
\/T’ — p? cos?(m/Mp) t l:\/'r - i COSZ(W/MP)])] }1':1( )

Now the probability of a correct decision for the FFH/JFPM system can be ob-
tained by substituting (5.40) and (5.53) into (5.30)

1 Met o A Mp—1\5&EY r+ )" (L+n— 1)
n - g (M) T

.
& T kg + ket DE
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1_(~1)L-'(1—;¢2)L L1 L (77 Vo]
AT \orkT =2 \ap Y

B psin(r/Mp) cot-! [ —tcos(m/Mp) } (5.55)
\/7— u? cos® (7 [Mp) \/r — pcas*(m/Mp) — -

and the probability of a symbol error which is P.(M) = | — P, may be expressed as

| Me- k( Mo — 1\ ME=D (B + )" (L +n— 1)
PAM) = 1= 75— -1 g ) The y =
(M) (L—1)! kg( ) k gﬂ o b + k£ D)

G e o o g S S A
{1 T r (@ -)! {31"5"1 L‘—,u? (MP(MP— b

psin{m/Mp) cot-! [ —pcos(m/Mp) ])]} (5.56)
\/r — p? cos?(r/Mp) \/,. — u? cos?(w/Mp) o ‘ .

In the special case where M =4 (i.e., Mp = 2 and Mp = 2) the expression of the

X

probability of error given in (5.56) can be simplified to

L-1 . n k L—1 . - k
P.(4) =1—% |:1+#sz ( 2,:" ) (1 4“%‘) } [1+MPE (2:" ) (1—4‘—-’—) ] (5.57)
=0 k=0

where ur and pp are defined as

Ph

— ﬁh
24 ﬁh

and e =T o (5.58)

1155

The probability of error for M-ary symbols F,(M) can be converted to a bit error
probability for the equivalent (kr + kp)-bit groups by using the samc analysis given
in Section 3.4.2. Based upon the decision rule of JFPM signals, the probability of bit

error due to an error in the first stage is equal to

= Ll - kPM“"P = . B 5
Py = (M — M) {1 — Prob (um = Jnex [u,])} (5.59)

and the probability of bit error due to an error in the second stage can be expressed

as

P = kl— (P.,(M) - {1 — Prob (um = _max [ui]) }) . (5.60)

i=1,..Mp
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Using (5.59) and (5.60), the total bit error probability for the JFPM signal set is

given by

kM — kpMp METH (—1)**! ( Mp—1 ) MLD (p+ 1) (L4 n—1)!

PAM) = = ZPPER S T .
o(M) 2k(M—-Mp) ,CZ Z-DI\ & ,;0‘”‘ (kpn, + k + 1)+

Me! —1I\HEY (G ) (L= 1)
T RE —1)' 2 = = ( ) 2 O 4 k4 DT

(-t et 1
% { 7 (L —1)! {31'"" L—pﬁ (MP(MP_I)

psin(r/Mp) -1 | —pcos(r/Mp)
‘/;_ 12 cos?(r/Mp) oot [\/r — p? cos2(1r/Mp)})] }r=l} - (5481)

The probability of a bit error as a function of 7, has been calculated numerically for

FFH/JFPM system with 2F/2P and 2F /4P when the diversity level L = 2,3,4,5.

These data are compared with the conventional frequency hopped 2FSK and 4FSK
systems and the results have been plotted in Figs. 5.10-5.13. From these figures It is
shown that for a given bit error rate and as the diversity level is increased, significant
performance gain is achieved.

Fig. 5.10 gives a comparison of FFH/JFPM system with 2F/2P and the conven-
tional FFH/2FSK system when the diversity level L = 2,3,4,5. we can see that
the FFH/JFPM with 2F/2P has a gain of more than 3 dB in p, compared with the
conventional FFH/2FSK system when the two systems have the same diversity level.
Fig. 5.11 shows the difference in performance between JFPM with 2F/2P and the
conventional 4FSK system for different diversity level L = 2,3,4,5. It is shown that
the combination 2F/2P FFH/JFPM has a gain of approximately 1.1 dB in g, com-
pared with the conventional FFH/4FSK system for the same diversity level. More
performance gain can be achieved by using more complex configurations of JFPM.

For example, using a 2F/4P combination provides more than 4.5 dB improvement
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over the conventional FH/2FSK system when the two systems have the same number
of diversity levels. This improvement appears clearly in Fig. 5. 12. Fig. 5.13 shows the
difference in performance between JFPM with 2F/4P and the conventional 4FSK sys-
tem for different diversity level L = 2,3,4,5. It is shown that the combination 2F /4P
FFH/JFPM has a gain of 1.9 dB in 7, compared with the conventional FFH/4FSK
system when the two systems have the same diversity level.

Let us observe the bit error rate performance of the conventional FFH/FSK
system and FFH/JFPM system as a function of the number of diversity level L.
Fig. 5.14 illustrates the characteristics of the probability of bit error for the conven-
tional FFH/2FSK system and FFH/JFPM system with 2F /2P as a function of the
number of diversity level L when the signal-to-noise ratio per bit 7 remains fixed.
The results given in Fig. 5.14 indicate that there is an optimum value of the diversity
order L for each p, which means that, for any value of the signal-to-noise ratio per
bit there is a value of the diversity level L that minimizes the probability of bit error.
A careful observation of these curves reveals that the minimum probability of a hit
error for FFH/JFPM is obtained when the number of diversity level is twice that of

the conventional FFH/2FSK system.
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Figure 5.10 : Bit error probability performance for FFH/JFPM with a combina-
tion 2F/2P and the conventional FFH/2FSK system in Rayleigh fading channels for
different diversity levels when L = 2,3,4,5.
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Figure 5.11 : Bit error probability performance for FFH/JFPM with a combina-

tion 2F/2P and the conventional FFH/4FSK system in

different diversity levels when L = 2,3,4,5.
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Figure 5.12 : Bit error probability performance for FFH/JFPM with a combina-
tion 2F/4P and the conventional FFH/2FSK system in Rayleigh fading channels for
diflerent diversity levels when L = 2,3,4,5.

123



100

1) 4FSK with
2) 4FSK with
3) 4FSK with
4) 4FSK with

—

=2

3
=4
=5

-

Probability of a bit error

5) 2F/4P with L=2
6) 2F/4P with L=3
1 7) 2F/4P with L=4 .
i 8) 2F/4P with L=5

1073

108 . '
5 10

SNR/bit

Figure 5.13 : Bit error probability performance for FFH/JFPM with a combina-
tion 2F/4P and the conventional FFH/4FSK system in Rayleigh fading channels for
different diversity levels when L =2,3,4, 3. '
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5.5 Conclusions

A frequency hopped spread spectrum system referred to as FH/JFPM has been
introduced. The descriptions for both SFH/JFPM and FFH/JFPM systems were
given, and the performance of SFH/JFPM system in the presence of broadband noise
and partial-band jamming environments analyzed. The error probability expression
has been derived and the optimal jamming strategy has been evaluated. The results
show that the SFH/JFPM is a power efficient frequency hopped spread spectrum
system. It was found that FH/JFPM with combinations of MpF/2P, MpF /4P and
MgF /8P is less sensitive to partial-band noise jamming than conventional FH/M-ary
FSK and FH/M-ary DPSK systems. In broadband noise jamming, SFH/JFPM with
a combination MpF /2P was found to be the most power efficient system compared
to the conventional frequency hopped systems. The design and performance analysis
of the FFH/JFPM system has been presented. The performance of this system in
Rayleigh fading channels was analyzed and an expression was obtained for the prob-
ability of a bit error. It was shown that for a given bit error rate and as the diversity
level is increased, significant performance gain is achieved compared with a single
diversity level system. Significant performance gain is also achieved compared with
the conventional FH systems for a given bit error rate and for the same number of
diversity levels. Finally, it was shown that, for a given channel bandwidth and at
a fixed data rate, the processing gain of the two parts of the FH/JFPM system is

improved.
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Chapter 6

The Performance of Slow
Frequency Hopped/Multi-Phase
Signaling in the Presence of
Multitone Jamming Interference

6.1 Introduction

in Chapter 5, we have studied the performance of JFPM in the presence of broad-
band jamming and partial-band jamming. As we were reviewing the literature for
jamming, we realized that the performance of coherent FH/M-ary PSK for M > 4
in multitone jamming has not been reported. Furthermore the analysis of FH/DPSK
given in the literature applies to only some special cases, and a more general treat-
ment is desirable. Since determining the performance of PSK part is the first step
in determining the performance of JFPM, we have tackled this problem. Based on
the analysis given in this chapter, work on JFPM can be done but this will not be
attempted in this thesis.

