TOTAL OF 10 PAGES ONLY
MAY BE XEROXED

(Without Author’s Permission)

Wil

RANATH LIYANAPATHIRANA












A STUDY OF CPFSK TRELLIS MODULATION CODES
ON GAUSSIAN AND NON-GAUSSIAN CHANNELS

by

® Ranjith Liyanapathirana. B.Sc.Eng.(Hons.). \L.Eng.

A thesis submitted to the School of Graduate
Studies in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Faculty of Engineering and Applied Science
Memorial University of Newfoundland

June 1995

St. John's Newfoundland Canada



Bel e

Bibliothéque nationale
Canada

Acquisitions and Direction des acquisitions; et
Bibliographic Services Branch  des services bibliographiques
395 Wellington Street 395, rue Wellington

Ottawa, Onlano QOttawa (Orlano)

K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
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.

ISBN 0-612-06131-0

Canadi

Vo bin Vot arence

Qutie e wtaonza

L'AUTEUR A ACCORDE UNE LICE
IRREVOCABLE ET NON EXCLUSIVI
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES |
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CINE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.



ABSTRACT

The objectives of this study are to find improveraents to CPFSK trellis modu-
lation codes on AWGN channels. and to investigate the effectiveness of using
suboptimum u,vhotent plzaac. detection of CPFSK signals on non-Gaussian
channels, A i time-invariant. finit te trellis is introduced for
JM-CPFSK signals. Based on this, a matrix representation is formulated for
M-CPFSK with h € 1/M. A class of fixed-h binary nonlinear CPFSK trellis
modulation codes is constructed and analysed. Numerical results indicate
that, for a given complexity, binary nonlinear CPFSK schemes can be de-
signed so that they achieve the maximum memory length allowed by the
number of trellis phase states. When & = 1/M, the optimum binary non-
linear CPFSK schemes exhibit coding gains of upto 2.2 dB compared with
MSK signalling, The suboptimum coherent phase detection technique for
CPFSK is a detection technique that has been directly adapted from PSK.
Tplementation of this detector is much simpler than that of the correla-
tion receiver. Based on a code search subject to a set of heuristic design
rules. self-transparent 4-CPFSK and 8-CPFSK trellis modulation codes with
h < 1/M are found for the carrier phase offset channel. It is found that the
best self-transparent codes for M-CPFSK with & < 1/ are identical with
the optimum codes for the classical Gaussian channel found in the litera-
ture. Using the conventional method of computing an equivalent minimum
distance, the perfc of subopti; coherent detection of CPFSK is
evaluated on carrier phase offset channels. It is found that 8-CPFSK trellis
modulation codes are more susceptible to carrier phase offsets than 4-CPFSK
trellis modulation codes. Channel cutoff rate bounds are calculated for co-
herent PSK and suboptimum coherent CPFSK on (i) the AWGN channel
and (i) the mobile satellite channel modelled as a Rice fading channel with
a steady line-of-sight component. It is shown that suboptimum coherent de-
tection of 4-CPFSK is inferior to 4-PSK, but suboptimum coherent detection
of 8-CPFSK with h > 1/4 and 16-CPFSK with h > 1/8 offer better coding
potential than coherently detected 8-PSK and 16-PSK, respectively. This
makes suboptimum coherent detection of 8-CPFSK and 16-CPFSK more
ives to PSK signalling on mobile satellite channels.
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Chapter 1

Introduction

1.1 Digital communication systems

Communication systems are intended to convey information from one location to
another or from one point in time to another. These systems include telephony.
telegraphy, broadcast audio, television, cellular mobile radio. and magnetic record-

ing, to name a few. To transmit information over a channel or to store information

in a medium, many basic signal i fons liave to be ed on the
baseband signal. The following operations are fundamental to all communication

systems (althongh, in a given system, not all operations appear), source coding,

channel coding, modulati liplexing, filtering and synchronisation. The sim-
plified block diagram of Figure 1.1 shows only those operations of a communication

system that are of concern to this study.

