National Library
of Canada

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent wupon the
quality of the original thesis
submitted  for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocspy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, ¢. C-30, and
subsequent amendments.

i+1

Canada

395, rue Wellington
Ottawa (Ontario)

Your hle  Volre rétérence

Qur e Motre reférence

AVIS

La qualité de cette microforme
dépend graindement de la qualité
de la thése soumise au
microfiimage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec ['université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont ete
dactylographiées a Vaide d’un
ruban usé ou si I'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



Par'tially Coherent Detection of
PSK Signals in Rician Channels

by

-

Yagar Tunca, B.A.Sc.

A thesis submitted to the
School of Graduate Studies and Research
in partial fu'filment of the requirements

for the degree

Master of Applied Science

Ottawa-Carleton Institute for Electrical Engineering
Department of Electrical Engineering
Faculty of Engineering
Uriversity of Qttawa

Yasar Tunca, Ottawa, Canada, 1992



National Library
of Canada

Acquisitions and

Bibliotheque nationale
du Canada

Direction aes acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A QN4 K14 ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute oi sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Ottawa (Ontario}

Your e Votre référence

Our fite  Nolre rélérence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
these. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-85799-4

i+

Canada



@ UNIVERSITE DOTTAWA
U] [JNIVERSITY OF OTTAWA



Abstract

Coherent detection which has the best performance in ideal channels suffers in
environments where there is significant phase noise (e.g. fading channels). In this
thesis, we developed channel models for noisy phase reference and Rician fading
channels and assuming that partially coherent detection could be an alternative,
we derived metric expressions for partially coherent detection of signals in general
and applied it to PSK signals, Simulation programs were run using the developed
channel models and the results were compared to other detection schemes under same

conditions.



I hereby declare that I 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.

Yagar Tunca

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.

Yagar Tunca



Acknowledgement

I would like to thank Dimitrios Makrakis for our lengthy discussions and scientific
interactions that lead to a successful choice of thesis topic and helped to carry on a
valuable and enjoyable research work. I would like to thank my supervisor Dr.Abbas
Yongacoglu for providing financial support for some duration of my studies. I am
grateful to my family, the School of Graduate Studies, especially to Ms. Colette Man-
gin, for their financial aid and Dr. W. Steenaart for having me as a research assistaznt
which made my survival, thus my graduation possible. I would also like to thank the
professors and friends for their encouragement and Dr. Jean-Yves Chouinard and Dr.

Jim Wight for reading the thesis and for their valuable suggestions.

111



Contents

Acronyms X
Nomenclature X1 _
1 INTRODUCTION 1
1.1 Problem Statement . . . . . ... ... ... ... ... . ... . .. 1
1.2 Literature Review . . . ... .. ... .............. ... 3
1.3 Thesis Organization . .. ........................ 6
2 CHANNEL MODEL
2.1 AWGN Channel with a Noisy Phase Reference . . . .. ... ... ..
2.2 Rician Channel Model . . ... .. ... ... ... .......... 16
2.3 Rician Channel With Noisy Phase Reference . . ... ...... .. 17
24 Conclusions . . ... ... ... 19
3 DETECTION OF PSK SIGNALS 21
3.1 Descriptionof PSK Signals . . . ... .. ................ 21
311 BPSK ............ e e e e e e e e 22
312 QPSK ........... e e e 23
3.2 Coherent Detection of PSK Signals . . ... .............. 24
3.2.1 Performance of PSK Signals in AWGN Channels With a Noisy
Phase Reference . . ... ... ................. 27

v



3.22 Performance of PSK Signals in Rician Channels with Noisy

Phase Reference . . . . . . . .. ... .. .. .. ... ... .. 33

3.3 Conventional Differential Detection . . . ... ............. M
3.3.1 Performance of DPSK Signals in AWGN Channels. . . . . . . 39
3.3.2 Performance of DPSK Signals in Slowly Varying Rician Channels 42

3.4 Multidifferential Detection . . . .. . ... ... . ... ... ...... 44

3.4.1 Performance of Multidifferential PSK Signals in AWGN Channels 47
3.4.2 Performance of Multidifferential Detection of PSK Signals in

Slowly Varying Rician Channels . . . . .. ... ........ 50
35 Conclusion. . .. ... ... .. ... 53
4 PARTIALLY COHERENT DETECTION 54
4.1 Derivation of the Metric Expressions . . . ............... 54

4.2 Performance of Partially Coherent Detection in AWGN Channels With
a Noisy Phaese Reference . . . . .. ... ... ... .......... 68

4.3 Performance of Partially Coherent Detection in Slowly Varying Rician
Channels . . .. . ... ... . 74
44 Conclusion. . . . . ... ... 86

5 CONCLUSIONS AND SUGGESTIONS

FOR FURTHER RESEARCH 87
Bibliography 89



List of Figures

21
2.2
2.3
24
2.5
2.6

2.7
2.8

2.9

3.1
3.2
3.3
3.4
3.5
3.6

Basic configuration of a phase-locked loop. . . . . ... ........ 10
Basic PLLanditsmodel.. . . ... .. ... .. ... ... . .. . .. 11
Linearmodel of PLL. . . . . . . .. .. .. ... . ... .. .. .. .. 12
Model of PLL with AWGN. . .., .. .. ... . ..., .. ... .. 12
Model of AWGN channel with noisy phase reference. . . ... .. .. 13
Exact and asymptotic (Tikhonov) pdf of phase of a vector perturbed

by zero-mean Gaussian noise. (a) SNR=0 dB. (b) SNR=3 dB. ()
SNR=6dB. . ..... ... .. ... .. ... ... 15

Model 1 for the Rician channel and the demcdulation process (perfect

phase tracking). . . ... ..., ..., ... ... ... . ... ... . 18
Model 2 for the Rician channel and the demodulation Frocess (noisy

phase reference). . ... ... ... ... ... ... ... ... 18
Block diagram of a BPSK transmitter. . ... ............. 22
Signal constellations of QPSK. . . . .. ... ... ..... .. .. . . 23
Block diagram of coherent matched filter BPSK receiver. . . . . . . . 24
The integrate and dump filter and its impulse response. . . . . . . . . 25
Block diagram of a matched filter QPSK receiver. . . . . ... .. .. 26
The BER performance curves for CBPSK, CQPSK and DECBPSK,

DECQPSK. . ... . . 28



3.7

3.8

3.9

3.10

3.11
3.12

3.14

3.15

3.16

3.17

3.18

3.19

3.20

4.1
4.2

BER performance of coherent BPSK in AWGN channels with a noisy
phasereference. . . . . . . ... . ... ... L.
BER performance of QPSK in AWGN channels with a noisy phase
reference. . . . . ... ...,
BER performance of coherent BPSK in Rician channels with a noisy
phase reference for K =5, 10and ¢=15dB. . . .. .. ... ... ..
BER performance of coherent QPSK in Rician channels with a noisy
phase reference for K =4,6,8,10and { =10and 15dB. . . ... ..
Block diagram of a DBPSK receiver.

DQPSK receivers for signal constellations in Fig. 3.2 (z) and (b) re-

..................

spectively, . . . . .. L L.

BER performance of DBPSK, CBPSK and DECBPSK in AWGN chan-
nels. . ... e
BER performance of DQPSK, CQPSK and DECQPSK in AWGN
chanmels. . . . .. ... . L
BER performance of DBPSK in slowly varying Rician channpels. . . .
BER performance of DQPSK in slowly varying Rician channels. . .

BER performance of 142 differential detection of BPSK in AWGN
chamnmels. . . . .. ... L.
BER performance of 142 differential detection of QPSK in AWGN
chanmels. . . . .. ... L
BER performance of 1-+2 differentia’ detection of BPSK in Rician chan-
nels. . ..
BER performance of 142 differential detection of QPSK in Rician

chanmels. . . . . . . . ..

Block diagram of the transmitter

.....................

Block diagram of partially coherent PSK receiver based on the metric
expression in Eq. (4.54).

VII

31

32

38



4.3

44

4.5

46

4.7

4.8

4.9

4.10

4.11

4.12

Trellis diagram used in the simulations for partially coherent detection
of BPSK. . . ... ..
Trellis diagram used in the simulations for partially coherent detection
of QPSK. . . .
BER performance of partially coberent detection of BPSK in AWGN
channels with a noisy phase reference for loop SNR £ = 10dB and
BT =001 ...... ... ..
BER performai:ce of partially coherent detection of QPSK in AWGN
channels with a noisy phase referencé for loop SNR ¢ = 15dB and
BT =001. .. ... ... ..
BER performances of coherent and partially coherent detection of
BPSK in Rician changels using Model 1 (M.1) and Model 2 (M.2)
of Section 2.3, for K = 6dB, loop SNR ¢ = 15dB and BT = 0.01.

BER performances of coherent and partially coherent detection of
QPSK in Rician channels using Model 1 (M.1) and Model 2 (M.2)
of Section 2.3, for K = 6dB, loop SNR ¢ = 15dB and BT = 0.01.

BER performance of partially coherent detection of BPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 6dB, loop SNR.
§=10dBand BT =001 ................... ... ..
BER performance of partially coherent detection of BPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 6dB, loop SNR
§=15dBand BT'=0.01. ........................
BER performance of partially coherent detection of BPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 10dB, loop SNR
£=10dBand BT =001. ........ ... ... .. ... . ...
BER performance of partially cohereht detection of BPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 10dB, loop SNR
§=16dBand BT =0.01. . .................. .. ....

VI

69

70

72

73

75

76

78

79

80



4.13 BER performance of partially coherent detection of QPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 6dB, loop SNR
§=10dBand BT =001. ... ... .......... . 0......

4.14 BER performance of partially coherent detection of QPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 6dB, loop SNR
£=15dBand BT =0.01. . ... ... ... 0.0\,

4.15 BER performance of partially coherent detection of QPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 10dB, loop SNR
¢ = 10dB and BT = 0.01.

4.16 BER performance of partially coherent detection of QPSK in Rician
channels using Model 2 (M.2) of Section 2.3, for K = 10dB, loop SNR
£ = 15dB and BT = 0.01.

........................

........................