This chapter is divided into two parts; in the first part we study the performance
of coherent FH/M-ary PSK signals in multitone jamming, in the second part we

study the performance of FH/M-ary DPSK signals in multitone jamming.
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A coherent frequency hopped spread spectrum system was proposed in [66, 67] as a
possible way to combat interference introduced by a jammer in a digital radio system.
In that early work, Simon and Polydoros {66] examined the performance of quadrature
modulations in the presence of jamming. The analysis given in [66] was based on the
assumption that either a coherent frequency synthesizer can be realized or the phase
continuity from one hop to another can be maintained by other means. Recently,
considerable attention has been devoted to study the performance of several coherent
frequency hopped systems in the presence of jamming [68]-[73]. The assumption of
coherent frequency synthesizer in which the phase of the signal can be tracked from
the dehopped signal is used in [68]-[70]. In [69, 70] the performance of binary sighals
in partial-band noise jamming and partial-band multitone jamming was obtained
and the effect of nonideal channel phase response was studied. Coherent systems
are sensitive to phase distortions [71, 72], and a design and analysis of a coherent,
frequency hopped system employing both channel equalization and joint phase/time
tracking loop is presented in [73].

In the previous works, the performance evaluation of coherent frequency hopped
PSK in the presence of multitone jamming has been limited to BPSK and QPSK
systems. The performance of coherent frequency hopped M-ary PSK system for M >
4 has not been reported in the literature ber . e snch systems have been considered
" as impractical. However, with the technological advances of the last two decades and
with the newly proposed techniques for phase tracking (e.g. [74]), coherent detection
may now be feasible.

Ina céiwrent M-ary PSK receiver, the phase of the incoming signal is determined
and compared to all M phases, and the symbol corresponding to the smallest differ-

ence is chosen as the estimate of the transmitted symbol. In this work, we assume
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that a coherent frequency synthesizer can track the phase of the received dehopped
signal. A general probability of error analysis requires the probability density func-
tion (pdf) of the received signal phase. The main contribution of this chapter is to
derive the expression for the probability density function of the received signal phase
in the presence of multitone jamming. Then using this pdf, the probability of error
expressions are obtained for any M-ary PSK signal. For QPSK (ie., M = 4) our
probability of error expressions are identical to the ones given in [18, Vol. II, Ch. 3]
which were obtained using a different approach.

Since differentially coherent detection of M-ary DPSK signals employs two sym-
bols in a symbol decision interval, each of the data symbols may or may not have been
subjected to the jamming interference in a multitone jamming strategy situation. In
the general literature, the authors in [20, 21] and [23, 24] considered the performance
of the FH/DPSK system in a multitone jamming environment. Their analysis is ap-
plicable to the case where an entire hop is either jammed or not (i.e., no partially
jammed hops). They assumed that the jamming tone over a jammed hop is contin-
uous, i.e., the amplitude and initial phase are constant over a particular hop. Based
on the analysis given in the first part of this chapter, we provide a theoretical basis
for the analysis of FH/M-ary DPSK system in the presence of multitone jamming,
In our analysis we assume that the jamming signal in two consecutive DPSK symbols
may have are different phases, i.e., the jamming rate can be equal to the symbol rate.

The organization of the chapter is as follows. In Section 6.2, the parameters of
a FH system are defined. In Section 6.3, first a brief description of FH/M-ary PSK
signals is given. Then the probability density function of the received signal phase is
derived and the probability of symbol and bit error expreSéions are obtained. Also,

the performance of the system under worst case jamming is analyzed. Based on the
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analysis given in Section 6.3, a complete analysis of the probability of error for the
F H/ M-ary DPSK system in the presence of multitone jamming is given in Section 6.4.

Concluding remarks are presented in Section 6.5.

6.2 FH System Model

The modulating signal hops over the entire spread spectrum bandwidth 8y,. The
total bandwidth is equally divided into several frequency bins. If the frequency spac-
ing between the bins is equal to the symbol rate R, = 1/T, of an M-ary symbol, then

the total number of frequency bins available can be expressed as

ﬁss ﬁas ﬂss ]0&."2 M '
N = —_—= = . L
R,  Ry/log, M Ry (6.1)

In the jamming model we considered, the jammer is assumed to have the knowledge
of the system operation (i.e., the spreading bandwidth and the number of frequency
bins in this bandwidth). The jammer does not know a priori where within the spread
spectrum bandwidth to concentrate his jamming tones. An intelligent jammer at-
tempts to split the total available jamming power J among g, random phase tones
and vary the number of jamming tones ¢ to cause the highest error rate. If there is

at most one jamming tone per bin, then the fraction of the bins jammed is given by

_& y
x (6.2)

Therefore, on the average, the jammer hits"a frequency bin in any one hop with a
probability p. It is convenient to denote the ratio of the received jamming power for

each tone to the signal power by

:_ /e
S

n= (6.3)



where S denotes the signal power. Using (6.1) and (6.3), p in (6.2) can be written as

J/(n*8) _ 1
(Byslogy M)/ Re ~ (S/J)(Bss/ Bo)n? logy M
1 1

(Bo/Nj)y2log, M por® logy M (6.4)

where g, = F,/N; denotes the ratio of signal energy per bit-to-jamming noise spectral

density.

6.3 Coherent FH/M-ary PSK System

In a coherent FH/M-ary PSK system, the phase to be transmitted in the i-th

signaling interval takes its value from the set of allowable phases

_ (2k— )y

6 i

k=1,2,....M (6.5)

Thus, in the complex notation, the transmitted signal in the i-th signaling interval

can be represented by
s9 = /251 (6.6)

where s denotes the transmitted signal and 8 is the phase of this signal in the -th
signaling interval. It is assumed that the transmitted signal in any symbol interval
has a constant amplitude (v/25), a constant phase and a ﬁxed-frequency.

In a multitone jamming environment, the jamming signal in the i-th signaling

interval is represented in the complex form by
JO = /2T (6.7)

where both the jamming power per tone (I = J/g;) and the phase are constant during

one symbol interval. It is assumed that ¢? is a random phase.uniformly distributed
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in the interval (=7, 7). The jamming signal in the interval (i — 1)T, <t <47, falling
into the same frequency bin as the transmitted tone is added to the transmitted

signal, and the received signal is represented as
st = 25 + /2T (6.8)

If the optimum receiver structure for M-ary PSK signals in the presence ol a wideband
noise is employed, then the receiver compares the received signal phase (arg(s{”)) with
all possible M phases and decides on the phase that provides the smallest absolute
phase difference. Then the probability of symbol error for symbol intervals which are

jammed (FP.;) is given by

P.;=1—Prob (|arg(3’(f)) —

< %) (6.9)

To analyze the probability of error for the M-ary PSK system, it is necessary to

obtain the pdf of the random phase difference, which can be written as
¥ = arg(s?) — o9 (6.10)
6.3.1 The Probability Density Function of 9

To evaluate the probability density function of the random phase 1), the derivation
can be significantly simplified by first finding the pdf of u = arg(s{?) and then estab-
lishing the pdf of 3. To do so, let us consider the pdf of u, where « can be expressed

as

Lgin(8®) +sin(¢®) |
" . 3 =g () Upmin S UL Uppar (611
arctan { T o509 + cos(@®) g(¢ ) min S S Uz (6.17)
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r:

where i, and Umaz are given in Appendix A. n* denotes the ratio of the jamming

tone power to the signal power and it is defined as

2
.

N

(6.12)

!
S

"

¢(D

Figure 6.1 : The functionu=g (¢(i)') for both jamming cases.