that takes place in a

is an i signal

phase or

system. In modulation, a such as
frequency of a carrier signal is varied as a function of the instantancous value of
the signal we want to transmit. It can be effectively used to match a signal with
the characteristics of the transmission medium and to minimise the effects of chan-

nel noise and i Often, modulation is also ck ised by a




Information Channel
- | Modulator |l
Source Encoder
waveform
Channel
Information

) Decoder | g | Demodulator |-<e—-

Figure 1.1 Simplified block diagram of a communication system.



translation to a new higher band of frequencies to provide the capability of mul-
tiplexing many signals. The baseband information is retrieved at the receiver by
the complementary or inverse operation of modnlation which is the demodulation.
However. the demodulation method is not unique since there can be severa) distinct
implementations.

Modulation can be either analog or digital. Digital equivalents of three well
known analog modulation techniques. amplitude modulation (AM). phase modu-
lation (PM) and frequency modulation (FM) are amplitude shift keying (ASK).
phase shift keying (PSK) and frequency shift keying (FSK), respectively.

o Amplitude-shift keying (ASK): In ASK, information is encoded in dis-

crete amplitude levels of the carrier signal. ASK has good bandwidth-efficiency

but its performance is severely degraded in nonlinear and f2ding channels.

Phase-shift keying (PSK): In PSK. the phase angle of the carrier signal is
varied according to the message signal. PSK is a constant-envelope modula-

tion technique and it has good idth-effici The bandwidth depends

on the data rate and not on the number of discrete phase angles used for sig-
nalling and, therefore, PSK is commonly used in high data rate applications

in nonlinear channels.

o Frequency-shift keying(FSK): FSK involves changing the carrier between
fi ies d ding on the baseband i ion. This is also a constant-
envelope dulati hni In ional FSK, the switching from

one frequency to another is carried out without regard to the continuity of

times. The di inuities in the

the phase angle of the carrier at
phase angle cause undesirable discrete frequencies in the power spectrum. If

the phase is maintained continuous at switching times, the resulting FSK is

3



known as continnous-phase FSK (CPFSK). CPFSK generally has a smooth
frequency spectrum and the bandwidth depends ou the data rate as well as

on the number of frequencies used for signalling.

There has been a growing trend towards using digital modulation techniques in
all communication systems. This is owing to the rapid advances in digital tech-
nology and the advantages these systems offer. such as the capacity to transm’t
different types of baseband signals (speech, video, data) in a common format and
the ability to regenerate the signal. thereby minimising the adverse effects of noise
and interference.

By the end of the century. most wire-line and optical fibre communication s;

tems will be fully-digital. It is also likely that this will be true for most wircless

B 1

with |

of high quality digital andio already
underway in Japan and Europe and with all-digital high-definition television sys-
tems now being tested in the U.S.A., it appears that, by the end of this decade
digital will have superseded analog in all forms of broadcasting. Digital modula-
tion techniques are also certain to become the universal choice for future personal
communication systems and mobile satellite services.

In the cxisting digital communication systems, there is always a need for the
increase of spectral cfficiency. This is necessary because the radio frequency (RF)
spectrum is a finite natural resource, while the user demand for spectrum steadily
increases. Limitations in bandwidth have been felt in voice-band data transmission

through wire-lines, point-to-point digital microwave radio, digital satellite com-

and land-mobil icati At the recently concluded World
Administrative Radio Conference (WARC-92), the most important and challeng-

ing task was the allocation of additional spectrum for both existing and future



wobile communication systems [83]. Expansion of f jes for high-

satellite and terrestrial digital-audio broadcasting. and space communications was
also a major topic of interest. In many of the above applications the available
trausmitter power is also limited. Therefore both bandwidth and power-efficiencies
are desirable characteristics of digital modulation techniques. Trellis modulation
codes have shown to be both power and bandwidth-efficient when compared with

the conventional digital modulation techniques.