IX

82

83

84



Acronyms

AWGN
BER
BPSK
CBPSK
CPM
CQPSK
DBPSK
DECBPSK
DECQPSK
DMSK
DOQPSK
DQPSK
FDMA
FEC

FSK
GMSK
LOS
MDPSK
OKQPSK
pdf

PLL

PSK
QAM
QPSK
SNR
TDMA
vCO

Additive White Gaussian Noise

Bit Error Rate

Binary Phase Shift Keying

Coherent BPSK

Continuous Phase Modulation
Coherent QPSK

Differentially Detected BPSK
Differentially Encoded Coherent BPSK
Differentially Encoded Coherent QPSK
Differentially Detected Minimum Shift Keying
Differentially Detected Offset QPSK
Differentially Detected QPSK
Frequency Division Multiple Access
Forward Error Correction

Frequency Shift Keying

Gaussian Minimum Shift Keying
Line-of-Sight

M-ary Differential Phase Shift Keying
Offset Xeyed QPSK

Probability Density Function
Phase-Locked Loop

Phase Shift Keying

Quadrature Amplitude Modulation
Quarternary Phase Shift Keying
Signal to Noise Ratio

Time Division Multiple Access

Voltage Controlled Oscillator



Nomenclature

Constant fading amplitude

Fading amplitude of the received signal

Fading bandwidth or 3dB bandwidth of a loop filter

Binary information sequence

Sequence of symbols after signal mapping and differential encoding
Samples of possible signals that could be sent by the transmitter
Signal power of the diffuse component

Average power of either components of filtered complex Gaussian process
Signal energy per bit to noise spectral density ratio

Signal energy per bit in the presence of fading

Bit energy iu the absence of fading

Channel response

Baseband equivalent of channel response

Overall baseband impulse response of the transmitter and the channel
Function defined as INT(zp(C(A),t)) = L [ |z5(C(A), T)|%dr
Function defined as

IRE(z.(t),25(C(A),1)) = [;¥ z (t)e T ettPz(C(A), t)dt

k* order modified Bessel function of the first kind

K-factor (Rice factor): Direct component power to diffuse

component power ratio

Samples of inphase and quadrature components of a Gaussian process
Samples of complex Gaussian process

Probability density function

Signal power

Probability of bit error

Probability of symbol error

Q function



p(¢)

{9

—

D
3

N

v

T A

O =~ o

Generalized Q function (Marcum Q function)

Samples of complex baseband signal at the output of the channel
Signal power of direct component

Demodulated signal at the receiver

Demodulated signal after the filtering of multiple frequencies of

the carrier

Symbol duration

Bit duration

Baseband equivalent of the channel response to the transmitted signal
Samples of complex baseband equivalent of symbols entering the channel
Signal at the input of a partially coherent receiver

Transmitter output

Complex baseband representation of transmitter output

Samples of received signal

Angular carrier frequency

Phase error

Initial phase of the modulator

Estimate of the initial phase of the modulator

Correlation loss due to phase error ¢

Variance of inphase and quadrature components of a complex Gaussian
process

Arbitrary phase of the carrier

Differential information phases

Estimate of carrier phase

(Effective) signal to noise ratio at the output of the carrier recovery
circuit

Nominal loop signal to noise ratio

Information phases

Total gain of the phase-locked loop

The gain of the voltage controlled oscillator

The gain of the phase detector

Inner product of two vectors

Inphase component of -

Quadrature component -

Convolution operator

XII



Chapter 1
INTRODUCTION

1.1 Problem Statement

Coherent and noncoherent detection are the two major detection techniques which
are widely employed in digital communication systems. Coherent detection assumes
that the carrier phase can be estimated precisely at the receiver and is based on the
demodulation of the received bandpass signal by locally generating a synchronous
replica of the carrier. If the phase coherence requirement is relaxed, one can use
differential detection, where rather than an absolute phase reference, an incremental
phase difference between two successive symbols is sufficient. Differential detection is
often classified as noncoherent detection. In the strict sense in noncoherent detection
(e.g., envelope detection), it is assumed that no estimate of the phase of the carrier
is available at the receiver and no attempt is made to estimate it.

Coherent detection has the best probability of error performance in Additive
White Gaussian Noise (AWGN) channels under the assumptiou of perfect carrier
estimation (i.e. frequency and phase). In environments where significant phase noise
is introduced into the system or in mobile communication channels which is charac-
terized by fading and Doppler shifts, the performance of this detection technique not
only can degrade severely but also can sit on some high error floors. Furthermore, in
burst communication systems (e.g. Time Division Multiple Access (TDMA)) where

fast acquisition is required, this technique can become unsuitable due to increased



overhead needed for carrier recovery.

In digital communication systems, irrespective of the modulation scheme, non-
coherent detection is always inferior to the coherent detection in AWGN channels
if perfect carrier recovery is assumed. This is expected since in coherent detection
systems, there is a deterministic knowledge of the carrier signal which is not available
in noncoherent detection systems (cf. [1, p.485]). The most important factor that
makes noncoherent detection attractive is its simplicity whether it is discriminator,
envelope or differential detection. Furthermore, since in an increasing number of im-
portant applications the AWGN channel provides an entirely inappropriate model
of the propagation environment [2], in some cases noncoherent detection can per-
form better than coherent detection, e.g. in fading channels [3]. Finally, having a
short acquisition time makes noncoherent detection techniques more advantageous
over coherent detection for burst communication systems.

Considerable research has been going on to improve both detection techniques to
minimize the effects that are considered to be drawbacks. Very briefly, they range
from utilizing special signal constellation sets to employing adaptive techniques [4]-[6].
They will be reviewed in more detail in the following section.

Our objective in this work was to design a new receiver structure that would be
a kind of combination of both techniques. The main idea here was that although the
estimate of the carrier phase in coherent detection in many environments may not
be accurate, it may still provide some knowledge which can be made use of in the
detection process. Instead of considering the worst case (as is done in noncoherent
detection where it is assumed that the carrier phase is randomly changing and has
a uniform probability density function), we took into consideration the phase error
density function of the carrier recovery circuit (in our case, we assume use of PLL’s
for the carrier recovery due to their popularity) and came up with some metric expres-
sions. In time dispersive channels, using the metric expressions in detection process
gave encouraging results {7]. Applying the metric expressions to Phase Shift Keying

(PSK) signals resulted in an expression that is made up of a2 combination of differen-



tial terms and a coherent term which will be presented and interpreted in Chapter 4.
But the application of the whole expression would increase the complexity and the
processing time of the receiver considerably. So we decided to truncate the metric
expression and apply it to slow fading Rician Channels employing Viterbi Decoding.
The resulting receiver structure is more complex than a receiver which employs only
a coherent detector or a differential detector. However, the proposed receiver is much
simpler than an optimal receiver. The performance of the receiver is evaluated using
Monte Carlo simulations. The simulation results for uncoded BPSK and QPSK for
different values of signal to noise ratio at the output of the PLL and for different
values of direct-to-multipath signal power ratio (Rice factor) will also be presented in
Chapter 4.

1.2 Literature Review

It is well known that in many applications, the channel can be reasonably accurately
modeled as a Rician fading channel. In [8], Bello identifies five propagation channels
and characterizes the links as 1) air-air, 2) air-ground 3) air-space 4) ground-space
and 5) ground-air. He states that the channel of major importance in satellite-based
air traffic control systems is the surface scatter channel (“the collection of radio paths
between a transmitter and receiver, which exists solely due to the intervention of the
earth’s surface, plus a distortion-free “direct path” between transmitter and receiver”)
and shows that it can be modeled as a Rician fading channel. In [9], Davarian
explains that the presence of a strong and stable path in a fading link will chauge
the envelope statistics of the received waveform from Rayleigh to a more favorable
Rician distribution in satellite-to-ground mobile channels. In a number of papers,
various autocorrelation functions for the fading processes have been assumed and. the
spectrum of the processes have been derived. A summary of these autocorrelation
functions is given in [10} by Mason. A statistical model for a land mobile satellite link

in a rural environment is derived and described in {11] and statistical parameters for



a mobile radio channel is measured and presented in [12]. It is also shown in [10]-[12]
that Rician fading channel is a reasonably accurate model for these channels.

For modulation and detection techniques in fading environments, Davarian in 3]
examines and discusses different modulation and detection techniques for an aero-
nautical mobile satellite channel. He considers PSK, GMSK, and QAM as candidates
and gives the power vs. standard deviation of carrier phase jitter for these signals.
He, as well, discusses coding and interleaving for these channels.

The combination of trellis coding and MPSK signaling is discussed for mobile
satellite channels in [4] where only the effect of fading on the amplitude of the signal
is considered. It is shown that an asymmetric signal constellation, when used with
trellis coded systems, improves the performance. They also give the performance of
this new signal constellation when interleaving is used and channel state information
is available at the receiver. The same authors in [13] compare the. coherent and
differential detection of MPSK under the same conditions and for the same channel,
except that this time they consider the effect of fading on the phase of the signals,
derive some upper bounds from pairwise error probabilities and provide also their
curves together with some simulation results. Wilson et al, in [14] deal with DPSK
performance on L-band aeronautical satellite channels and give test and simulation
results and then investigate error burst characteristics of the channel. Also, the
performance of diffuse convolutional codes are evaluated by simulation.

In [15], error rate performances of MDPSK systems are obtained analytically for
L-band satellite/aircraft channel for low baud rates considering time selectivity caused
by the Doppler Rayleigh interference and the diffuse/specular composite interference.
Also, symbol error rate expressions are derived for three kinds of space diversity
reception. The performance of coherent and differential PSK systems are compared.

In 2], the performance of short constraint length convolutional codes used with
BPSK modulation is given for slow-fading and time-varying Rician channels as well

as for uncoded systems. Also, upper bound expressions for error performances are
derived.



Lodge et al. {16] compare DMSK, DOQPSK and coherently detected BPSK with
tone-in-band processing for land mobile satellite channels by running computer sim-
ulation programs. Miyagaki et al. [17], this time derives double symbol error rates
for M-ary DPSK in a satellite-aircraft multipath channel. In [18], analytical per-
formance bounds are derived for trellis coded PSK signals for Rayleigh, Rician and
shadowed Rician channels and compared with simulation results. Korn [19] derives
error probability expressions for M-ary DPSK and M-ary FSK with limiter discrimi-
nator detection in Rician, Rayleigh and Gaussian channels for various values of fading
bandwidth symbol duration products. Loo, based on his model of shadowed Rician
channel {11], derives analytical expressions for bit error probabilities of noncoherent
FSK, CPSK and calculates irreducible probability of bit error for CPSK due to phase
variations and fading [20].

The phase error probability density function (pdf) which we employ in the deriva-
tion of our metric expressions is originally obtained for Phase Locked Loops (PLL’s)
by observing that the pdf of the phase error is satisfying the Fokker-Planck differen-
tial equation [21]. From the literature it was interesting to see that PLL’s still find
many applications in modern digital transmission systems. Our main interest here is
their application in coherent detection systems. Phase comparator is an important
component in PLL’s. Because of their easy implementation in analog circuitry, sinu-
soidal phase detectors are preferred. But efforts to improve acquisition performance
of PLL and other applications of PLL, e.g. clock recovery, led to the use of sawtooth
phase comparators. Oberst [22] investigates a generalized phase comparator which
he calls a “phase-and-frequency comparator”, gives several circuit implementations
and shows that pull-in range is greatly increased without altering the performance of
the loop in filtering mode. The complexity of this comparator is similar to that of a
sawtooth phase comparator. Saito and Suzuki [23] propose a novel carrier recovery
circuit for coherent detection to be used in digital land mobile radio trausmission
which has two modes of operations and the circuit selects one of two operation modes

according to the fading environment: Costas loop mode or adaptive carrier tracking



mode. They give the experimental results for GMSK and QPSK to demonstrate how
this fast carrier tracking coherent detection technique improves the performance of
coherent detection.

In literature it is possible to meet with the term “partially coherent detection” at
several different books and papers. Viterbi [24], Van Trees [25] and Spilker [26] all
use the term in the sense that perfect carrier phase cannot be obtained due to phase
error in the system. Aulin and Sundberg refer to partially coherent detection as the
weighted combination of optimum metrics for coherent and noncoherent detectors in
(27], which in our work we deal with in a similar manner, where they applied it to
CPM signals. Another version of partially coherent detection can be found in (28].
Here, Harold and Kingsbury again applied it to CPM signals but instead of using
a PLL to track the phase of the carrier, by assuming only that the carrier phase is
constant over a few svmbol intervals, they incorporate phase estimation within the

Viterbi Algorithm by processing a sequence of symbols.

1.3 Thesis Organization

In Chapter 2, the channel models considered in this thesis are introduced. These are
AWGN channel with a noisy phase reference, Rician channel and Rician channel with
a noisy phase reference. All the assumptions made in these models are explained.

In Chapter 3, after a description of PSK signals (BPSK and QPSK), their coherent,
differential and multi-differential detection is explained. Analytical expressions for
their performance in AWGN channels and Rician channels are given and bit error
rate performance curves obtained by simulations are plotted and compared with the
ones given in literature.