Closely inspecting v = g (qﬁ(‘)) permits us to consider the problem for two cases
which are illustrated in Fig. 6.1. The first case occurs when the signal power is
greater than the jamming tone power (i.e., 0 < n < 1). In this case, we see that the
inverse transformation of the function u =g (QS“)) is double valued (i.e., for a g‘i\;en
value of 1, there corresponds two values of ¢(¥). The second case is observed when
the jamming tone power is greater than the signal power (i.e., 7 2 1), in this case the

inverse transformation of u =g (d)“')) is single valued.
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To find the pdf of u for a specific ¢, we need to solve the equation 1= g (q’ﬂ“).
Note that the domain of g (q5(i)) can be subdivided into a set of disjoint intervals
that are exhaustive. Thus, the domain of g (QS(‘)) can be expressed as a union of
intervals, such that g (gb(i)) is monotonically increasing or monotonicilly decreasing

in each interval. The distribution function of u is then, given by
Fu(w) = P(u < u) = P(g(¢") < w) (6.13)

and the density function of u can be obtained from

Pu(u) = %‘f{l (6.14)

In the following, we present detailed analysis for the probability density function
of the random phase 7 in both jamming cases. The final expression of py () forn > 0

is also given.

Evaluation of py(y) for 0 <n <1

From Fig. 6.2, it can be seen that the inverse transformation of u = g (qb(")) is
double valued. In Appendix A, ¢ is evaluated as a function of  and the results are

given by
O in |1 s 0 16
@' = u + arcsin Esm(u - ) (6.15)
when u = g (gb(")) is monotonically increasing and by
() = L ) -
d'" = u — 7 — arcsin ;}sm(u -0 (6.16)

whenu=g (gb(")) is monotonically decreasing.
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Figure 6.2 : The functionu =g (q')(")) for0<n< 1l

133



In Appendix B, we derive bounds on the possible values of u = g (qﬁ“’). These

bounds are given by

min {[G(i) - arcsin(n)] , [O(i) + arcsin(n)]} <u<
max {[B(i) — arcsin (n)] ) [O(i) + arcsin (?;)]} (6.17)

Having defined the region of the random variable u = g (cﬁ(i)), let us now express
the distribution function F,(u) in terms of the distribution function Fu (q‘)“)) and
the function g (q&“’). For this purpose, we must determine the distribution function
Fy(u) of the random variable u. In this particular case, we handle this problem by
sectioning the functionu =g (qfr(")) into two functions (see Fig. 6.2). The first function
is bounded by Umin < ¢ < U, and the second one is bounded by ur < u £ Uae- The

limits are defined as

Umin = Min { [0("‘) - a.rcsin(n)] , [0“) + arcsin(n)]} (6.18)
and
Umaz = MAX { [0”’ - arcsin(n)] , [0(’;) + arcsin(n)]} (6.19)
and
Uy = g(7) = arctan {%-iz%-g()l)%} (6.20)
For the first section, when %y, < u € u, we have
Fuu) = Plu<u)=PFP (g (d)(i)) < u)
= P(h< o™ <4) T (6.21)
where ¢, and ¢, are defined as
$1 = u + arcsin [% sin(u — 0‘”)] (6.22)
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and
in | L )
(2 = u — 7w — arcsin Esm(u — %) (6.23)

Recall that the pdf of the random variable ¢! is uniform in the interval (~m,m).

Then we get

1 .
Fu(u) = /¢2 Py dgp™

1 1 .
= — in | = sin(y — 8@
o (w + 2arcsin [?? sin{u — @ )]) (6.24)

For the second section, when u; < % < Upqr We have

Fu) = Plu<u)=P(g(¢") <u)

= P(f<¢V <) (6.25)

where ¢, = ¢, and @, = ¢ are defined in (6.22) and (6.23). Then we get

% @)
Fu(u) = 1-= [ pyodo

1

i 1 .
_—— |y - in | = si — g
1 7 (17 2 arcsin [?? sin(u — 6 )D (6.26)

Now by substituting (6.24) and (6.26) into (6.14) the pdf of u can be expressed as

cos(u—o("))

- for Umin £ % < Umaz-
T —sin? (u—80
pau) = § V() (6.27)

0 otherwise.

where Umin and Umaz are defined in (6.18) and (6.19).
Let us now obtain the probability density function of the random phase difference

¥ which is functionally related to u by
P =u~—4§? (6.28)
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the density py(1¥) may be written as [65]

Py} = pultp + 69) (6.29)

substituting p,(u)} given in (6.27) into (6.29), the probability density function of ¥ is

given by
cos(t) for - arcsin(n) < v < aresin(n)
m or arcsin{n) S ¢ £ 1.
py(¥) = (6.30)
0 otherwise.

Evaluation of py{(¢) for n > 1

We turn now to the case where the jamming power is greater than the signal power.
In this case, it is observed that u is monotonically increasing with ¢¢¥ and the inverse
transformation of u = g (d)“’) is single-valued. Hence, ¢ is evaluated as a function

of u and the result is given by
@ _ L (§) .
@' = u + arcsin Esm(u - ") (6.31)

Of particular interest is the region where the random variable u is not equal to zero.

The probability distribution function of the random variable u is simply expressed

F,u) = Plugu)=P (g (qﬁ(i)) < u)

= P (qﬁm < u + arcsin [% sin{u — 0("))]) (6.32)

Recall that ¢ is uniform in the interval (—m,m). Then we get

1;u.+ar|:|aln[-,;‘-r sln(u—a("})] 1

Fu(u) = f dg®

- o7

= 4 (Tl’ + u + arcsin [l sin{u — 9(*))]) (6.33)
2m Ui
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The probability density function of u is found by differentiating the probability dis-

tribution function, and this yields

cos{1u—plil
ﬁ(l-&— :s(.uzo ), ) —r <u<am.
pulu) = s -t09) (6.34)
0 otherwise.

The probability density function of the random phase ¢ can be obtained by using the

transformation given in (6.29) and this results in

ﬁ(l+%ﬁ“=) —T<Y L.

2 —gin? (%)
py(¥) = K (6.35)
0 otherwise.
Evaluation of py(y) for =1
For = 1, the expression given in (6.11) reduces to the form
1 , )
u= (89 + 69) (6.36)
The pdf of u may be written in the form of
Pu(u) = 2py (211, - B(i)) (6.37)

but the random variable ¢! is uniform in the interval (—m,7), then u is uniform in

the interval (—m/2 + 0@ 7/2 + 6% and its pdf may be written as

1 2490 <u<T+00
pu(u) = (6.38)
0 otherwise.
By using (6.29), py(%) can be obtained as
1 for —f<9<t
Pu(¥) = (6.39)
0 otherwise.
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This result can be obtained from (6.30) by substituting n = 1.
It is convenient to write the probability density function of the random phase
in one expression for any value of 7. According to the equations (6.30), (6.35) and

(6.39), py(t)) takes the form

]
1 (—\TEIELI) — arcsin{n) < ¢ < arcsin(y) and 0 <y < 1,

12 —-sin’ ()
() =4 L ( cos(t$) ) _ (6.40)
1 o 1+m <P <7 and 5> 1
L 0 otherwise.

6.3.2 Evaluation of the Probability of Error

From the result given in (6.40), it is obvious that py(3)) is an even {unction and
it is independent of the transmitted phase. Hence, the average probability of symbol
error for symbol intervals which are jammed can be evaluated by using (6.9). This

probability may be written as

Py=1= 1 peds | (6.41)

In order to find the performance of the system, we evaluate the probability of error

for the different jamming cases discussed above.