1.2 Trellis modulation codes

The conventional approach to channel coding regards coding and modulation as
separate operations. Therefore the encoder and modulator are independently opti-
mised to achieve the required error performance. The original idea of coding was to
add redundant symbols (parity bits or check bits) to binary data symbols so that

the receiver could exploit the redundancy to correct erroneous bits. Massey [69] and

Ungerboeck (94, 95| showed that iderably lower error for the same

average signal power can be achieved by combining the operations of encoding and

modulation in the pro of signal design. Demodulation and decoding likewise

would be aspects of signal detection at the receiver.

The idea behind this ive way of achieving redund was to use ex-

panded channel signal sets with trellis-coded modulation. In trellis-coded modu-
lation, a signal constellation with 2"*' signals is used to transmit n bits of infor-
mation. The constellation expansion ratio is thus a factor of two. The 2"*! signal
constellation is divided or partitioned into subseis, in a regular way, so that the
intra-subset signal space distance is greater than that of the parent constellation. A

convolutional code of rate-n/(n+1) is used to select these signal points. Part of the



convolutional code output selects the subset while the other part selects the signal
points from the subset. The constellation expansion of a factor of two is due to the
code redundancy of one bit per symbol. This type of coding is also referred to as
set-partition coding in the literature. In [94]. it was shown that only marginal ad-
ditional coding gain can be achieved by resorting to coustellation expansion factors
greater than two.

Today coding has an even more general definition: that is, a code is

set of
sequences. Therefore. “coding is the imposition of one of a set of sequences or
patterns onto the transmitted signal [10]." The receiver, having a priori knowledge
of the set of patterns, chooses the pattern closest to the noisy received signal.
The patterns impressed upon signal waveforms with the use of data sequences
can be made as complex as necessary within the limits of implementation. The
definiti bi

new the ideas of

coding and modulation into one

operation. R 'y achieved by pre-coding and by expanding the signal set are
both included in the new definition. By imposing coded patterns onto phase and
amplitude. it has been shown that trellis modulation codes achieve higher power
and bandwidth-efficiency. However, this is achieved only by increasing the recciver
complexity and processing delay.

According to Viterbi [97], the complexity, which is exclusively in the digital
processing, can be made as cheap and virtually as power thrifty as needed by
market demand influence on economics of scale, because the phenomenal evolution
of solid-state circuit integration has reduced the cost of communication electronic

devices by many orders of magnitude, even while proportionately reducing their size

and In the past, p complex receiver structures have been the
major drawback of coherent digital signalling schemes using trellis modulation codes

but, complexity is no longer the limiting factor in the practical implementation of



such schemes.

There are two broad classes of trellis modulation codes. The first includes the
set-partition codes introduced by Ungerboeck [94]. As explained before. in set-
partition coding, subsets of a larger signal set are associated with the transitions of
a finite-state machine (usually a convolutional code.) Part of the data is carried in
the choice of the subset and a part inside the subset itself. A generic trellis encoder
encompassing the idea of set-partition coding is shown in Figure 1.2. Coded pat-
terns of both phase and amplitude are present in such codes because the signal set
is often Quadrature Amplitude Modulation (QAM). Thus they are non-constant-
envelope codes mostly applicable to the additive white Gaussian noise channel.
Several Ungerboeck codes have been adopted by the International Telegraph and
Telephone Consultative Committee (CCITT) (ITU-T) as the standards for data
transmission over the public switched telephone network [34].

The second class of trellis modulation codes known as continuous-phase mod-
ulation (CPM) codes have also reccived much attention owing to their constant-
envelope property. These are based on PSK and FSK. The constant-cnvelope prop-
erty makes them particularly suitable for applications in nonlinear chaanels such
as the satellite communication channels. CPM signals employ coded patterns of
phase within a constant amplitude signal and achieves spectral efficiency without
additional filtering [8]. Thus CPM would suffer less degradaiicn due to amplified
nonlinearities (for example in a travelling-wave-tube of a satellite repeater) than

would ional PSK trellis modulation codes. Since i lifiers are

typically 2-3 dB more power efficient than purely linear power amplifiers, this could
be counted as a gain for CPM in relation to non-constant-envelope treilis modula-

tion codes.