In Chapter 4, the description of partially coherent detection is given. Metric ex-
pressions are derived and applied to PSK signals. V/e derive the metric expressions
both for ideal and distorted (time dispersive) channels. Then, considering the com-

plexity of the expression for PSK signals, it is simplified by examining the expression



under two cases: high % and low % An interpretation of these metric expressions
are given. The metric expression for the case of high % is truncated under certain
assumptions and simulated using a Monte Carlo technique. The BER performance of
partially coherent detection of uncoded BPSK and QPSK signals obtained through
these simulations are presented for different signal to noise ratios of carrier recovery
loop and direct component power to diffuse component power ratios. Comparison
with coherent and differential detection performances under same circumstances us-
ing the models introduced in Chapter 2 are also provided. The results obtained are
interpreted.

Chapter 5 concludes the results of this work and suggestions for future research

are listed.



Chapter 2
CHANNEL MODEL

In this chapter, channel models which incorporate some of the imperfections are
presented. The models are based ou three considerations. The first one is the case
where the channel is an AWGN channel and the phase reference used is noisy. The
second one is for slowly varying Rician fading channels where the phase variations
due to fading can be tracked by the carrier recovery circuit and the AWGN noise
introduces no phase noise on the carrier. Finally, the third one is the same as the
second model but this time there is phase noise due to AWGN.

Contrary to classical textbook treatment, all coherent systems suffer from some
phase jitter. This is due to the conflicting requirements of the circuits used in extract-
ing the coherent carrier reference. For example, the use of PLL’s are Very common
in commuuaication systems employing coherent detection. One of the important com-
ponents of the PLL is the loop filter. The conflicting requirement on the design of
the loop filter is that for rapid acquisition and large pull-in range, PLL should have
a wideband, high gain characteristic. On the other hand, it is required that the local
reference signal be shielded from noise and phase jitter on the input signal and this
can be achieved by a low-gain narrowband filter. So in AWGN channels, in practice,
some phase jitter in the reference signal is inevitable. Even if the rap.d acquisition and
large pull-in range were not a requirement, in mobile communications, the bandwidth

of the loop filter would have to be wide enough to track the doppler shift in frequency



anyway. To get a more realistic evaluation of the performance of these systems, we
have to consider this phase jitter. The first and third models were built considering
this fact. Furthermore, especially in mobile communication systems where there is a
line-of-sight (LOS) component, the channel has the characteristics of a Rician fading

channel. Our second and third model were built to realize the fading characteristics
of this channel.

2.1 AWGN Channel with a Noisy Phase Refer-
ence

In coherent communication systems, it is very important to accurately estimate the
phase of the carrier, so that the incoming signal at the receiver can be demodulated by
generating a replica of the carrier that was used to modulate an information bearing
signal. One way of achieving this is by employing a PLL and this is what we assume
being used!. Although there are analog, analog-digital (hybrid), discrete and digital
PLLs, we base our analysis on the theory of analog PLL’s. To have a better insight
to the models and to see how well they represent the real practical situation, it is
necessary at this point to have a brief look at how PLLs function.

The basic structure of analog PLL is given in Fig. 2.1. Phase detector compares
the phase of the incoming signal with the phase of the signal at the output of the
VCO. The output frequency of the VCO changes in a direction so as to reduce the
phase difference of the incoming signal and the reference signal. Phase detector
characteristics can be sinusoidal, triangular or sawtooth. Since it is the most common
one, sinusoidal one will be considered here. In this case, the phase comparator is
simply a multiplier. The PLL is said to be locked when the frequency of the VCO
is exactly equal to the average frequency of the incoming signal. Basic PLL and its
model is given in Fig. 2.2. In the model, additive noise is neglected. T = I';v/A
represents the total gain, i.e. gain of VCO ard phase detector. The analysis of the

1This is not the only application of 2 PLL. In addition to demodulation, it is employed for
synchronization, tracking and ranging. But our main interest is in its application in demodulation.
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Figure 2.1: Basic configuration of a phase-locked loop.

PLL is considerably simplified if (¢} is small. Then, since sin(e(t)) = ¢(t) for small
€(t), the sinusoidal nonlinearity is removed from the model. The new model is as
shown in Fig. 2.3. This model gives the opportunity to analyze the PLL without
much additional difficulty when the noise is present, since the Gaussian noise process
is independent of the incoming signal and the system is linear.

Nonlinear model of a PLL when additive white Gaussian noise is considered is as
shown in Fig. 2.4. Probability density function of the phase error satisfies the Fokker-
Planck differential equation and the solution derived by Fokker-Planck techniques is

given in {24] (which is well known to be Tikhonov density) as

__exp(€cos ¢)
p(¢) - 27“7-0 (f)

where £ = ?‘% is the signal to noise ratio (SNR) at the output of the PLL and I(-)

(2.1)

is the modified Bessel function of order zero. For large SNR, using the approximation

. exp(§)
IO(E) ~ \/2?6 1 (2‘2)

utilizing the identity cos¢ = 1 — 28in2% and recognizing that ¢ is small at large
SNRs, an approximate expression for the pdf of ¢ can be found as

_es2
. &P

p(¢) = =
VE

10

§>1 (2.3)
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Figure 2.2: Basic PLL and its model.
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Figure 2.3: Linear model of PLL.
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Figure 2.4: Model of PLL with AWGN.
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which is a Gaussian pdf.
Our model for AWGN channel with phase error taken into account is shown in
Fig. 2.5 with

1+n

T = Th + I (2.4)
n, = ni + jnd (2.5)
T, = T"{: + JTkQ (2 6)
= 'y + jn'g (2.7)
and
Tk = Ty + I (2.8)

z{ and zZ are the samples of the in-phase and quadrature components of the baseband
equivalent of the transmitted signal, n] and nf are the samples of the in-phase and
quadrature components of the baseband equivalent of the bandpass Gaussian noise,
ri and r? are the samples of the in-phase and quadrature components of the baseband
equivalent of the received signal and finally the multiplication with (1 + nf) is to im-

plement the phase error introduced by imperfect estimation of the phase of the carrier

13



where 7/f and n’f are the samples of the in-phase and quadrature components of
narrowband Gaussian process. It has been shown in [29] (see Appendix I of |29]) that
the pdf of the phase of a two dimensional vector X = A+ Nz + JNr which represents

a real constant A perturbed by a complex Gaussian process is asymptotically:

: (A% exp(%) cos(u)]
0121210 Py(u; ?) = 271'-[0(%; (2.9)

where o2 is the variance of Gaussian random variables Ng, N; and v is the phase of the
vector X. The exact density function compared with the Tikhonov density function
for SNR = 0,3 and 6 dB are plotted in Fig. 1 of [29] as shown in Fig. 2.6. From
the figures it can be observed that as SNR gets larger, the phase density function
gets closer to Tikhonov pdf. For SNR = 6 dB, it is a very good approximation. So,
we can conclude that the phase error at the PLL can accurately be implemented by
multiplying the signal by (1 + n's + jn'2) for SNR > 5 dB because this phase error
will be reflected to the filtered received signal during demodulation process (since the
signal will be multiplied by the estimate of the “carrier”), Another approach to verify
the model is to show that the phase of (1 + n'j, + jn') is Gaussian for high SNR.

Since
n,E n’kQ 1Q
an(¢) 1+nf 7 1 Tk (2.10)

and at high SNR ¢ is small, then tan(@) = ¢; and this shows that the density function
of the phase of the vector is Gaussian. Nevertheless, from the model of the PLL with
AWGN (Fig. 2.4), for the SNRs that are of interest to us the sin(-) nonlinearity
can be removed and the PLL can be viewed as a bandpass filter. In fact, for carrier
recovery circuits in general, a bandpass filter is needed and in many applications a
PLL is used as a bandpass filter (cf. [27, p. 411]). So, the model described above can

be quite an accurate one for phase noise in many carrier recovery circuits,
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Figure 2.6: Exact and asymptotic (Tikhonov) pdf of phase of a vector perturbed by
zero-mean Gaussian noise. (a) SNR=0 dB. (b) SNR=3 dB. (c) SNR=6 dB. [29)
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2.2 Rician Channel Model

A major source of fading in communication systems is due to multiple transmission
paths. If the received multipath signal is made up of numerous reflected components,
it is noiselike and is called diffuse; if it is made up of one or two strong reflected rays,
it is called specular. If the latter one is not reflected, it is called line-of-sight (LOS)
or direct component. If the received signal is composed of a specular and a diffuse
component, the envelope of the received signal is Rician distributed and it is called
a Ricien fading channel. If a specular component does not exist or is very weak
compared to the diffuse component, the signal envelope has Rayleigh distribution
and thus a Rayleigh fading chennel. So, Rayleigh channel is a special case of Rician
channel where the specular component is absent.

There are different measures that define the characteristics of a fading channel.
Especially in mobile communications, due to the constantly changing environment,
the signals that arrive via multiple paths at the receiving antenna are displaced in time
and space (cf. [28, p. 18]). This will have an effect of lengthening the time alloted
to discrete portion of the signal information and can cause signal smearing which is
called delay spread. Furthermore, the arrival of two closely spaced frequencies with
different time-delay spreads can make the statistical properties of the two multipath
signals to be weakly correlated. The maximum frequency difference between frequen-
cies having a strong potential for correlation is called coherence bandwidth [30]. 1If
the signal bandwidth is much smaller than coherence bandwidth, then the fading is
called frequency nonselective. Frequency nonselective fading appears as multiplica-
tive distortion of the transmitted signal [31]. Then the diffuse component can be
represented as the product of a complex zero-mean Gaussian process and the original
transmitted signal component {2]. With the help of the information given above, the
frequency nonselective Rician channel can be modeled as shown in Fig. 2.7. In this

figure, nf = n"'{ + jn"T with n"} and n" < being the in-phase and quadrature compo-

. . . 2
nents of a complex Gaussian process having variances o7 = a”zg = ¢"* and n, and
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Figure 2.7: Complex baseband equivalent model of Rician Channels.

r;, are as defined in Eq. (2.5) and Eq. (2.6) respectively. The nature and strength
of fading is determined by K-factor (Rice factor} which ic the ratio of the power of

direct component to the diffuse component, i.e.

1
=3

(2.11)

where direct component power is assumed to be 1. Both n”;(¢} and n”g(t) are ob-
tained by passing two independent Gaussian processes with one-sided power spec-
tral densities Ny through Butterworth lowpass filters with one sided equivalent noise

bandwidths of B. Then, the average powers of n";(t) and n”¢(¢t) are both

¢ = NyB. (2.12)

Fading amplitude a(t) = \/ (1 +n";(2))2 4+ (n”o(t))? is Rician with pdf:

P(a) = = exp(—agz‘; 1)10(%) . (2.13)

A similar model is also given in [32].

2.3 Rician Channel With Noisy Phase Reference

Since noisy phase reference has an impact during the demodulation process, the

channel model is same as shown in Fig. 2.7 and explained in the previous section.
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We have two different models for the demodulation process. The models are shown

in Figs. 2.8 and 2.9. In Model 1, it is assumed that the loop filter has such a narrow

1-;-[1_k n, (1+r_1_k)

Figure 2.8: Model 1 for the Rician channel and the demodulation process (perfect
phase tracking).

_

Figure 2.9: Model 2 for the Rician channel and the demodulation process (noisy
phase reference).

bandwidth that there is no phase error due to the Gaussian noise that has entered
the system. In other words, the loop filter lets in no Gaussian noise and the estimate
of the phase is perfect if fading is neglected. On the other hand, it is assumed that
the loop filter bandwidth is wide enough to track the phase changes caused by fading

perfectly. So, there is no phase error imposed on the system either due to Gaussian
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noise or due to fading. The only distortion in the carrier is the amplitude fluctuations
imposed by fading. This is the model assumed by many authors and is not realistic.