Evaluation of the probability of error for ) < <1

In this case, py(¢) = 0 if #/M > arcsin(), therefore, P,; = 0. For /M <
arcsin(r) and by substituting py(¢) from (6.30) into (6.41) we obtain

/M cos () e
Pi=1- d 6.12
7 ./;TI'/M TF\/’;?Q — sin? (’l,b) w ( )

A change in the variable of integration r = sin(¢) yields

p=1- [ _ 14 (6.43)
T ST sinm/M) TR — 12 d '
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The above integral can be evaluated to give:

2
P.; = 1——arcsin

—
iH

[sin(r/M)}
7

= —arccos (6.44)

LL)

2 [sin(ﬁ/M)}
n

Evaluation of the probability of error for n>1

Considering now the case when n > 1, the average probability of error for symbol
intervals which are jammed can be obtained by substituting ps (%} from (6.35) into

(6.41). Then (6.41) becomes:

7 /M cos (¥)
Pg,j = - /- P 2 ( P . 2 ) d’d)
mom \ " - sin? ()
= 1- v arcsin [ﬂ(?ﬁ—ﬁ] (6.45)
We can also write (6.45) as
_M-2 1 sin(w /M)
ei = “onf + — arccos [ m ] (6.46}

Combining the results of both jamming cases as given in (6.44) and (6.46). There-

fore P, ; may be written as

[ 2 arccos [ﬂ“—‘%ﬂl] 7/M < arcsin(n), and 0 <y < 1.
Poj=q M=2 4 Larccos [BMEM) 5> 1 (6.47)
| 0 otherwise.

The average probability of symbol error which is P.(M) = pF.,; may be expressed as

[ 22 arccos [%@—Q] #/M < arcsin(n), and 0 < < 1. -
Fe(M) = { ”—;—ﬁlﬂ +  arccos [5‘—“(3,,[‘5{—)] n>1 (6.48)
| 0 otherwise.
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It is often desirable to have the error probability expressed in terms of the received
signal-to-jamming noise ratio per bit (E/V;). Therefore, by using (6.4) the parameter

n may be written in the form of

1
= 6.4
" \/(Eb/Nj)ploga M (649
Substituting the expression of 7 into (6.48}, the average probability of symbol error
becomes:
( E 1
0 PRE > ST eg, M
2p Er s 27 1 Ep 1
Pe(l‘r’f) ={ 7 arccos \/pNJ- ]0g2 M sin (“ /ﬂ/f) logy M < pN_; < sin“ (7 /M) logg M (650)
(M=2)p
o7 T - - c
| 2 arccos \/pxi- logy Msin*(z/M) 0<pgt< E‘g’lﬂ

At high Es/Nj, the relationship between symbol error probability and bit error prob-

ability if Gray coding is used is well approximated by

1 1
Py = g (M) = T R (M 6.51
’ logzM() k, (M) (6.51)
where k, = log, M. Therefore,
E, 1
(© PRy > Tosn? (/A0
P= T 22. arccos \/P%ks sin®(% /M) £ < p% < e (652)
\ (324}\;533? + -.'%: arccos \/p%ks Sin2(7.-/1‘vf) 0< p% < ‘El:

For M = 4, the probability of a bit error is given by:

(0 pﬁj >1
P, = j 2 arccos 1/p1—vkEj i< p% <1 (6.53)

| § + & arccos  /pgt 0<pft<j
this result is identical to the ones given in [18, Vol. 1I, Ch. 3] which were obtained

using a different approach.
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6.3.3 Worst Case Multitone jamming

In multitone jamming environment, the jammer is assumed to have finite power
and finite number of tones. The optimum strategy for a jammer is to distribute the
total jamming power into a number of tones, in a way to cause the highest error
rate. Hence, from the jammer’s point of view there is an optimum value of p that
maximizes the probability of error, this value of p is called the worst case value and
is denoted as Puc
Jet us assume that, the worst case value of p occurs in the case where the jamming
tone power does not exceed the signal power (7 < 1). Worst case value of p can be

found by differentiating P, with respect to p and equating the result to zero. That is,

g | 2p By, ., _
5 [wks arccos \/p N, ks sin (1r/M)| =0 (6.54)

This yields

| B, 1 | pEk,sin®(n/M)
a.rccosMpF;ks sin®(7 /M) = 2T —-h;;%ﬁk Ty (6.55)
[ 8

The solution of the above equation has been found numerically and the result is

p%k, sin®(m/M) = 0.6306 (6.56)
J

Now, p,. may be written as

0.6306/ (ks sin®(m/M)) E 0.6306
B/l Ni = s (n/M)
Puc = (6.57)
E 0.6306
1 WL S kaBI2 (7 /M)
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Thus, the average bit error probability performance in the presence of the worst case

multitone jamming can be obtained by substituting (6.57) into (6.52). Therefore,

( 0.2623 Er -, 06306
k2 stn? (/M) Ey /N; Ny ke sin=(mw/Al)
_) = Bl i 1 e B 01,6306
Pomaz = T = arccos\/ ks sin® (/M) SN S e/ (6.58)
M-2 ____g._ 2 E; 1
| ZMEs + = arccos\/ kssin®(m/M) 0< gt < g

For M = 4, the probability of a bit error corresponding to the worst case jammer is

given by:

0.13 E
(BN & > 0.6306

—J 1 £y
Pi,... =4 7 arccos, / NE_,-

L oy By 1
| 3 +3 arccos,/NE: 0< <3

=

< f+ < 0.6306 (6.59)

_which is identical to the result obtained by [18, Vol. II, Ch. 3] by using a different
approach. Bit error rate performance as a function of E,/Nj; for FH/M-ary PSK
system, in the worst case multitone jamming, has been calculated by using (6.58),

and the results are plotted in Fig. 6.3 when M = 2,4, 8, 16,32, 64.

6.4 The FH/M-ary DPSK System

In M-ary DPSK system, the phase to be transmitted in the i-th signaling interval
takes its value from the set of allowable phases given in (6.5). This phase is then added
to the total accumulated phase in the (¢ — 1)-th signaling interval and is transmitted
through the channel by using M-ary PSK modulator {21].

Thus, in a complex form, the transmitted signal in the i-th signaling interval can

be represented by
s = 2GeiOHE (6.60)
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Probability of Bit Error
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Figure 6.3 : Bit error probability performance for FH/M-ary PSK in worst case
multitone jamming when M = 2, 4,8,16,32,64.
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where
e 54 is the transmitted signal in the -th signaling interval.
e 91 is the differential phase to be transmitted in the i-th signaling interval.
° :(;'—1) is the total accumulated phase in the (i — 1)-th signaling interval,

It is assumed that, the transmitted signal in any symbol interval has a constant
amplitude, a constant phase and a fixed frequency.
In multitone jamming environments, the jamming signal in the d-th signaling

interval is represented in the complex form by
JO = /2] (6.61)

where both the jamming power and the phase are constant during one symbol interval.
It is assumed that ¢ is a random phase uniformly distributed in the interval (-, ).
Therefore, the received signal in the i-th signaling interval may be represented in

the complex form by
s = GO+ | oy g (6.62)

where x; = 1 or 0 whether or not the jamming signal is present in the frequency bin

of interest.

In the (i — 1)-th signaling interval the transmitted signal takes the form of
st = /256057 (6.63)
and the jamming signal may be represented as

JE=D = (2T (6.64)
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Then the complex form of the received signal in the (¢ — 1)-th signaling interval is

given by:
. o lie X
s = V28 4 iy 6D (6.65)

where x, = 1 or 0 whether or not the jamming signal is present.
In multitone jamming strategy, either J in (6.61) or J¥~) in (6.64) or both of them
may present (depending upon whether s or s%=! or both of them were unjammed
or jammed).

Let us define the joint event (k1, x2) where £, = 1 or 0 and n = 1,2. The event

K, and Kz may be defined as:

e The event k; = 0 denotes the case where the jammer does not hit the i-th
signaling interval, whereas £, = 1 denotes the presence of jamming tone in the

i-th signaling interval.

e The event k, = 0 denotes the case where the jammer does not hit the (i — 1)-th
signaling interval, whereas £z = 1 denotes the presence of jamming tone in the

(i — 1)-th signaling interval.