Binary Subset
— P
Encoder Selector

Uncoded
Bits

Signal-point
_

Select.
Remaining Coded Bits aieckor

-
signal

Figure 1.2 Generic trellis encoder.

points



1.3 Continuous-phase modulation

‘Irellis modulation codes based on continuous-phase modulaticn (CPM) carry infor-
mation in the continuous coded phase of an RF carrier. therefore. the transmitted
signal phase is a continuous function of time. The condition that the signal phase
be continuous introduces correlation between signals in adjacent signalling inter-
vals. The frequency of a CPM signal at any given time is the sum of frequency

Ises, each delayed by a multiple of the channel symbol duration and scaled in
proportion to a channel input symbol. The general signal format, that will be used
in this study is given below in (1.1). The notation. with minor changes. follows
that of [6].

Mathematically, the CPM signal can be expressed as [6]:

$(t.X) = \/2E,/T cos[27 fot + o(t.X) + ¢0] , (1.1)

where E, i¢ the symbol energy. T is the symbol duration and fo is the nominal
carrier frequency. The phase of the signal at £ = 0 or the phase angle accumulated
over the period —co < t < 0 is denoted by dy. For coherent communication systems
considered here ¢y can be set equal to zero without any loss of generality. o(t, x)

is the information-carrying phase given by:

St =25 3 aheglt—nT), 12

Where X = ...I_p, Iy, Zo, 21, L2, ... Zn is the source sequence of M-ary data
symbols, cach taking a value of the set {x | z, = *1, £3, £5, ..., £(M - 1)}
with cqual probability.

The proportionality constant hy, is the modulation index of the CPM signal
that may vary from signalling interval to signalling interval. Along with q(t), it

determines how much phase changes in the signal for each data symbol. When h,

9



varies from signalling interval to signalling interval such a scheme is referred to as
wulti-h signalling (12]. In multi-h schemes. h, changes cyclically through a small
set of indices over consecutive signalling intervals.

In (1.2). q(t) is the phase response pulse obtained from the baseband frequency

pulse g(t) through the relation
i
ot = [tg(r]dn (1.3)

Generally. it has been shown that the highest slope in g(f), which is the frequency
peak of g(t), affects the width of the main lobe of the frequency spectrum, while
the spectral side-lobes are set by the number of continuous derivatives in the pulse
[6]. The phase pulse response begins at ¢ = 0 and spans a finite duration of (L —1)
signalling intervals, where L is the order of the CPM scheme. For L < 1, full-
response CPM schemes are obtained and for L > 1, partial-response CPM schemes
are obtained. Some commonly used phase response pulses are shown in Figure 1.3.
By choosing different phase response pulses g(¢) and varying h,, and A, a limitless
variety of CPM schemes can be realised. A list of the most common CPM signal
formats can be found elsewhere [6].

The phase of CPM signal forms a tree structure. In particular the phase of
an M-CPFSK signal follows a linear trajectory with one of M slopes during cach
signalling interval. The phase tree of a typical CPFSK signal is shown in Figure
1.4. Any trellis modulation code that can be generated with a finite-state machine
has a trellis as well as a tree structure. However, this study will have little need for
the tree structure since it can be simplified to form a finite-state trellis for rational

value modulation indices as will be discussed later in Chapter 3.
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Figure 1.3  Common CPM phase response pulses.
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1.4 Detection of CPFSK trellis modulation codes

CPFSK trellis modulation codes can be detected either by sequence detection tech-

uiques or using symbol-y-symbol detection techniques. In practice. the maximm-

likelihood sequence detector consists of a correlation demodulator followed by a
trellis decoder. Typically, the Viterbi algorithm is employed in the trellis decoder
to make use of the correlation between signals introduced by the phase continuity
property. Most trellis decoding schemes (the notable exception being sequential
decoding) operate in a way that two or more possible encoded sequences over a
limited time span (known as the recciver path memory or the decoder memory) are
compared to decide which sequence is most likely. given the corresponding received
sequence. In an ideal situation. this decision should be maximum likelihood. In such
a case, given the received sequence yy. ya. ..., yv corresponding to an input symbol
sequence of ry, &y, ..., Iy, the decoder should select the encoded sequence that
maxiwises the probability P(yy. y2. ... yx | 1. Z2. ... 2y). The Viterbi algo-

rithm [43] uses many such decisions. thereby selecting the maximum-likelihood se-

quence over the complete message rather than ining the
symbol at a given time based on only one such decision (as in most decoding schemes
for block codes [70}).