In the second model, we assume that the Gaussian noise that passes through the
narrow bandwidth of the loop filter causes a phase error in the estimation of the
carrier phase but the loop bandwidth is wide enough to track the changes in phase
due to fading. At this point, we should mention that we are neglecting the cross
product terms between the fading and the conjugate of the Gaussian process causing
the phase error since both are small compared to the signal level. Also, it should
be noticed that taking the conjugate of n} + jng does not change the statistics of
the process. At this point, we should define the SNR £ at the output of the carrier

recovery circuit:

E{(1+n"1+jn")?} 1+E{n"7}+ E{n"5}

E{(nr+jn'g)?} E{ni}+ E{n%}
1+2" 1+L1 K41
- it Ttk _EAL L (2.14)
20! 20! K 2¢

In the above equation, we observe that the signal power with fading is different from
the signal power with no fading. This will also affect the signal energy per bit (E;).
The E, when there is fading is related to E, when there is no fading by the following

relation:

K+1
By, = B, 5 (2.15)

As a last comment on the model 2, we observe that it reduces to the model of AWGN
with noisy phase reference (Fig. 2.5) if the fading process is made zero and it reduces
to Rician channel model (Fig. 2.7) when the Gaussian noise through the loop filter
(7' r(t) + jn'o(t)) is made zero.

2.4 Conclusions

In this chapter, channel models which take into account some imperfections were pre-

sented. Considering that all coherent systems suffer from some phase jitter, the first
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model was for AWGN channels with a noisy phase reference. The second model was
for Rician channels which many mobile communication channels can be represented
with. Finally, the last model was for Rician channels with a noisy reference. It has
been shown that although the models are simple, they are realistic. In the next two

chapters, performance of PSK signals using these channel models will be evaluated.
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Chapter 3

DETECTION OF PSK SIGNALS

In this chapter, after a brief description of PSK signals, the performance of uncoded
BPSK and QPSK with coherent and differential (differentially coherent) detection in
AWGN channels and slowly varying Rician channels will be examined. The coherent
detection case for AWGN channels is simulated with and without phase noise. In
Rician fading channel case, it is assumed that the carrier recovery circuit can track
the changes in the phase of the carrier due to fading, but the phase reference is noisy
because of the narrowband Gaussian noise that is let in by the filter. The simulation
results will be compared with the ones available in literature. This will give us the

opportunity to verify the correctness of our models.

3.1 Description of PSK Signals

PSK signals are used in many communication systems (especially in digital satellite
communication) due to their relatively good power and bandwidth efficiencies.
Constellation points of M-ary PSK signals lie on a circle. Assuming equal phase

difference between the constellation points, the signal can be represented as:
#(t) = /2P cos(wet + 6) for (m-1T <t<mT (3.1)

where 8, represents information phases. ,, can take the values 23(;4;1) for 1=

1,...,M. M is the number of phases; it is 2 for BPSK, 4 for QPSK, 8 for 8PSK
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and so on. Since with each symbol transmitted log, M bits are sent, increasing M,
increases the bandwidth efficiency. Although larger values of M > 8 have greater
bandwidth efficiency compared to biphase and quadriphase shift keying, they are less

efficient in the use of power [26].

3.1.1 BPSK

For BPSK, 0y, is zero for binary zero and « for binary one. Let d, represent the
binary sequence of zeros and ones. Then the waveform is simply:

+ forde=1

— fordy=0 (3:2)

z(t) = Fy/2P cos{wet) kT, <t < (k+1)T, {

The block diagram of a BPSK transmitter is shown in Fig. 3.1. The differential

cos (1)
Rinary
Sequen. | NRz . ‘)
-~ Pulse ——ggﬁggg' il  X/SINX L) PR
Generator EQUALIZER

Figure 3.1: Block diagram of a BPSK transmitter.

encoder is needed if differential detection is employed at the receiver. It is optional
if coherent, detection is used. The reason for employing a differential encoder for
coherent case is to prevent phase ambiguity in determining the phase of the carrier.
The ambiguity is caused by the squaring process (the nonlinearity introduced) at the
receiver for BPSK to extract the carrier phase from the received signal. A sync pattern
(unique word) instead of differential encoding can also prevent this ambiguity. Unique
word is a requirement in TDMA for frame synchronization anyway. For uncoded
systems differential encoding approximately doubles the error rate because an error

in the demodulated phase of the signal will cause a decoding error in two consecutive
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intervals. But this factor of two corresponds to a relatively small loss in SNR [cf. [31],
p.266]. For coded systems the performance is usually best if the differential encoder
precedes the FEC coder and follows the decoder [cf. [26], p. 300].

3.1.2 QPSK

The signal constellation for QPSK is usually in one of the two forms that is shown

in Fig. 3.2. In this case, the phase of the carrier is shifted by I radian increments

(a) (b)

Figure 3.2: Signal constellations of QPSK.

for the quadrature part. Sequences from both channels are processed and the bit
to symbol mapping is done according to Gray coding so that neighbouring symbols
differ in one bit. This reduces the number of errors when erroneous decision is made
in favor of one from the symbols which are the closest to the transmitted one. The

phase ambiguity in QPSK is due to the fourth power noalinearity and is 3 radians.
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3.2 Coherent Detection of PSK Signals

In coherent detection, the major task is to obtain a coherent reference to be used in
demodulation. The carrier recovery can be achieved in alternate ways, also depending
on the number of phases (M) employed. A matched filter detector can follow which is
known to be optimal for ideal AWGN chanrels. If differential encoding is employed, a
differential decoder will be needed at the receiver, to recover the original information.
For applications where carrier phase noise effects are not severe, coherent detection
performs better than noncoherent detection. Although phase deviations different
than 2% (e.g. to obtain a residual carrier component) and different types {e.g. Offset
Keyed QPSK (OKQPSK) to decrease the phase jumps in QPSK) of PSK signals
can be employed, we will simply consider uncoded BPSK and QPSK with the signal
constellation shown in Fig.3.2.

For BPSK, a typical receiver is a coherent matched filter receiver as shown in

Fig. 3.3. The matched filter is an integrator if the pulse shape is rectangular (i.e.

A(t)cos(@ct)+n(t) /Sz\f(t) MATCHED AN
FILTER
CARRIER
RECOVERY
CInCcuIT Cos (@ t) TIMING
RECOVERY
A(t)y=tV2P, CIRCUIT

Figure 3.3: Block diagram of coherent matched filter BPSK receiver.

nonreturn-to-zero (NRZ) signal shaping is used). The integrator and its impulse
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response is shown in Fig. 3.4. This structure is called integrate sample and dump filter

h(t)

't+Tb
E— ()ydt [—

Figure 3.4: The integrate and dump filter and its impulse response.

and acts as a lowpass filter. Its output should be reset to zero after each sampling.
For ISI free equally apportioned systems operating in a pure AWGN environment and
under the assumption that carrier recovery and bit synchronization is perfect, the bit
error rate performance of BPSK is given by the equation [31]

2E,

P= Q)

) (3.3)

where

Q) == [ exp(- L}y (3.4)

and Ey, No are the signal energy per bit and the one sided noise spectral density
respectively. For differentially encoded and coherently decoded signals, this rate will
double, i.e. Py = 2F;.

For QPSK, the receiver is made up of two matched filter receivers (operating on
the inphase and quadrature channels) as shown in Fig. 3.5. The exact expression for

symbol error probability of QPSK is given in [33] as

Po= 2032 - (5D, (35

For Gray coding, the symbols at two adjacent phases will differ only in one bit and

since most of the errors will be made by decoding the adjacent phase (at least for
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Figure 3.5: Block diagram of a matched filter QPSK receiver.
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high %), the bit error probability will be approximately half of the symbol error
probability. Also neglecting the Q%(-) term which is small compared to Q(-) term,
the bit error probability becomes

P =Q( %f—:) (3.6)

which is exactly the same as the one in the BPSK case. Preserving the same bit
error rate, QPSK has the advantage of allowing a bit rate twice of BPSK in the same
bandwidth.

The bit error rate performance curves of coherent BPSK, QPSK and Differentially
Encoded BPSK (DECBPSK), QPSK (DECQPSK), both from the tables available in
[34] (indicated as Lin. & Simon in the legend) and obtained by simulations are
plouted in Fig. 3.6. This dgure verifies that our simulation results closely match the

theoretical performance.

3.2.1 Performance of PSK Signals in AWGN Channels With
a Noisy Phase Reference

As mentioned in the introductory part of Chapter 2, PLLs used to track the phase of
the carrier will let in some noise depending on their equivalent noise bandwidths. This
will cause a phase error in the estimate of the carrier phase. For BPSK and QPSK
the phase error ¢, in the estimation of the carrier phase will result in a correlation

loss of p(¢). Given the phase error ¢, the probability of bit error is given in {35] as:

B = Q(\/?b;"pw))- | (3.7)

1n the case of BPSK, let A(t) cos{wt+8) be the transmitted signal, with 6 representing
arbitrary phase of the carrier, and let the carrier recovery circuit provide the phase
estimate of §. Using the estimate 4 for demodulation gives:

s(t) = A(t)cos(wt + ) ccs{wgt + 6)

= %[A(t) cos((wet + 8) + (wet + 8)) + A(t) cos((wet + 8) — (wet + é)}]

_ % A(f) cos(2wet + 6+ ) + %A(t) cos(8 — 6). (3.8)
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Figure 3.6: The BER performance curves for CBPSK, CQPSK and DECBPSK, DEC-

QPSK. Lin.& Simon: [34].
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The lowpass filtering will remove the 2w t component giving
1 A
$(6) = 5A() cos(6 - §) = %A(t) cos(4) (3.9)

where A(t) = £+/2P,, P, representing the signal power. If the carrier phase estima-
tion was perfect, we would end up with %A(t). So the noisy phase reference introduces

a correlation loss of cos ¢.

For the QPSK case, quadrature form of the signal can be represented as
z{t) = Ar(t) cos(wet + 8) — Ag(t) sin(w.t + 9). (3.10)
The inphase component of the demodulated signal will be
sr(t) = Ar(t) cos{wet + 8) cos(wet + §) — Ag(t) sin(wet + ) cos(wet + )
= %A;(t) [cos(2wet + 6 + §) — cos(8 — 6)] — %AQ (t)[sin(2wet + 8 + 6)
+sin(g — )]. (3.11)
After filtering out the double frequency terms, it becomes
o1(t) = %A;(t) cos(d — 6) — %AQ(t) sin(6 — 0). (3.12)
Similarly, the quadrature component
se(t) = Ar(t)cos(wet + ) sin(wt + ) + Ag(t) sin{wet -+ 0) sin(wet + 6)
= 53Aq(t)lcos(0 = §) = cos(2uct + 0+ 0)] + 7 Ar(t) sin(6 )
—sin(2wet + 6 + 8)] (3.13)
which after lowpass filtering becomes
dolt) = %Aq (8)cos(0 — ) + 7 Ar(¢)sin(6 - ). (3.14)

The second terms in Eqs.3.12 and 3.14 are also known as crosstalk. For the NRZ

case, since A;(t) = £Ag(t), we can rewrite the inphase and quadrature components

as
sty = %A 1(t)[cos ¢ % sin ¢]
oty = %Ag(t) [cos ¢ Fsin g)]. (3.15)
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It is clearly seen that as one channel component voltage level is changed by a
factor cos ¢ + sin¢, the other one is changed by a factor cos¢ — sin¢. Since the
source is equiprobable and the pdf of ¢ is symmetric around zero, the probability of
error can be calculated by adding the probability of error for each case and taking -

the average. Then, the bit error probability for a given phase error is

A = 2100 e cos g+ sin) + o Boosg-sing)). (310

The bit error probabilities can be calculated by multiplying these conditional proba-
bilities with the pdf given in Eq. 2.1 and integrating over the possible range of phase

error (mod(2x)). Thus, the final expressions become

Poppsk = Q \/ 0s §) =P ECOS)¢) de, (3.17)
Boorsk = 2 . Q(\/ cos¢ 1 sin ¢))ex§(§6(055)¢)
+§£wQ(]I%(COS¢—SID¢))E§I2%L_&S)@d¢ (318)

These probabilites have been calculated by numerical integration and provided (hav-
ing § as a parameter) in [35]. These curves along with the curves obtained by simu-
lation are plotted in Figs. 3.7 and 3.8.