If an optimum receiver structure is employed for M-ary DPSK signals in the
presence of wideband noise, then the optimum decision of this receiver is made by
comparing the phase difference (arg(s!?) —arg(s%~1))) with all possible M phases and

the decision is made based on the phase that provides the smallest difference, that is;

k=§1’5i'§,M {| (arg(s,(f)) - arg(sﬁ"‘”)) - le > %} (6.66)

Assuming 0% is the transmitted phase in the i-th signaling interval, then a symbol
error in FH/M-ary DPSK system occurs with a probability Py, where

Pys = T(1,1)P (|(arg(ss_">) — arg(sf=")) - 69 > %{(1,1))
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+ r(l,o)P((arg(sﬁﬁ)-arg(sy-“)) 09> L (.1,0))
M
o) _ ape(cti-D\) _ g ~ T
+ I‘(O,l)P((aro(s,) arg(s)) — 09 > = (0,1))
+ 1‘(0,0)13((arg(ss.i))-arg(sf-”))-0“) > (0,0)) (6.67)

where
I'(k1, k2) = probability of the joint event (xy, K2)
It may easily be shown that:
r(,1) = p

I'0,1) = p(l — p)

r©,0 = (1-p)

—

=

=
i

Let us look briefly at the probability of the conditional events given in (6.67). On the
basis of our definition to the jamming strategy, the jammer may hit only one of the
two consecutive symbols, these events are similar and produce the same probability.
This assumption is based on the fact that the jamming tones are independent. Then

we have:

P (I (a.rg(sﬁ")) - arg(s,(,"'l))) -9 > %‘ (1,0)) ==
P (1 (a.rg(sf,")) - arg(sg‘”)) — 49 > —j%l (0, l))

Since jamming is considered as the only disturbance, the last term in (6.67) represents

the probability of the impossible event, the event which cannot occur, then we have:

P (\(&I’g(s&)) — a’rg(ss‘i—l))) _ 0(.,:)

Now, (6.67) may be written in the form of

> -I—J-](o,o)) —0

Pyw = T(1,1)P ([(arg(ssf')) — arg(sf™")) — 69

> )
+ 2T'(1,0)P ([(arg(sf:')) — arg(s$)) — 9(*)| > %l (1,0)) (6.68)
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If 9@ = @, then the probability of the conditional events given in (6.68) may be

writien as

Po, = T(1,1P (| (arg(sf?) - arg(s6)) = 0] > 32/ (1,1))

My (- — L
+ 2P(1,0)P (I(arg(s, ) - arg(st™)) = 0| > M\ (1,0)) (6.69)
then the average symbol error probability can be written in the form of:
1
P.= M—E%ﬂ n=12..M (6.70)

As shown in (6.69), there are two specific cases of interest to obtain the error rate

for the system under consideration. Those are:

e Case 1: In this case, the jammer hits two consecutive symbols (i.e, the jammer

hits in the signaling intervals ¢ and (¢ — 1) ).

e Case 2: In this case, the jammer hits only one of the two consecutive symbols

(i.e, the jammer hits either in the signaling intervals ¢ or (i — 1)).

According to the above cases, the average probability of symbol error as given in

(6.70) may be written as
P, = P+ Po (671)

where P.; is the probability of the event where the jammer hits two consecutive

symbols as discussed in case 1 and it can be written as:

P = %ﬂ P (] (arg(s) — arg(s6-2)) - 6u| > %’ a, 1)) n=1,2.,M (672

and P.» is the probability of the event where the jammer hits one of the two

consecutive symbols as discussed in case 2 and it can be written as:

149



2I(1,0 ; i
P = Sw )EP ([(arg(sg‘)) — arg(s¥ ”)) —9,1| > %I(I,O)) n=1,2..,M (6.73)
n

In the following, we present an analysis for the evaluation P.; and P,. The final

expression is also given for the average probability of symbol error.
6.4.1 Evaluation of P,

'To evaluate the probability of error P, as given in (6.72), it is necessary to obtain

the probability of the event described by case 1, which can be written as
= @y _ -0y} _ @] s T -
Pan=P ('(arg(sr ) — arg(s,” )) 0 ‘ > MI (1, l)) (6.74)

Therefore, it is necessary to obtain first the probability density function of the phase

difference 3 where 7 is defined as
Y= (arg(s,(,")) - arg(sf."'l))) - 6@ (6.75)

In this case the jammer hits two consecutive symbols. Then, s and s~V are given

by

s = V25e/0+00) 4 \/aLei® (6.76)
and
st = At 4 /2T (6.77)

To find py(®), first the probability density function of both u = arg(s®?) and
v = arg(sli-V) should be determined, then, we can evaluate the joint probability

density function of « and v, finally by using the transformation ¢ = u — v — 9,
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Py (1) can be obtained.

By analogy hetween (6.76), (6.77) and (6.11), it clearly appears that the pdf of both

u and v can be obtained by following a procedure similar to that leading to (6.27) for

0 <n<1and (6.34) for 5 > L.

For 0 < 7 < 1 the pdf of u and v may be written as

P (u) — “ﬁ—sinz (u_(o(i)_l_g;f-l)))
u =3

and

po{v) =

cos(u—(ﬂ“')+9.s.'.'_”))

otherwise.

cos (1:—9,(;"”)

w\/‘nz —8in? (‘U—e._(;:— 1))

0 otherwise.

for Ymin < ¥ < Vmas-

where Umin, Umaz, Umin, Umaz are defined as

Umin = Min {[6(5) + 0;3._1) - arcsin(n)] , [B(i) + 955"” + arcsin(n)]}

Umar = MAaX { [6(‘) + 053'“” - a.rcsin(n)] , [6(") + 65(,'5"1) + arcsin(n)]}

.ﬂum,-,, = min { [9;5'_1) - arcsin(n)] , [Ggf"l) + arcsin(n)]}

and

Umaz = Max { [Bg"l) - arcsin(n)] : [9..(,5-1) + arcsin(n)]}

For n > 1 the pdf of u and v can be written as

Pu ('U.) = 1

r

cos (u-(o(‘) +o,f,:"”))

=1+ _ —r<u<m
\/r,ﬂ—sln2 (u—(ﬁ(‘)+0.gl_1)))
0 otherwise.
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(6.78)

(6.79)

(6.80)

(6.81)

(6.82)

(6.83)

(6.84)



1 1+ cos(-v—ﬂ.(;_”) <
po(v) = < \/rrﬂ-sir12 (v—o‘r‘"”) - ' (6.85)

| 0 otherwise.
The random variables ¢{¥ and ¢!~V are assumed to be statistically independent
of each other, it is obvious that u and v are also independent. Trom this resuit, the

joint probability density function of v and v is given by

Pup(t,v) = pu(u)p(v) v € Ru,VER, (6.86)

where R, and R, represents the regions where p,(u) and p,(v) are nonzereo as defined
in (6.80)-(6.83). Now let us find the pdf of 7 as given in {6.75). The expression given

in (6.75) may be written in the form
Y=u—y— o9 (6.87)

define a convenient random variable
z=v (6.88)

then the Jacobian J(¢, z/u,v) becomes equal to one. The joint density py (1), z)

may be expressed as

Py, (¥, z) = pu.v("/) +2+ g(i):z)

= pu(tp + 2 +09)p, () (6.89)
Now the probability density function py(?) is given by

pod) = [ pualihz)dz (6.90)

where R, represents the regions where py, z(¢, 2} is nonzereo in the 1, 2-plane for the

transformation given in (6.87) and (6.88).
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If 0% = ¢,, as given in (6.74), the probability of symbol error for the symbol

intervals which are jammed may be written as

x/
Pan=1- [ peleldy (6.9)

Then the probability of error as given in (6.72) can be written as
(1,1
P = LM’r—)z Py, forn=12,..M (6.92)
We cannot evaluate the integral given in (6.90) in a closed form.

6.4.2 Evaluation of P,

It is well known that with differential detection the probability of symbol error for

the symbol intervals which are jammed is given by
= {#) (i-1) ‘“'
Paa = 1~ Prob (|(arg(s!?) - arg(ef™) - 6] < 72| (L,0))  (699)

Therefore, to determine the average probability of error Fee as given in (6.73), it is
necessary to obtain the probability density function of the phase difference ) where

1 is defined as
% = (arg(s) — arg(s{~1)) — 6 (6.94)

In the case where the jammer hits only one of the two consecutive symbols, we may
assume without loss of generality, that the received signal in the i-th signaling interval
is jammed and the received signal in the (¢ — 1)-th signaling interval is not jammed.