‘Well known symbol-by-symbol detection schemes available for the detection of
CPFSK trellis modulation codes are coherent detection, non-coherent detection and
limiter-discriminator detection. In non-coherent detection, the receiver only knows
the symbol-timing while the carrier-phase is completely unknown to the receiver.
Though not suitable for every channel condition, coherent detection techniques are
superior to non-coherent detection techniques and to realise the full potential of

trellis modulation codes, cokerent detection is essential.




1.5 Correlation detection and trellis decoding

The optimum correlation receiver for coherent detection of CPFSI trellis modu-
lation codes is shown in Figure 1.5. It can be separated into the following three

tasks: demodulation. synchronisation. decoding.

Demodulation is accomplished by a bank of correlators (analog multiplier and
integrator combination) supplied with a known set of coherent reference sig-

nals sy(t). 52(t). 83(1). ... sq(1). In Figure L3,r(¢) is the received signal

and n(t) denotes Gaussian noise. To demodulate an uncoded M-CPFSIKK

nal, ¢)M such reference signals are needed. where ¢ is the denominatos of the
rational value modulation index h. Correlators are replaced in practice hy a

set of matched-filters.

©

. Synchronisation of the locally generated reference signals’ phase to the carrier
used in the modulator is necessary for the correct demodulation of the signal.
It also includes extraction of symbol-timing information so that the received

signal and the recovered clock are synchronised with the transmitter clock.

]

Decoding of the demodulated signal according to the Viterbi algorithm [43] in
conjunction with a distance measure appropriate for the channel conditions

results in the sequence of symbols most likely to have been transmitted.

The performance of the correlation receiver is important because it is often used as
a reference with which to compare the performance of suboptimum decoding tech-
niques. Because of the high complexity of the correlation receiver, one is motivated
to study suboptimum receivers and to seek a compromise between performance and

receiver complexity.
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Figure 1.5 Correlation detection and trellis decoding.



1.6 Probability of error and minimum squared
Euclidean distance

The usual measure of performance of a coded sytem is the average probability of
error that is achieved at a specified signal-to-noise ratio (SNR). 1 1 most practical

applications. we are only interested in the high-SNR performance. That is. we are

interested in those situations where the probability of error is less than 107% or
107*. In this case an approximate procedure is available which makes use of the
union bound [27. 105). The union bound technique can be used with any trellis
modulation code with maximum-likelihood decoding. It is based on the idea that
an event can be expressed as the union of several subevents, then the probability of
that event occurring is always less than or equal to the sum of the probabilities of
all subevents. Thus, the probability of error can be upper-bound as the sum of the
probabilities of each of the error-events. Also, it is well known that the probability
of error primarily depends on the Euclidean distance or the signal space distance
between the transmitted sequence and its nearest neighbour [105].
In an additive white Gaussian noise (AWGN) channel, the Euclidean distance
between any two CPFSK signal sequences s,(t) and s,,(f) is given by [19}:
DPon(t), 5,8 2 [loalt) = sh(t)et, (14)
where the integral extends over an error-event (the time that the two signal se-

quences differ). As shown in Appendix A, (1.4) reduces to (1.5) for phase mod-

ulated signals and in the special case of CPFSK signals, (1.5) further reduces to

(16).
Di{an(t), sy(t] = 2E./T [(1 = cos [ou(t) = fifo)}dt (13)
D¥(8,, 8,) A 2, {1=sin [wh(zn — 23)}/[27h(z0— )] cos [wh(zs — £,)/2 + &, — B]}
(1.6)



This can be used as the decoding metric in the maximum-likelihood decoding algo-
rithin, usnally the Viterbi algorithm [43]. In (1.5) and (1.6). 04(#) and o),(t) are the
phase angles (reckoned in modulo-27) of the two signal sequences s,(¢) and s),(¢)
at t =nT.