For the simulations, the model introduced in section 2.1 was used. The noise
components n'; and n'g were obtained by passing n; and ng through a fourth order
Butterworth filter taking BT = 0.01. The power of n'; +jn’ ¢ was normaiized to unity.
Depending on the £ value desired, the power was denormalized by a corresponding
constant.

From the curves for BPSK, it can be clearly seen that especially for ¢ = § dB
there is 2.4 dB difference between the curve presented in the reference and the curve
obtained through simulations at ~i = 10 dB. The powers involved in the process were

checked one by one and the dlfference could not be resolved. This difference is 1.2
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Figure 3.7: BER performance of coherent BPSK in AWGN channels with a noisy

phase reference. Rhodes: [35], £ is the loop SNR.
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dB for £ = 12 dB. It is very difficult to explain completely the reasons behind the
differences. One factor that is causing some difference is the BT product which was
chosen to be 0.01 in the simulations. Since the probability that the phase error at the
beginning of the process will be in the close neighbourhood of zero is much higher
than it to be far from zero and the block length is taken to be 4096 symbols, it may be
that for a long period of time the phase error imposed on the demodulated signal is
stuck around zero due to the slow variations in the phase error. BPSK will obviously
be more affected from this factor due to the larger angle between its constellation
points. In other words, larger values of phase error are needed to have decision errors
in BPSK, compared to QPSK systems. Another factor to be considered is that some
difference will always be observed between analytical results and simulation results.
Finally, the small inaccuracies in modelling will contribute to the differences between
the two results. For the QPSK case, the simulation curves match the curves given
in the reference quite well. Nevertheless, since all the simulations were run using
the same normalized samples of the same filtered Gaussian process, the simulation
results presented in Chapter 4 that compare coherent, differential, multidifferential
and partially coherent detection BER performances will not be affected much due to

their relativeness. They will be quite accurate for the QPSK case.

3.2.2 Performance of PSK Signals in Rician Channels with
Noisy Phase Reference

For slow fading Rician channels, an analytical expression for the bit error probability
is derived in {2] for BPSK. The probability of bit error assuming a constant fading

amplitude a and a certain phase error ¢ is given by the expression

Pi(6.0) = @y Toac0s). (3.19)

The unconditional bit error probability is then expressed as
oo} ki
Bo= [ [ B(#,0)P(slo)f(a)dsda (3.20)
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where

(a)—;exp{— }o(2) a>0 (3.21)

as given in Eq. 2.13 and

exp{a&p cos ¢}
P(¢la) =
( 2o (a)
&o is the nominal loop SNR which would exist in the absence of fading, i.e., £ = a.

Substituting Eq. 3.19, 3.21 and 3.22 into Eq. 3.20 gives

°° 4 25 . exp{afocoscﬁ}gex a® + % Jida
ety acos ) TR exp - }Io(p)d¢d- (3.23)

Smce the effective loop SNR conditioned on a is £ = afg, and = K, defining

l¢| < . (3.22)

¥ =% = Ka? we obtain

exp( -K) 2E y P{ﬁ§0005¢} 1
Pb = f j Q( b ) IU(:}%&O) m

exp(—y)fo(zﬁ)d¢dy. (3.29)

The performance curves are obtained by taking the nominal loop SNR &; as a param-

eter (unlike the simulations where effective loop SNR £ is taken as a parameter). The
BER performance curves with the results given in [2] for BPSK is plotted in Fig. 3.9
and the QPSK BER performance curves with £ taken as a parameter are plotted in
Fig. 3.10. Since the signal to noise ratio used in the reference (%o, i.e., nominal SNR)
and the one used in the simulations (effective &) are different, it is not appropriate
to make a comparison. For QPSK, a reference for comparison purposes could not be
found. From the figure, it can be observed that QPSK is not only severely affected
from the phase noise but also sits on error floors, i.e., after a certain % value, no

matter how much % increases, there is no decrease in BER.

3.3 Conventional Differential Detection

Diflerentially coherent detection of Phase-Shift-Keyed (DPSK) signals assume that

the phase of the carrier does not change for a period of two symbol intervals. Since the
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information phases are encoded nct in absolute phases but rather in the difference of
transmitted phases, the demodulaticn and decoding can be performed by multiplying
the received signal with the one symbol delayed version of itself. The block diagram
of a binary DPSK receiver is as shown in Fig. 3.11 and the two DQPSK receivers
corresponding to the constellations shown in Fig. 3.2 are as shown in Fig. 3.12

(a) and (b) respectively. Assuming that the two consecutive samples of the received

R MATCHED |  “\ I |

FILTER

TIMING
RECOVERY —
CIRCUIT

Figure 3.11: Block diagram of a DBPSK receiver.

signal in AWGN channels at ¢t = (k — 1)T and t = &T are zx_; = dr_; + e and

Tk = dr + ny respectively, the multiplication of the samples will give
TeTh-1 = drde—1 + deTte—y + 1k + TNk (3.25)

Due to the involvement of two signal times noise terms and a noise times noise cerm,
differential detection will be inferior compared to coherent detection if the only distur-
bance is AWGN. In other cases, e.g. when there is fading, their performances might
be comparable or even better depending on how valid the assumption of carrier phase

being constant in two symbol intervals and the severity of the existing phase noise.
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3.3.1 Performance of DPSK Signals in AWGN Channels

Probability of bit error for DBPSK is given in [31] as:

1 £,
P == xp{— 3.26
’ 2e { Ny ( )

and for DQPSK is given as
P, = Q(a,b) - %Io(a,b) exp[—-%(aQ +8)] (3.27)
where Q(:,-) is the generalized Q function (Marcum Q function) which is defined as
Q(a,b) = exp{—(a? + b%)} g(%)kfk(ab) (b>a>0), (3.28)

where Ii(-) is the £** order modified Bessel function of the first kind and the param-

eters a and b are defined as:

2B, 1
A
_ 2E, 1
b —]\-,0—(1 + __ﬁ)‘ (3.29)

The bit error rate performances of DBPSK and DQPSK for the values given in tables
in [34] and also obtained by our simulations are plotted in Fig. 3.13 and Fig. 3.14
respectively. The BER performances obtained through simulations and the ones
given in the reference agree very well. The performance of DBPSK is within 0.5 dB
compared to coherent BPSK for %— = 10 dB whereas it is 2.5 dB for DQPSK. The
reason for the degradation to be less for DBPSK is that the phases are at 0° and
180°, so only the real part of the decision variable is considered [31]. Another point of
interest in DBPSK is that the degradation decreases considerably as % gets higher.

For DQPSK, there is no significant change in degradation as a function of ”E‘ﬁ‘
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3.3.2 Performance of DPSK Signals in Slowly Varying Ri-
cian Channels

The probability of bit error for DBPSK in slowly varying Rician channels is given in
[36] as:

P = Q(a,5) - 311+ 5 exp -2 pat (3.30)
where
K(1+2D0-2/D1+D)_ ,
v = 2(1+ D) )
K(1+2D+2/D1+D)_,
b= { o 1 (3.31)

S and D are the powers of the direct and diffuse components, and they are related
to K-factor by K = %. BER. performances for different K-factors from Fig. 2.4 of
the same reference calculated from the above equation along with the ones obtained
through simulations are plotted in Fig. 3.15. The BER performance curves of the
reference and the corresponding simulation results are reasonably close for K = 4 dB
and K = 6 dB. For K = 8 and K = 10 dB, the curves are close until (including) % =
15 dB, but for higher —% values, the BER performance curves from the simulations
start having a much better performance compared to the ones given in the reference.
The main reason for the difference is that the Gaussian distributed sequence generated
by the library function in the computer is not ideal, i.e., the tails do not extend to
infinity. When the variance of the density function is very small, to have enough
samples at the tails become crucial. For small K-factors, since fading process is
dominant at high %’; and the variance of the Rayleigh distribution (which is obtained
from filtered Gaussian process) is large, the difference between the results given in
the reference and obtained through simulations is not large. When the variance of the
Rayleigh distribution becomes very small, having or not having enough samples at the
tails become significant. Also. the BER performance curves given in the reference are

obtained from analytical results and the BT product may play a role in the difference.
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For the DQPSK case, the simulation results are given in Fig. 3.16 along with the
curve obtained from [19] for 10 dB. Since this time the our simulation results are
compared to the simulation results presented in the reference and the BT products
considered in both are exactly the same, the curves match quite well. Nevertheless,
as mentioned before, the comparisons of the BER performances of different detection
techniques in Chapter 4 all depend on same processes. Thus, the factors affecting the

differences between the analytical and simulation results will diminish.

3.4 Multidifferential Detection

The first work on multidifferential detection is that of Chow and Ho [41], which was
followed by Masamura et. al. [42] and Samejima et. al [43]. In these works, the
outputs of muitiple differential detectors were used (in a hard decision form) in an
error correcting scheme called non-redundant error corrections. This error correction
scheme is making use of a self-encoding process, inherent in the multiple differen-
tial detectors which use delays longer than the symbol period. Later on, the works
published in [44-50] provided symbol-by-symbol receivers and sequence estimators
based on the use of multiple differential detectors. In these papers, multidifferential
detection was applied to uncoded as well as trellis coded signals. Later on, Makrakis
et. al. in [38],[51], and [52] derived the structure of optimal noncoherent detection
and multiple differential detection. They have extended the concept of noncoherent
detection to time dispersive environments. Also in [53] and [54], they have shown
how the multiple differential detection applies to the optimal detection of signals in
faded channels. Finally, recently Divsalar and Simon in (37), [55] came up with very
similar structures and verified the results of the previous authors.

The concept of multidifferential detection can be simply explained as follows, If
the phase of the carrier is constant over & symbol intervals, then the receiver can be
implemented by multiplying the received sigual separately by T,,27,37,,...,(k —

1)T, delayed version of the received signal and correlating each product to the all
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possible products of symbols (all possible phases) and make a decision accordingly.
The decision can be made for one phase only or for (k — 1) phases. Let us assume
that the samples of the received signals in k%, (k — 1)** and (k — 2)* intervals are

respectively

Y = eglWetto+al) | T
Yoy = el(wettb+afe_1) 4 The—1
Ykep = eI (wet+8+A8;_3) + Ngg, (3.32)

where Af,,’s are the differential information phases,  is the phase of the carrier which
is assumed to be constant over three symbol intervals. If we neglect the noise sam: nles,
the products yryk_1, Ye-19k_z and yeyl_, will give e/(A0%—88-1) oi(A8e1-88k—2) 5p4
e#{88~A808k-3) respectively. It is clearly seen that multipiying the signal sample in a
certain symbol interval by the conjugate of the signal sample received in a previous
symbol interval {(and assuming that the carrier phase does not change in an interval
covering the three symbol intervals which is the main principle behind differential
detection) does not only demodulate the received signal, but also performs differential
decoding. Considering this fact, the above procedure can be better expressed with
the following decision rule:

Let ¢;’s be the possible symbols that could be sent in the % symbol interval. Then,
decide on phases arg{ckct_;} (and arg{ci_;c}_,}) for ck, cx_1,cx_3 combination which
makes

Re{(yeye-1)(ercioi)"} + Re{(yevi_2) (cecioa)"} + Re{(vem1vh_) (cro1¢h_s))

maximum [37].