For this case, s& and s~ are:

o) = V2SI O+ | /oTei%s (6.95)
and
s¢1 = At " (696)
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Then the phase difference ¥ in (6.94) takes the form
W = arg(s®™) — (657 4 ) (6.97)
where
arg {s,(,i)} = arg {\/ﬁei(ﬂ“’wg_”) + \/?ﬂejéj}

arctan 7 sin(e® + 651) + sin(gy)
L cos(9 + 051 + cos(;)
n T J

The probability of symbol error for the symbol intervals which are jammed may be

(6.98)

written as ,

Tr/M o i
P =1 —/_R/M py () dip (6.99)

By analogy between (6.97) and (6.10), it clearly appears that the pdf of 9 is the same
as the one given in (6.40). Following a procedure similar to that leading to (6.47),

Feo; may be written as

( 2 arccos [ﬂ%&@] /M < arcsin(n), and 0 <7 < 1.
Pegj = ¥=2 + Larccos [?-‘—“—%@ﬂ] n>1 (6.100)
| 0 otherwise.

Therefore, the average probability of the symbol error given in (6.73) may be expressed

as
' 4F1:"01 arccos [ﬂlg,%m] m/M < arcsin(g), and 0 <y < L.
P.o=¢ (M-%P(l.o) + 21‘(;.0) ATCCOS [singf’{Ml] n>1 (6.101)
| 0 otherwise.

Now the average probability of the symbol error for FH/M-ary DPSK system in
presence of multitone jamming interference can be obtained by substituting F,; from

(6.92) and P, from (6.101) into (6.71).
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6.5 Conclusions

In this chapter, by deriving the expression for the probability density function of
the received signal phase in the presence of multitone jamming, we provided a theo-
retical basis for the analysis of coherent frequency hopped M-ary PSK and frequency
hopped M-ary DPSK systems in multitone jamming environments. Bit error rate
performance of coherent frequency hopped M-ary PSK system is analyzed where a
simple expression for the probability of bit error is found and the performance expres-
sion in the worst case jamming is obtained. An analysis of the probability of error
for the frequency hopped M-ary DPSK system in the presence of multitone jamming

is obtained.
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Chapter 7

Conclusions

7.1 Summary

A mathematical model of JFPM signals has been presented. We restricted our
attention to the orthogonal JFPM signals. In this case, we have shown that the
required minimum frequency separatin between the two adjacent tones of JFPM
signals is reduced compared to FSK signals that use the same number of tones. Thus,
JFPM requires less bandwidth than FSK for the same bit rate.

The power spectral density of JEPM signals has been analyzed. This analysis
concluded that the spectral density of JFPM with at least two phases does not contain
discrete components which waste power. The spectral efficiency of JFPM signal has
heen studied. It can be concluded that the same bandwidth efficiency may be achieved
by using different combinations of JFPM formats, and this could give the system
designer a freedom of choice under some practical limitation.

The performance of JFPM signals over AWGN as well as over Rayleigh fading
channels has been studied. A differential receiver structure for JFPM signals was
introduced. The probability of error has been analyzed and a bit error rate expression

was obtained. It has been shown that JFPM schemes, by combining FSK and PSK
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properties in desirable proportions, can provide a good combination of bandwidth
efficiency of PSK as the number of phases increases and the power efficiency of FSK
as the number of frequencies increases. Assuming statistical independence of the
diversity channels, we have analyzed the diversity combining reception of JFPM and
shown that significant performance improvements can be achieved compared with the
conventional systems and non-diversity. The improvements of JFPM system over the
conventional systems are accompanied by a slight increase in the complexity of the
transmitter and the receiver.

A spread spectrum systeml referred to as F‘requency Hopped/Joint Frequency
phase Modulation (FH/JFPM) has also been presented. The system model was
described for both SFH/JFPM and FFH/JFPM. Bit error rate performance for
SFH/JFPM in the presence of broadband and partial-band noise jamming was ana-
lyzed, and the worst case jamming performs;,née of this system has been evaluated.
It has been shown that SFH/JFPM is less sensitive to broadband and partial-band
noise jamming than the conventional frequency hopped systems. The design and
analysis of the FFH/JFPM system over Rayleigh fading channels has been presented.
An expression for the probability of a bit error was obtained. It was shown that for
a given channel bandwidth and at a fixed data rate, the processing gain of the two
parts of the FH/JFPM system was improved. Results have shown that the FH/JFPM
outperforms the conventional frequency hopped systems.

The performance of coherent frequency hopped M-ary PSK system in multitone
jamming environments has also been presented. Bit error rate performance of this
system was analyzed and a simple expression for the probability of a bit error was
obtained. The performance of this system in worst case jamming was also given. A

detailed analysis for the probability density function of the received signal phase in the
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presence of multitone jamming has been provided, the probability density function
has been derived for any arbitrary transmitted phase. Based on this analysis, the

probability of error for the FH/M-ary DPSK system in the presence of multitone

jamming was obtained.

7.2 Future Research

Based on the work given in this thesis, the following topics are suggested for future

research:

e Coded JFPM is a feature that could be incorporated into a JI'PM system.
Coding is the answer to the unequal error rate performance between the two

parts of the JFPM receiver and needs further study.

¢ The main factor affecting the shape of the signal spectrum is the complex en-
velope of the waveform. Narrower spectrum and higher bandwidth-efficiency of

JFPM can be obtained by using 'w'a;\_feshaping.

e The performance of FFH/JFPM in frequency selective channels and as CDMA

could also be considered for future research.
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Appendix A

Derivation of inverse
transformation of «

In this appendix we derive the inverse transformation of the function given in (6.11)
u = arg {sf,‘l)} = arg {‘\/25'63.(0“)) + \@Tej"’m}

1 5in(9) + sin(¢)
= arctan { ;l?cos(ﬂ(")) T oos (@) } (A.1)

The formula given in (A.1) can be written in the form

[% tan(u)] cos(6)) — %sin(ﬁw) = — tan(u) cos(¢?) + sin(¢™). (A.2)

Using the trigonometric identity Acos(z) — Bsin(z) = Rcos(z + a) where R =
VAZ + B? and a = arctan(B/A), we may rewrite (A.2) as

Ry cos(0% + ;) = — Ry cos(¢® + a3) (A.3)

where

R, = %\/tanz(u)—l-l
Ry = ftan®(u)+1

o = arg(tan(u}+j) = —u

B a0

oy = arg(tan(u)+j)=—=—u
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After inserting R;, Ra, oy and a» into (A.3), equation (A.3)} may be expressed as

1 ; s i Gl
ECOS (9()—u+§) = — CO§ (d)“—u-i-;z-) (A.4)
By using the identity cos(z + 7/2) = —sin(z), (A.4) becomes
1 . .
~ sin(0® — v) = sin(¢® — u) (A.5)

or

-}}- sin(8® — u) = sin(¢ — u + ) (A.6)

Taking the arcsin( ) for both sides of (A.5), (A.6) and considering all the possibility,

we find that there are two solutions
) 1 )
¢ = u + arcsin (;1- sin(u — 9(‘))) mod 27 (A7)
and

¢ =u — 7 — arcsin (% sin(u — 9("))) mod 27 (A.8)
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Appendix B

Derivation on the bounds of »

In this appendix we derive bounds on the possible values of u given in (6.11)

L 5in(6%) + sin(¢™®)
_ b
u = arctan {%cos(ﬂ(‘)) oo (¢®) (B.1)
Taking the derivative of u with respect to o9, we get
du _ 17cos(¢?)(cos(8¥) +ncos(@)) +7 sin(¢®) (sin(6") + nsin(¢™))
d? (cos(0®) + 1 cos(¢®))?
cos(89) + 7 cos(@))’
(cos(69) + 7 cos(¢)) ®2)

(cos(69) + n cos(¢®))” + (sin(69) + 7 sin(¢))*
The value of ¢ that maximizes u can be found by equating du/d¢® to zero, by

doing so we obtain
1 cos($) (cos(89) + 1 cos(¢2)) + nsin(¢?) (sin(6) + nsin(¢¥)) =0 (B3)

by collecting terms and using the trigonometric identity cos*(z) + sin®{z) = 1, we

may rewrite (B.3) as
cos(¢?) cos(8%) + sin(¢®) sin(6¥) +n =10 ‘ (B.4)
This yields
cos{¢? — 60) = —q (B.5)
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or

cos(0 — ¢'} = —y (B.6)

By using the trigonometric identity arccos(—xz) = 7 — arccos(x), we find that the

bounds on u occur at

9 = 6% — 7 4 arccos(n) (B.7)

¢ = ¥ + 1 — arccos(n) (13.8)

By substituting the values of ¢ from (B.7) and (B.8) into (B.1), the bounds of u

are obtained and given by

u = 8% — arcsin(n) (B.9)

u = 6% + arcsin(n) (B.10)
Then u is bounded by %min < % < Umaz, and the limits are defined as
Umin, = Min { [9(") - arcsin(n)] : [0(") + arcsin(n)]} (B.11)
and

Umaz = MAax { [B(i) - arcsin(n)] , [9(") + arcsin(n)]} - (B.12)

162



Bibliography

[1] B. Sklar, “Defining, designing, and evaluating digital communication systems,”

IGBEE Commun. Mag., vol. 29, pp. 92-101, Nov. 1993.

[2] B. Sklar, “A structured overview of digital communication systems-a tutorial

review-part 1,” IEEE Commun. Mag., vol. 19, pp. 4-17, Aug. 1983.

[3] J. D. Oetting, “A comparison of modulation techniques for digital radio,” IEEE
Trans. Commun.,vol. COM-27, pp. 1752-1762, 1979.

[4] J. Wozencraft and 1. Jacobs, “Principles of Communication Engineering,” Wiley,

New York, 1965.

(5] J. B. Anderson and C. W. Sundberg, “Advances in constant envelope coded
modulation,” IEEE Commun. Mag., vol. 29, pp. 36-45, Dec. 1991.

(6] Special Issue of the JEEE Trans. Commun., vol. COM-29, March 1981.

[7] 1.S. Reed and R.A. Scholtz, “N-orthogonal phase-modulated codes,” JEEE Trans.
Inform. Theory, vol. IT-12, pp. 388-395, July 1966.

[8] A.J. Viterbi and J.J. Stiffler, “Performance of N-orthogonal codes,” IEEE Trans.
Inform. Theory, vol. IT-13, pp. 521-522, July 1967.

163



[9] W. Lindsey and M. Simen, “L-orthogonal signal transmission and detection,”

IEEE Trans. Commaun., vol. COM-20, pp. 953-960, Oct. 1972.

[10] R. Padovani and J. K. Wolf, “Coded phase/frequency modulation,” I[EEE Trans.
Commun., vol. COM-34, pp. 446-453, May 1986.

[11] A. Chalid, I Sasase, H. Yashima and S. Mori, “Coded nonuniform
phase/frequency modulation,” The Trans. of IEICE, Japan, vol. I--72, pp. 903-
911, Aug. 1989.

[12] A. De, I. Sasase and P. Kabal, “Trellis-coded phase/frequency modulation with
equal usage of signal dimensions,” In Proc. IEEE Globecom., 1992, Nov. pp.

1769-1773.

[13] L. Kaya and B. Honary, “Phase/frequency modulation employing array codes,”

IEE Elec. Letters, vol. 29, pp. 1833-1834, Oct. 1993.

[14] S. Peciyualwar and 8. Fleisher, “Multiple trellis coded frequency and phase mod-
ulatio}l,” IEEE Trans. Commaun., vol. COM-40, pp. 1038-1046, June 1992,

[15] S. Periyualwar and S. Fleisher, “Trellis coded of quadrature frequency /phase
modulated signals,” IEEE J. Select. Areas Commun., vol. SAC-10, pp. 1254~
1263, Oct. 1992.

[16] S. M. Fleisher and S. Qu, “Multifrequency minimum shift keying,” 1ELE J.
Select. Areas Commun., vol. SAC-10, pp. 1243-1253, Oct. 1992.

[17] R. Khalona, G. Atkin and J. LoCicero, “On the performance of a hybrid fre-
quency and phase shift keying modulation technique,” /EEE Trans. Commun.,
vol. COM-41, pp. 655-659, May 1993.

164



{18]

[19]

[20]

[21]

[22]

[23]

[24]

M. K. Simon et al., “Spread spectrum communications,” vol. II. Computer Sci-

ence Press, Ma., 1985.

E. A. Ceraniotis and M. B. Pursley, “Error probabilities for slow-frequency-
hopped spread-spectrum multiple-access communication over fading channel,”

IEEE Trans. Commun., vol. COM-30, pp. 996-1009, May 1982.

S. Houston, “Modulation techniques for communication, part I; tone and noise
jamming performance of spread spectrum M-ary FSK and 2,4-ary DPSK wave-

forms,”in NAECON'75 Rec.”, pp. 51-538.

M. Simon, “The performance of M-ary FH-DPSK in the presence of partial-band
multitone jamming,” IEEE Trans. Commun., vol. COM-30, pp. 953-958, May
1982.

1. 8. Lee and L. E. Miller, “Error performance analyses of differential phase-shift-
keyed/frequency-hopping spread-spectrum communication gystem in the partial
band jamming environments,” IEEE Trans. Commun., vol. COM-30, pp. 943-
952, May 1982.

Q. Wang, T. A. Gulliver and V. K. Bhargava, “Probability distribution of DPSK
in tone interference and application to SFH/DPSK,” IEEFE Select. Areas Com-
maun., vol. 8, pp. 895-906, June 1990.

K. S. Gong, “Performance analysis of FH/DPSK in additive white Gaussian noise
(AWGN) and multitone jamming,” in Proc. IEEE MILCOM, pp. 53.4.1-53.4.7,
1988. |

165



[25]

[26]

[27]

J. K. Winters, “On differential detection of M-ary DPSK with intersymbol inter-
ference and noise correlation,” JEEE Trans. Commun., vol. COM-35, pp. 117-

120, Jan. 1987.

W. C. Lindsey, S. H. An and R. M. Vacek “Performance of M-ary FH-DPSK
systems in the presence of jamming,” inProc. IEEE MILCOM, pp. 34.2.1-34.2.5.
Nov.1988.

G. R. Cooper and R. W. Nettleton, “A spread-spectrum technique for high-

capacity mobile communication,” IEEE Trans. Veh. Technol., vol. VT'-27 pp.

. 264-275, Nov. 1978.

(28]

[29]

[30]

[31]

[32]

P. S. Henry, “Spectrum efficiency of frequency-hopped-DPSK spread-spectrum
mobile radio system,” IEEE Trans. Veh. Technol., vol. VT-28, pp. 264-275, Nov.
1979.

G. R. Cooper, R. W. Nettleton and D. P. Grybes, “Celluar land-mobile radio:
why spread-spectrum ?,” IEEE Commun. Magezine., vol. 17, pp. 327-332, Nov.
1979.

R. W. Nettleton and G. R. Cooper, “Performance of frequency hopped differen-
tially modulated spread-spectrum receiver in a rayleigh fading channel,” [EEEL

Trans. Veh. Technol., vol. VT-30, pp. 14-29, Feb. 1981.

M. Matsumoto and G. Cooper, “Performance of nonlinear FH-DPSK spread-
spectrum with multiple narrow-band interfering signals,” IEEE Trans. Com-

mun., vol. COM-30, pp. 937-942, May.1982.

C. Lo, E. Masry and L. Milstein, “Design and analysis of a fast frequency-hopped

DBPSK communication system, part I-system description and hop timih‘gitmck-

166



[33]

[34}

(3]

[36}

[37]

[38]

ing loop analysis,” IEEE Trans. Commun., vol. COM-41, pp. 1552-1564, Oct.
1993.

C. Lo, E. Masry and L. Milstein, “Design and analysis of a fast frequency-
hopped DBPSK communication system, part II-error performance in AWGN
plus partial-band noise jamming,” [EEE Trans. Commun., vol. COM-41, pp.
1723-1735, Nov. 1993.

I. Ghareeb and A. Yongagoglu, “Performance of joint frequency-phase modula-
tion over Rayleigh fading channels,” IEE Proc. Commun.,vol. 141, pp. 241-247,
Aug. 1994.