Multiplying the signal products (e.g. uy;_,) by all possibilities of conjugates
of corresponding symbol products {(e.g. (cxcl_,)*) cross correlates it to the possible
corresponding symbol products. The decision is made in favour of symbol(s) which
provides maximum correlation. If in the above decision metric, only the first term

is considered, the detection simply becomes conventional differential detection. The
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whole expression is for 1 and 2 symbol differential detection (denoted as 1 +2). Using
the identity, Re{e 03} = Re{e;}Re{az} + Im{a;}Im{a,} where o; oy are complex
variables, an equivalent version of the decision metric given above can be expressed

as

Re{ykyl:—l}Re{ckcl:—l} + Im{yky;:-—l}lm{ckc}:—l} + Ré{yky;_z}Re{ckc,’:_2}
+Im{yky;_2}fm{ckc,‘;_2} + Re{yk—lyﬁ—z}Re{Ck-ch-z} + Im{yk—ly/:_z}-rm{ck-162-2},

which in turn is used as the decision metric for both multidifferential detection and

as a part of partially coherent detection decision metric.

3.4.1 Performance of Multidifferential PSK Signals in AWGN
Channels

In literature, some results on the performance of multidifferential detection has been
reported [37,38]. The simulation results for 1 + 2 symbol differential detection case
in [37] along with our simulation results are plotted in Fig. 3.17 for BPSK and in
Fig. 3.18 for QPSK. The curves of the reference and the curves obtained through
simulations match quite well. Since the figures of the reference are very small, they
could not be read very accurately. This is one of the reasons for the difference in
between them. Another point is that the authors make decisions block by block, i.e.,
they process three symbols using the decision metric given in Section 3.4 and decide
on two phases. Then they proceed to the next block which has only its first symbol in
common with the previous block’s last symbol, whereas in the simulations the block
was shifted one symb.l at each decision and the decision was made on one phase only.

The simulation results show that BER performance of conventional differential
detection in AWGN channels can be improved by increasing the number of differential
detectors used. In [37,38], it has been shown that, as the number of differential
detectors used approach infinity, the BER performance of multidifferential detection
approach the perforinance of coherent detection in AWGN channels, although, it has

also been shown that increasing the number of differential detectors by one beyond a
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few contributes relatively small to the improvement of the performance. In [38] and
[56], it has also been shown that while for the uncoded schemes 2 or 3 differential
detectors are enough to provide practically all the available gain, for coded schemes
a larger number of detectors is required in order to approach to the best performance
possible. Considering that most of the gain is reached within a small number of
detectors and taking into account the large reduction in complexity we achieve by
limiting the detectors used to a small number, we decided to consider a scheme based
only on two (the 1 and 2-symbol delay) detectors used in a Viterbi decoding scheme.

3.4.2 Performance of Multidifferential Detection of PSK
Signals in Slowly Varying Rician Channels

The BER performance of 1 + 2 symbol differential detection of BPSK and QPSK in
slowly varying Rician channels (BT = 0.01) obtained by simulation are as shown in
Fig. 3.19 and 3.20 respectively.

For BPSK case, we observe that 1 + 2 differential detection is slightly inferior
compared to conventional differential detection for K = 4 dB and for high % values.
The improvement is larger as K gets larger for both BPSK and QPSK. This was
as we expected. Since the channel is slowly varying fading channel, when fading
dominates AWGN, the additional differential detector does not provide much further
information about the phase of the carrier. So, the improvement, if any, is small.
When fading is weak, the AWGN becomes more important and since the samples of
the Gaussian process are uncorrelated, considering the phase difference between the
previous successive symbols and the phase difference in two symbol intervals in the
lkelihood process provides more information compared to strong iading case. So,

the improvement is larger.
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3.5 Conclusion

In this chapter, we first showed that the simulation programs are functioning for de-
tection of PSK signals by checking the BER. performances of coherent, differential and
multidifferential detection in AWGN channels. Then, we tried to verify the reliability
of our models by applying them to the detection of uncoded BPSK and QPSK sig-
nals. Only in the case of coherent detection of BPSK with a noisy phase reference, the
BER performances obtained analytically in the reference was significantly different
than the performance obtained through our simulations. If this case is excluded, the
simulation results show that the models we used represent the channels considered

reasonably well.



Chapter 4

PARTIALLY COHERENT
DETECTION

In this chapter, the metric expressions for partially coherent detection® are derived and
they are applied to PSK signals. Then, metric expressions are obtained for low and
high -gg cases, and the one for high % Is truncated to simplify the receiver structure.
Viterbi decoding is employed to have maximum likelihood detection by using the
truncated metric expression for %g— case. The simulation results are presented using
the channel models given in Chapter 2 (slowly varying Rician fading channels with and
without noisy phase reference under the assumption that the carrier recovery circuit
can track the phase variations due to fading) for coherent, conventional differential,
1-+2 differential and partially coherent detection of uncoded BPSK and QPSK signals.

Also, the simulation results are presented and interpreted.

4.1 Derivation of the Metric Expressions

The block diagram of the transmitter for the communication system under consid-
eration is as shown in Fig. 4.1. In Chapter 3, we discussed the symbol by symbol

detection of PSK signals. In this chapter the decision laws are based on sequence

YRecall from Section 1.2 that in this thesis by pertially coherent we are referring to the use of the
decoding metric expression which is a weighted combination of optimum metrics for coherent and
noncoherent detectors in the detection process.



al(ot+o)

 Diff. |__ISignal |
Enc. Mapper | | FT(®)

Figure 4.1: Block diagram of the transmitter.

estimation, and for this reason describing the transmitted «nd received signals using
vector notation is more convenient. The transmitter is made up of two parts, the
encoding unit and the modulator. The encoding unit translates the binary informa-
tion sequence B = [by, ba, ..., bn-1], by signal mapping and differential encoding into
a sequence of symbols C(A) = [cg, 1, ..., cz_1] With ¢k being complex and N and Z
being integers where N = Z for BPSK and N = 2Z for QPSK. The symbols c; are

fed into the modulator. The modulator output can be expressed as:
2 (C(A), 1) = 24, g(C(A), t)fWet?¥) (4.1)

where w, is the carrier frequency, ¥ is the initial phase of the modulator and z,, g(C(A), t)
is the complex baseband representation of the transmitted signal. The signal z.(t) at

the input of the receiver can be expressed as:
o (t) = z5(C(A), t)e’ ¥ 4 n(t) (4.2)
where n(t) is the white Gaussian noise with a one-sided spectral density of N,, and

z8(C(A),1) = 24r,5(C(A), 1) ® he 5(t) , (4.3)

heg(t) = holt)e™ et (4.4)
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Zer,5(C(A),t) and he p(t) are the baseband equivalents of the signal z,(C(4), ) and
channel response £.(t) respectively. In Eq. (4.3), ® defines the convolution operation.
Since initial phase v is unknown to the receiver, its estimate % has to be obtained for
example by employing a nonlinearity in cascade with a PLL. Eq. 2.1 can be rewritten

for the steady-state phase error of the estimate 57/; =1 —1 as

lu|<n

otherwise. (4.5)

p 5 Il © e{;‘ cosu
— = Tio
Eo™ { 0

The pdf of the received signal, given the transmitted signai is (cf. [33], p. 317):

P(Ir(t) |$B(C(A—)7 t):’ﬁl') =
i (=g lan(6) - 25(C(A), st |2} (46)

where |[y(t)|| is the norm of vector y(t), which is defined as [*_ |y(¢)[2d¢ and o2 = N,
is the variance of the real or imaginary part of the Gaussian noise. Expanding the

expression given in Eq. (4.6) and collecting the constant terms under K 1, we get

P(z,(0)lzs(C(A), 1), ¥) =
Ky exp{ =555 (Iz-(O)If* + |za(C(A), )]*)}
exp{—x; Re[e’“+¥) < z,(t), z5(C(A),1) >*|} (4.7)

where < z,y > is the inner product of vectors z and y and is equal to 2 y(t)z* (t)dt.
Using the definition of norm, the inner product and the relation < T,y >'=< Y,z >,

the expression becomes

P(z.(t)lzs(C(A), 1), %) =
Ky exp{~zx; fif 1&-(7)Pdr} exp{— gk ¥ |z 5(C(A), ) 2dr}

ty

exp{—-Re{elWett¥) J9 zg(C(A), Mz2(r)dr}} (4.8)

where t;, and ty represent the limits of the integration process and their values de-
pend on tne spreading of the signal z5(C(A),t). P(z.(t)}za(C(A),t),¥) can be
calculated from the above equation through integration with respect to @ (i.e.,
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P(z,(t)lz5(C(A),1),¥) = JZ, P(z.(t)lza(C(A), £ ¥)PR, o, (Wdu). Performing the
integration provides us the following expression:
P(z.(t)lz5(C(A), 1), %) =
Kyexp{—53; Y lze()Pdr} exp{—55; Y 125(C(A), 7)|dr}
wim J2x € U (exp{ —; Re{e? ) [ 15(C(A), 7)z1()dT}})du
= Kyexp{—g; Jiy =+ (7)[%d7} exp{~535 & len(C(A), 7)[*dr}
wege Jon XP{(—7;)(ENo cos u + Re{e!+¥) [ 15(C(A), )z} (r)d})})du
= Kyexp{—g5; fif’ |2.(7)d7} exp{~5x; [y 1z8(C(A), 7)*dr}
ey [or P Re{ L2} + Re{ g 1Y 25(C(A), 7)ai(r)dr]} ]} du

= Ky exp{~g; iy lo-(7){*d7} exp{—55; fi7 |£6(C(A), 7)[*dr}

eiugNo+edloctt9){ [V zp(C(A),r)zs(r)dr]
Fim I exp[Re{ e Hdu

= Ky exp{ =5z S |z (7)[2d7} exp{— iz ST lz(C(A), 7)[*dr}
) J7 exp[Re{e (4 4 gmiueiwettd) | [t 5 o (C(A), r)zp (r)dr]) }du.  (4.9)

Replacing the parameter u with - — 1, the equation becomes

P(z.(8)lz5(C(A),),¥) =
Ky exp{—gi; [1¢ | (1) Pdr} exp{— gk Ji¥ |z5(C(A), 7) a7}
sy [ exp[Re{e® (8o + £ ([0 15(C(A), T)zs(r)dr])}du . (4.10)

From the definition of the modified Bessel functions (33

lollal) = o [ exp{Re{ea’}}ds. | (4.11)

Substituting Eq. 4.11 into Eq. 4.10, we get

Plet)izs(CA.0,9) = 5o exp{—-iji,—o [ tarypan)

exp{‘“_o :u lze(C(A), 7)|%dr}

| 12 (2, (t)e Mtz (C(A), t)dt -+ EN,|
Ny )-

Io(—=
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(4.12)

The maximum likelihood receiver chooses as the most probable sequence, the
one which maximizes P(z.(t)|z5(C(A),t),%). Since the term ( 120 |z, (t)]2d2) is in-
dependent of the transmitted sequence C(A4), it does not affect the decision rule.

Considering this fact, we end up with the following decision metric expression (to be

maximized) :
te o ty —i(WeTH )k (A A
=G oo, 1oL DT (A D 1 8

(4.13)

The expression of Eq. (4.13) comsists of an exponential term and a zero order modified
Bessel function term. The implementation of a receiver based on this metric would
be quite complex, therefore, it will be useful if it can be approximated by lower
complexity structures. In the following paragraphs asymptotically optimal structures
of the receiver for high and low E,/N,, with lower complexity are provided.

Before examining the cases of low £ and high £:. we should mention that in {38,
the metric expressions for noncoherent detection are derived. The metric expressions
derived above is a generalization of the noncoherent case. When £ = 0, as the pdf of
phase error reduces to uniform density function, the metric expressions get reduced
to the ones for noncoherent case.