I. Ghareeb and A. Yongacoglu, “Performance Evaluation of Slow-Frequency
Hopped/Joint Frequency-Phase Modulation in Broadband and Partial-Band
Noise Jamming,” IEICE Trans. on Commun., vol. E-77-B, pp. 891-899, July
1994, i

I. Ghareeb, “Bit Error Rate Performance and Power Spectral Density of a Non-
coherent Hybrid Frequency-Phase Modulation System,” IEEE J. Select. Areas
Commun., vol. SAC-12, Feb. 1995.

I. Ghareeb and A. Yongagoglu, “Performance Analysis of Frequency
Hopped/Coherent MPSK in the Presence of Multitone Jamming,” submitted
to IEEE Trans. on Commun, .

I. Ghareeb and A. Yongagoglu, “Performance of frequency hopped/joint
frequency-phase modulation in the presence of broadband and partial-band noise
jamming,” in Proc. 4th International Symposium on personal indoor and mobile

radio communications PIMRC’93, Japan, pp. 662-666, Sep. 1993.

167



(39]

[40]

[41]

[42]

[43]

[44]

(4]

[46]

I. Ghareeb and A. Yongagoglu, “Joint frequency-phase modulation over Rayleigh
fading channels,” in Proc. International Zurich seminar,Zurich, pp.101-112,

March 1994

I. Ghareeb and A. Yongacoglu, “ Fast Frequency Hopped/Joint Frequency-Phase
Modulation over Rayleigh Fading Channels,” in Proc. IEEE Milcom-94, Ocl
1994,

I. Ghareeb and A. Yongacoglu, “Performance Analysis of Frequency
Hopped/Coherent MPSK in the Presence of Multitone Jamming,” in Proc. [EEE
Milcom-94, Oct 1994,

L. Ghareeb and A. Yongagoglu, “Joint Frequency-Phase Modulation,” in Proc.
Canadian Conference on Electrical and Computer Engineering, Canada, pp.
i

TM2.14.1-TM2.14.4, Sept. 1992.

J. Edell, “Wideband, noncoherent, frequency-hopped waveforms and their hy-
brids in low probability-of-intercept communications,” Naval Res. Lab., Wash-

ington, DC, NRL Rep. 8025, Nov. 8, 1976.

J. Gorski-Popiel, Ed., “Frequency synthesis: techniques and applications."New

York: IEEE Press, 1975, p. 43.

S. Benedetto, E. Biglieri and V. Castellani, “Digital Transmission Theory,” En-

glewood Cliffs, NJ: Prentice-Hall Publ. Co., 1987.

J. G. Proakis, “Digital Communications,” McGraw-Hill, 1989.

[47) W. Lindsey and M. Simon, “Telecommunication Systems Engincering,” Engle-

wood Cliffs, NJ: Prentice-Hill, 1973.

168



[48] R. F. Pawula, S.0. Rice and J.H. Roberts, “Distribution of the phase angle
between two vectors perturbed by Gaussian noise,” IEEE Trans. on Commaun.,

vol. COM-30, pp. 1828-1841 August 1982.

[49] P. Galko and S. Pasupathy, “The mean power spectral density of Markov chain
driven signals,” IEEE Trans. Inform. Theory, vol. IT-27, pp. 746-754, Nov. 1981.

[50] F. Davarian, “Channel simulation to facilitate mobile-satellite communication

research,” IEEE Trans. on Commaun., vol. COM-35, pp. 47-56, Jan 1987.

[51] W. Brawn, “A physical mobile radio channel model,” JEEE Trans. Veh. Technol.,
vol. 40, pp. 472-482, May 1991.

[52] M. Schwartz, W. Bennett and S. Stein, “Communications Systems and Tech-
niques,” McGraw-Hill, 1966.

[53] W. Lee, “Mobile Communication Engineering”, McGraw-Hill, 1982.

[54] W. Lee, “Mobile Communication Design Fundamentals”, John Wiley & Sons,
Inc., 1993.

[55] J. Bird and E. Felstead, “Antijam performance of fast frequency-hopped M-ary
NCFSK an overview,” IEEE J. Select. Areas Commaun., vol.SAC-4, pp. 216-233,
March 1986.

[56] B. Levitt, “Use of diversity to improve FH/MFSK petformance in worst case
partial band noise and multitone jamming,” inProc. [EEE Milcom, pp 28.2.1-
28.2.5, 1982.

[57] R. Robertson and K. Lee, “Performance of fast frequency-hopped MFSK re-

ceivers with linear and self-normalization combining in a Rician fading channel

169



158]

[59]

[60]

[61]

[62]

(63]

[64]

with parial-band interference,” IEEE J. Select. Areas Commun., vol. SAC-10,
pp. 731-741, May 1992.

R. Robertson and T. Ha, “Error probabilities of fast frequency-hopped FSK with
self-normalization combining in a fading channel with partial-band interference,”

IEEE J. Select. Areas Commun., vol. Sac-10, pp. 714-723, May 1992.

R. Robertson and T. Ha, “Error probabilities of fast frequency-hopped MFSK
with noise-normalization combining in a fading channel with partial-band inter-

ference,” IEEE Trans. on Commun., vol. COM-40, pp. 404-412, Feb. 1992.

C. Keller and M. Pursley, “Diversity combining for channels with fading and
partial-band interference,” IEEE J. Select. Areas Commun., vol. SAC-5, pp.
248-260, Feb. 1987.

C. Keller and M. Pursley, “Frequency spacing in MFSK frequency-hopped spread
spectrum communications over selective fading channels,” in Proc. 17th Conf.
Inform. Sci. Syst., Johns Hopkins Univ., Baltimore, MD, pp. 749-754, Mar.
1983. '

P. Hahn, “Theoretical diversity improvement in multiple frequency shift keying,”

IRE Trans. on Commun. Systems, vol. 50 , pp. 177-184, June 1962.

I. Gradshteyn and I Ryzhik, “Table of integrals, Series, and Products,” Aca-
demic Press, Inc., 1980.

J. Proakis, “Probabilities of error for adaptive reception of M-phase signals,”

IEEE Trans. on Commun., vol. COM-16, pp. 71-81, Feb. 1968.

170



[65]

[66]

[67]

[68]

[69)

[70)

(71

[72]

A. Papoulis, “Probability, random variables, and stochastic processes,” McGraw-

Hill, New York, 1991.

M. Simon and A. Polydoros “Coherent detection of frequency-hopped quadrature
modulation in the presence of jamming-Part I: QPSK and QASK modulations,”

IEEE Trans. on Commun, vol. COM-29, pp. 1644-166( , Nov. 1981.

M. Simon, “Coherent detection of frequency-hopped quadrature modulation in
the presence of jamming-Part II: QPR Class I modulation,” /EEE Trans. on
Commun, vol. COM-29, pp. 1661-1668 , Nov. 1981.

Q. Cherubini and L. Milstein “Analysis of tracking loop of phase-coherent fre-

quency hopped spread spectrum system,” in Proc. IEEE MILCOM, pp 31.3.1-
31.3.5, 1986.

G. Cherubini and L. Milstein, “Performance analysis of both hybrid and fre-
quency hopped phase-coherent spread spectrum systems- Part 1,” JEEE Trans.
Commun., vol. COM-37, pp. 600-611, June. 1989.

G. Cherubini and L. Milstein, “Performance analysis of both hybrid and fre-
quency hopped phase-coherent spread spectrum systems— Part I1,” JEEE Trans.
Commun., vol. COM-37, pp. 612-622, June. 1989.

C. Su and L. Milstein, “Comparison of joint phase/timing tracking loops for
coherent frequency-hopped spread spectrum receiver,” In Proc. IEEE Globecom.,

pp. 17.3.1-17.3.5, Nov.1988.

C. Su and L. Milstein, “Analysis of & coherent frequency-hopped spread spectrum
receiver in the presence of jamming,” IEEE Trans. Commun., vol. COM-38, pp.
715-726, May 1990.

171



[73] C. Su and L. Milstein, “Channel equalization and performance analysis of a co-
herent frequency hopped spread spectrum system,” IEEE J. Select. Areas Com-
mun., vol.SAC-7, pp. 548-560, May 1989.

(74] G. Cherubini and W. Stark, “Capacity of coherent frequency-hop spread spec-
trum communications”, in Proc. ICC-93, pp. 458 - 462, May 1993.

172