Low E,/N, Case

The exponential and modified Bessel functions can be expressed through the following

time series expansions:

i xt ‘oo $2i
ef=3 — and I,(z)= —_— 4,14
= ! (z) :=Zo 22(;1)2 (4.14)
Using these formulas with Eq. (4.13), we get
ty 1 _
1 +(—— 125(C(A),7)%dr) + 53¢ j lzs(C(A), 7)2dr)? + .. ]
L+ 2| j 2,(r)e gy (O(A),T)dr + NP +..] . (4.15)
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Defining

INT(z5(C(A), 1) = % f; \25(C(A), 7)2dr (4.16)

and
i ¢ . . .
IRE(z.(t),z5(C(A),t)) = ft Y (e iy (B(A), )dr (4.17)
L
and neglecting the terms containing the term N raised to the power higher than two
in the denominator (since at low %, Ny is large, division by high powers of Ny will
give very small values compared to the rest of the terms), Eq. 4.15 becomes

| 4 URE(-(t),25(C(A), 1) + ENof® 1
ANE N,

INT(zs(C(A), 1) + ﬁmﬂ(@(cm), ).

(4.18)

The constant term 1 can be neglected since it will not affect the decision rule. Also,

multiplying every term by Np will not change the decision rule. After the above

procedure, the metric expression becomes:

|IRE(:cr(t),zBiJCV§A),f)) + ENo| — INT(z5(C(A), 1)) + ;FDINT%;B(C'(AM)) (4.19)

Since

[ RE(z.(t),25(C(A), ) + ENo* _ [RE(z,(t), 25(C(A), t))]? L 1N
4N, 4N, 4N,

Re{IRE(z.(t),z5(C(A), 1))}
+£NO 2NDB

(4.20)

ignoring the second term which is a constant and common to all received signals, we
get

[IRE(z,(t), z5(C(A), 1)) Re{IRE(z.(t),z5(C(A),?))}
41\2 + &N 2NOB

~INT(za(C(A), 1)) + T Ea(CA). ),

(4.21)
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When INT(z5(C(A), t)) is dependent on C(A), it remains in the decoding process
(this is the case of a time dispersive channel). As E,/N, becomes smaller, the two
terms having N, at the denominator become negligible. The decoding metric in this
case becomes:

~INT(25(C(A),) + § [Re{IRE(z. (t), 5(C(A), ). (4.22)

As ¢ (i.e., the signal to noise ratio of the carrier recovery loop) becomes larger,
the term [IRE(z.(t),z5(C(A),))] becomes dominant in the decoding process. On
the contrary, as £ becomes smaller, the effect of [J RE(z.(t),z5(C(A),1))] becomes
smaller and for £ = 0 (which corresponds to the non-coherent case) this term disap-
pears completely. This results in a decision which is independent from the received
signal. Regardless of what the received signal is, the decoder will always decode the
sequence(s) which happens to provide the maximum value for —IN T(zp(C(A),1)).
When £ = 0, the pdf given in Eq.4.5 will equal to =, which is a uniform density
function. In addition, since the signal to noise ratio is low, the received signal will
carry almost no information regarding to the transmitted signal. So, the receiver will
have its decision based on not the received signal but the whole sequence. Because
of the low signal to noise ratio, the signal is practically covered completely by noise.
Since there is no apriori knowledge of the signal carrier phase, the receiver observes
practically noise without having an information to extract a useful signal out of it. In
this case, the safest decision is to choose the signal that happens to have the highest
energy content from all the possible signals that can be generated from the different

combinatior.s of the information sequence.

High E,/N, Case
For high E,/N,, the following approximation of the modified Bessel function can be

used :

1

L(|z]) ~ e for |z| > 3. (4.23)
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We define

INT(Q1) = INT(zs(C(A1),1)

INT() = INT(zs(C(A),1)

IRE(1) = IRE(z,(t),z5(C(A)1),t))

IRE(2) = IRE(z.,(t),z8(C(As),t)). (4.24)
For two different possible sequences C(A4,), C(A:) and received signals z..,(t), =, (t)

(and by using the approximation for modified Bessel function given above), we end

up with the following decision metric:

1 L [IRE(1) + ENo|, 5
exp( NOINT(I))mexp( N )g
1 ITRE(2) -- £ENg|

1
exp(—mINT (4.25)

) = et

where 2 means that the decision will be made in favor of sequence 1 (i.e. C(A,)) if
2

1
the term appearing to the left of 2 is larger than the term appearing to the right of
2

it and wice versa. Equivalently,

1
ViR, [LEEQ el s |IRE(L) + £Np| — |IRE(2) + ENg| — INT(1) + INT(2)} -
1 N <
m\/u}w(z):ewal 0 2

Taking the natural logarithm of both sides, we have

11 RE(2)+£ No|
Noln % +{IRE(1) + €N| = ITRE(2) + £No| — INT(1) + INT(2)
Ng

0

3 AN

(4.27)
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or

- VHRE(2) +£Ny|
\/|IRE(1 )+ EN|

+|IRE(1) + §No| — [IRE(2) + £No|

~INT(1) + INT(2) % 0. (4.28)

Neglecting the first term, since the product Ny is small and reorganizing the expression
gives:

[IRE(1) + Ny| — INT(1) % IIRE(2) + £No| — INT(2) . (4.29)

2

In other words, the asymptotically optimal decoding metric is
—INT(z5(C(A),8)) + |IRE(z.(t), z5(C(A), 1)) + EN,|. (4.30)

Comparing Eqgs. (4.13) and (4.30), we see that (4.30) does not contain exponential
and Bessel functions. Also the need to provide scaling according to the noise has
disappeared.

So far, the derived metric expressions are general and can apply to any phase
mocnlated signal. Now, we will apply these metric expressions to PSK signals. In
the PSK format ¢ has the form ¢, = €. The possible values of ¢ are equal to
o = ﬁ (0 £ 7 £ M —1) with M = 29 being the number of points in the PSK
constellatlon (M-PSK). The symbols ¢, enter the premodulation filter Hp{w) (Fig.
4.1) with an impulse response of Ar(t). The output of Hr(w) is given by :

Ter n(C(A), 1) = zf exhr(t — k7T) (4.31)

k=0

The transmitted signal after passing through the channel becomes:
z(C(A),t) = z5(C(A), t)efwt+¥) — Z crhp(t — kT)ellwet+e) (4.32)

with hg(t) = hr(t)®he,(¢) representing the overall baseband impulse response of the

transmitter and the channel. The frequency response of hg(t) is Hg(w). Substituting
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Eq.(4.32) into Eq.(4.13), we get

exp{_i i kz_; cxha(r — kT))(E (T — IT))dr)
| J3 x,(t)emwettd) (2] khE(T — kT))dr + ENo|

Io(

. ). (4.33)

For the argument of the exponential term above, reversing the order of integration
and summation, it becomes:
1 Z=12-1

ty
ETIPILE: /n, he(r — KTV (T — IT)dr. (4.34)

k=0 =0
Since hy = h(kT) and
ty
hiet = B{(k = DT) = j () he((k — )T + 7)dr, (4.35)
. tL
the change of variables o = 7 + T and da = d7 leads to
t
heet = ft hi(e — kT)hs(a - (T)da. (4.36)
L

Replacing the integral term in Eq.(4.34) accordingly, the argument of the exponential
term becomes:

LSy
CiC hk_ (437)
2ND k=0 I=0 !
Eq. 4.37 can be rewritten in the form
Z=1Z-1
Z lelzho + Z Z CrCy h.k_ . (438)
N
kst

Since Y275 |cx|?ho is common to all received signals (jck|? = |2 for all k and ), i
can be neglected. The rest can be expressed as
1 Z=1Z-1%
2N[](Z Z C!Cz kf + Cz Ci— khk)) (4.39)

=1 =k
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For the argument of the modified Bessel function in Eq. (4.33), change of the

order of integration and summation will give:

Pyargn z,.(T)e‘-"(“’C""’J’)h* (7 — kET))dt c; + ENy|
Ny )

(4.40)
Since
v®) = [ @(re Mg — tyar. (4.41)

- where y({t) can be derived by demodulating z.(t) (the process described by the term
(2,(t)e~3wet+9)) and afterwards passing it through a filter Hp(w) matched to Hg(w)
and yr = y(kT'), the argument of the modified Bessel function becomes:

| i ykeq + END|

4.42
= (.42
So, the decoder metric for PSK signals becomes:
~12-1
-0 UkCr + &N,
el (3 3 (e uhe + clo-eh) o I T ENely (i
° k=1 I=k o
For low —ﬁ—*— case, since
a
o 12' 12-1
INT(IB(C(A),t)) = 5 (acl_che + ¢ Ci—ihy)
k=1 =k
Z2-12-1
= Z Re{cic]_,hx} (4.44)
k=1 i=
and
IRE(z,(t),75(C(A),8) = 3" waet (4.45)
substituting them into Eq.{4.22) we get:
Z-12-
> Z Re{eief_phe} + = Z Re{ykci }]- (4.46)
k=1 i=k
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For high H —L the metric expression becomes:

Z-12Z2-1

— 3> 2" Re{ac]_ihe} + | Z YeCl + EN,|- (4.47)

k=1 =k

When Hz(w) has the spectral shaping of a square root Nyquist I filter, (i.e., by = 1
and h; =0 Vk # 0) only the modified Bessel function term remains in the metric of
Eq. (4.43). At this point, considering the monotonic nature of the modified Bessel
function, we can transfer the maximization of the function itself to the maximization
of its argument, i.e.,

Z-1

R(7, C(A)) = | D_ ynci + ENo|. (4.48)

k=0

Note that, the decoder based on Eq. (4.48) is optimal only for FSK signals and
under Nyquist filtering and equal apportioning conditions.

An alternative (equivalent) way of implementing the receiver can be achieved by

squaring the decoding metric expression given in Eq.(4.48), in which case we get:

Z2-1
[R@G,CANP = |3 yech + ENLJ?
=0
= Re{z ykck} + fl\ro Im{z kak}P
k=0 pr
-1
= (Z Re{yxci})? Z Im{ykci})? + 26N, Z Re{yrci} + (EN,)?
k=0
Z—1k-1
= Z(Re{ykck} + Z (Im{yec})* +2 3 > Re{yxct} Re{uici}
k=0 k-l =0
Z-1k-1
+25° 5" Im{ykci Hm{ycl} + 26N, Z Re{yrci} + (ENy)H4.49)
k=1 =0 k=0
Since
Z—1 Z—-1 Z-1 71
> (Re{yeci})® + 2 Um{yect})? = 3 lwect* = 3 Jwel?lepf?
k=0 k=0 k=0 k=0
Z-1
= > lyel?|ee]? (4.50)
k=0 '
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and |cg|® = 1, this term will not affect the decision along with the constant term
(6Ng)? and so they can both be dropped from the metric expression. Dividing the

rest by two, the metric expression becomes:

Z=1k=-1 Z=1k=1 Z-1
2 > Re{wci}Re{uct} + 3. 3 Im{yec, Hm{uc} + €Ng > Re{ysct}. (4.51)
k=1 =0 k=1 =0 k=0

Using the identity

Re{cics} Re{cac} + Im{ciciHm{csc))
= Re{e;ci}Re{cyc}} + Im{cics}Im{cocs} (4.52)

(c1, €2, c3, and ¢4 being complex variables), the metric expression can be rewritten

as:
Z—1k-1 Z—1k-1 Z-1
2 2 Re{weyi}Re{aci} + 3 5 Imf{yyi Mm{cuci} + £No 3 Re{ypch}. (4.53)
k=1 =0 k=1 I=0D k=0

Defining a new variable m = k — {, replacing ! by & — m and rearranging the limits,

we get:
Z-1 k Z2-1 k
Z Re{ykyl:~m}Re{ckcl:—m} + Z Z Im{yky;—m}fm{ckcz—m}
k=1 m=1 k=1 m=1
Z-1
+ &N D Re{yrei}. (4.54)
k=0

The block diagram of the receiver based on the metric expression given above is
shown in Fig. 4.2.

In the metric expression, we recognize that the last term stands for coherent
detection and is multiplied by the weight £Ny, which in fact shows that there is more
weight given to this term as the signal to noise ratio at the output of the carrier
recovery circuit increases. It is obvious that the coherent detection term becomes
dominant as { increases. The first two terms stand for multidifferential detection.
It was shown in [37] and [38] that increasing the number of differential detectors
infinitely will lead the BER performance of multidifferential detection to approach
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expression in Eq (4.54).

67



the performance of coherent detection in AWGN channels. It was also shown in the
same paper that the incremental improvement obtained by increasing the number of
differential detectors by one beyond a few of them would be negligible. Considering
these facts, we decided to truncate multidifferential detectors with delay elements
more than 27T, i.e,, only the T, 2T differential detectors are used, and employ Viterbi

decoding to make decisions. In this case, the decision metric expression becomes:

Re{yrvi-1} Re{ceci_,} + Im{yeyi_ Hm{ceci_,}
+ Re{yyi_o}Re{erci_o} + Im{yyy_o Hm{ckch_,}
+ Re{yr-1vi-o} Re{ok-16i_o} + Im{ye_1vi_o Hm{ce-1ch_p}
+ ENoRe{ykct}. (4.55)

Implementation of the metric expression given above requires that the states be de-
fined as ckef_,,. Since each state is defined by a combination of two symbols, each
state will consist of a combination of two bits for BPSK and a combination of four
bits for QPSK. This will lead to a four state trelllis diagram for BPSK and a sixteen
state trellis diagram for QPSK. So, the trellis diagrams for BPSK and QPSK can be
shown as in Fig.4.3 and Fig.4.4 respectively.

4.2 Performance of Partially Coherent Detection
in AWGN Channels With a Noisy Phase Ref-
erence

Simulation programs using the trellis diagrams shown in Fig.4.3 and Fig.4.1 were run
for a decoding depth of 16, and BT = 0.01 for both the fading process and the loop
filter, i.e., the 3dB bandwidth of the loop filter was taken to be the same as Doppler
bandwidth. Bits or symbols were processed in blocks of 4096 and the Programs were
run for each % value until 100 bit errors were observed except for the cases where the
bit error rate goes below 1075 in which case the number of bits in error were minimum

48. In [39], it has been shown that % samples per simulation run are required to be
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processed within the interval [0.8P,, 1.2F,) for a confidence of 95 percent. Also, in
[40], it has been shown that -}—,% samples per simulation run are required to be processed
within the interval [_:}Pb, 1-§-Pb] with 95 percent confidence. So, the number of bits
(symbols) processed during each simulation run meet the conditions given in these
references.

The BER performance of BPSK for loop SNR £ = 10dB and of QPSK for £ = 15dB
in AWGN channels with a noisy phase reference compared to coherent and (1 + 2)
differential detection are given in Figs.4.5 and 4.6 respectively. The loop filter 3dB
bandwidth and symbol duration product was taken as BT = 0.01 for both cases.

First of all, wheu the two graphs are compared, it is apparent that, although the
£ is higher for the QPSK case, at % = 10dB, the BER performance coherent QPSK
is almost an order of magnitude (BER =~ 1072 for QPSK and = 10~* for BPSK)
inferior compared to BPSK This large difference in BER indicates how severely QPSK
is affected by the noisy phase reference due to the fact that the phase difference
between the neighbouring signal points in QPSK is half that of BPSK. Furthermore,
common to both graphs, we observe that the performance curve of coherent detection
crosses over the performance curves of (1 + 2) differential and partially coherent
detection. Since at low %‘; additive Gaussian noise is the dominating factor affecting
the performances, coherent detection has a better performance than (1+2) differential
detection. As we go to higher %g-, since there is no attempt to estimate the phase
of the carrier in differential detection, the performance of differential detection is
better than coherent detection whereas the latter one severely degrades due to the
dominating effect of phase noise.

When the performances of (1 + 2) differential detection and partially coherent
detection are compared, for the BPSK case, the BER perzormance of (14-2) differential
detection and partially coherent detection are alrost identical (slightly better at lower
values of % and same for Ligher values). Recalling that the BER performances of
coherent and (1+2) differential detection are within 1 dB (Fig. 3.17), this result is not

surprising. Furthermore, the BER performance curves get as close as 0.3 dB at TI%,' =
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Figure 4.5: BER performance of partially coherent detection of BPSK in AWGN
channels with a noisy phase reference for loop SNR § = 10dB and BT = 0.01.
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10 dB. Considering the degradation of the coherent component of partially coherent
detection due to the noisy phase reference and the fact that Ny is getting smaller which
is the only factor affecting the performance of multidifferential detection, actually this
result was expected. It should also be considered that the metric expression applied
is the truncated version of the one for the case of high % At lower values of W‘Elg, the
coefficient of the coherent term (£Np) within the metric expression is large, causing
coherent term to dominate where the performance of coherent detection is better
compared to (1 + 2) DBPSK. But the benefit from the domination of coherent term
is significantly reduced due to the fact that the metric expression used is obtained
under the assumption of high %ﬁ—

For the QPSK case, partially coherent detection is 0.5dB better than (1 + 2) dif-
ferential detection at % = 10dB and the gain is increasing as -!%g- increases. Since the
difference in the performances of coherent detection and (1 + 2) differential detection
is higher (1.5dB at j%g- = 10dB) compared to the corresponding difference for BPSK,
and since £ = 15dB, even at high values of %ﬂ-, the coefficient of the coherent term is

relatively large (> 3 at % = 10dB) and causes the improvement in the performance.

4.3 Performance of Partially Coherent Detection
in Slowly Varying Rician Channels

In order to have an idea about the effect of noisy phase reference in slowly varying
Rician channels, we will have a brief look at the performances of partially coherent
detection and coherent detection, using Model 1 of Section 2.3 where it was assumed
that the loop filter bandwidth is wide enough to track the changes in phase due to
the fading, but that the filter is not letting in the additive Gaussian noise. Although
this model is not realistic, it was used to mu..c comparisons.

As typical examples, the BER performances of coherent and partially coherent
BPSK and QFSK for K = 6dB and £ = 15dB using both models of Section 2.3 are
as in Figs.4.7 and 4.8 respectively.
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Figure 4.7: BER performances of coherent and partially coherent detection of BPSK
in Rician channels using Model 1 (M.1) and Model 2 (M.2) of Section 2.3, for K =
648, loop SNR ¢ = 15dB and BT = 0.01.
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In both of the graphs, when noisy phase reference is taken into account, coherent
detection tails off and sits on error floors which is much lower for BPSK as expected.
Performances of partially coherent detection for both models almost overlap in both
of the graphs. If we consider that X = 6dB which means that fading is quite strong
and on the contrary, { = 15dB which means that the signal to noise ratio of the loop
filter is high and also taking into account that coherent detection is only 1dB better
than 1 + 2 differential detection for BPSK and 1.2dB better for QPSK, the reason
for the close performances can be explained. Unfortunately, it was not possible to
go beyond 1—%— = 15dB, when K = 10dB due to the low BER’s reached. It would be
unrealistic if the £ would have been taken to be very low because the phase variations
due to fading is very slow and not very large.

The BER performance of BPSK and QPSK in slowly varying Rician channels
using Model 2 given in Section 2.3 and for K-factor values 6 and 10dB and loop SNR
values £ = 10 and 15dB are presented in comparison to coherent and 1+ 2 differential
detection in Fig.4.9 through Fig.4.16.

In neither BPSK, nor in QPSK case, the performance of partially coherent detec-
tion does not have any significant improvement compared to 142 differential detec-
tion. For BPSK, this was expected because there was no improvement even in AWGN
channels with a noisy phase reference where the metric expressions were derived (see
Fig. 4.5). For QPSK case, since even for K = 6dB, the direct component power is
4 times the diffuse component power, and the samples of filtered Gaussian processes
used in the models for both to implement the noisy phase reference and the Rician
fading are very strongly correlated, even the conventional differential detection can
perform almost as well as partially coherent detection. Another factor that should be
considered is that the original metric expression derived for high 1—%{';— suggests that the
received symbols be decoded in blocks. Although this implementation would com-

plicate the decoding process, even relatively short block lengths might give a better

performance.
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4.4 Comnclusion

In this chapter, metric expressions for partially coherent detection were derived and
then applied to PSK signals. The metric expression for high %’;— case was interpreted
and by truncation a modified metric expression was obtained. BER performance of
uncoded BPSK and QPSK were obtained in slowly varying Rician channels by using
Viterbi decoding for maximum likelihood detection for the modified metric expression.
The performance curves showed that partially coherent detection has no significant
improvement compared to multidifferential detection.

For BPSK, the results obtained were not very surprising. For QPSK case, since it
is more affected from phase noise, it was expected that partially coherent detection
would have some improvement over multidifferential detection. This can be explained
by the strong correlation induced on the samples of the filtered Gaussian process used
in the Rician models due to the narrow bandwidth of the filter and by the strength
of the direct component relative to the diffuse component.

The results obtained suggest that in order for the partially coherent detection to
have a better BER performance, there should be serious degradation in differential
detection so that the coherent component will have an important contribution to the
BER performance. Furthermore, the employment of additional differential detectors
should also be contributing to the performance of the receiver. It is well known
that [26] for coded systems, in AWGN channels differential detection has a more
serious degradation compared to coherent detection due to the correlation introduced
in between the symbols and this correlation introduced will more likely lead to error
pairs or bursts. This fact suggests that partially coherent detection of coded systems

can provide considerable improvements.

86



Chapter 5

CONCLUSIONS AND
SUGGESTIONS
FOR FURTHER RESEARCH

In this thesis, models to implement both the noisy phase reference due to the noise
let in by the loop filter of the carrier recovery circuit and Rician fading channels were
introduced. It has been shown that the pdf of the phase noise and the amplitude of
the fading samples match well with the analytically derived ones in literature. Except
for the BER performance of BPSK in AWGN channels with a noisy phase reference,
it has also been shown that the simulation results match reasonably well with the
analytical or simulation results available in literature.

Considering that coherent detection will perform poorly in the presence of phase
noise and fading, we tried to apply partially coherent detection which is a more general
case of noncoherent detection to improve the performance of noncoherent detection.
After we derived a general metric expression and examined it under two different
cases: low -ﬁ—% and high —ﬁ-g—, we applied these metric expressions to PSK signals.
Considering that a communication system would generally operate at high ﬁ% values
and that the metric expression is simpler, we used the one for high % In order
to simplify the receiver structure and the detection process, the metric expression

was truncated, ending up with a receiver that consists of a coherent detector and a
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two symbol differential detector. Partially coherent detection metric was a weighted
combination of multidifferential detection and coherent detection having &N, as the
coefficient of the coherent term. As the signal to noise rasio of the loop increases,
under the condition where coherent detection would perform better, the weight of the
coherent term would increase and vice-versa.

Simulations were run using Viterbi decoding to obtain the BER. performances of
uncoded BPSK and QPSK in slowly varying Rician channels with (where coherent
detection is involved) and without considering the noisy phase reference. The simu-
lation results showed that there was no significant improvement in partially coherent
detection of uncoded BPSK and QPSK, compared to differential detection. In QPSK
case, unlike the BPSK, our expectation was to get some improvement when compared
to differential detection.

As a further research, BER performance of partially coherent detected coded sys-
tems can be investigated. As have been stated in the conclusion section of Chapter 4,
due to the serious degradation that the correlation introduced in between the symbols
might have bring, we believe that tue performance of partially coherent detection will
improve considerably compared to multidifferential detection. Furthermore, as the
metric expressions suggest, the decoding can be done in biocks starting with small
block lengths. We believe that partially coherent detection will give significant im-
provements compared to differential detection for coded systems. The performance of
partially coherent detection can be compared to other detection schemes under other
channel conditions (e.g. Rayleigh fading channels, fading channels where there is also |

shadowing, fast fading channels).
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