The winimum squared Euclidean distance (MED) is the global minimum of
(1.6) over the finite-state trellis representing the trellis modulation code. That is,

Dy, Bmin Dsn(t) (1] V sult) # 530, (i)

where the minimisation is carried out over all possible pairs of signal sequences
an(t), s1,(2).

According to the classical signal space theory [105), the asymptotic error prob-
ability of any trellis modulation code operating over the additive white Gaussian
noise channel is given by:

PxQ ( (18)

where E; /Ny is the bit-energy-to-noise-density ratio and Q( ) is the Gaussian error

integral given by Q(z) = k= [Fe™¥"/%dy. Tt is clear from (1.8) that the error
performance of trellis modulation codes in AWGN channels can be improved by

the mini; squared E distance.

It is convenient if we can make the distance in {1.8) independent of energy so that

comparisons can be made with codes of different alphabet size or signalling levels

M. This could be done by forming the lised squared Euclid

distance,

drin = Dhin/2Es, (1.9)
where E} is the energy per bit. According to the above normalisation the minimum
squared Euclidean distance for minimum shift keying (MSK) becomes 2, which is

the reference for all our numerical results.
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1.7 Distance properties of CPFSK and energy-
bandwidth trade-off

For coherent detection of an M-CPFSK signal with h = p/q. where p and g are
relatively-prime positive integers. the correlation receiver uceds ¢M correlators or
matched filters [62]. Often. depending on the value of the modulation index. this
number can be reduced to a number below ¢.M. The complexity of the correlation
receiver will still be high except for small M and ¢ values. In the case of uncoded
M-CPFSK signals, an M-state trellis decoder can achieve almost all the coding
gain that is guaranteed by the modulation process [62]. In [90] it is shown that,
for all h < 1, M-ary full-response CPM schemes can be decoded using a decoder of
M-states with only minor degradation in error performance,

A i of mini squared Euclid distances of M-CPFSK with

h =1/M and M-PSK is shown in Table 1.1. The error performance degradation of
CPFSK relative to binary PSK is also shown there. The associated degradation as

dicted by the mini squared Euclidean distance is zero for the binary case,

but, it is substantial for higher order modulations. However, for many nonlincar
applications, this degradation is more than offsct by the reduction of the envelope
amplitude variation caused by bandlimiting the signal [106]. Clearly, M-PSK sig-
nals have larger minimum squared distances than the corresponding M-CPFSK
signals for h = 1/M, though multiple-bit detection is used in the latter case. By
treating the CPFSK signal as a PSK signal and sampling the phase at symbol
transition instants, it is possible to decode the signal with a less complex detection
technique known as phase detection and trellis decoding [61]. However, it can he
shown that the performance of this suboptimum receiver depends on the phase de-

tection process that is, in the estimation of phase at the end of sigualling intervals.



Table 1.1 Error performance degradation of M-CPFSK
with h=1/M relative to BPSK.

| PSK CPESK  (h=1/M)

M
| 2 2 2 2 (@B)
| 9iin $in /9B 955 '4fsn /9B
| |
| :
P2 2000 0000 | 2000 0000 | 0000
I 200 0000 | LdsE 38| -3
8 0879 | 3570 | 0598 | S523 | 167
16 0304 | 8175 | 0204 , 994 79
| 3 LER | 00e4 | 149 | 176
| | | |




The Euclidean distance metric given by (1.6) is no longer valid and a new metric
for this suboptimum trellis decoder has to be defined. which takes into account
the statistics of the errors in the estimation of phase. A more detailed description
of this suboptimum receiver and its performance evaluation will be considered in
Chapter 5.

In carrier modulated schemes the bandwidth is often defined as the rauge of
frequencies about the carrier frequency within which some fixed fraction of the
signal power is contained [6]. In other words it is measured in termis of the fractional
out-of-band power. For instance, the 95% power containment bandwidth of a carrier
modulated scheme with a carrier frequency fo and power spectrum S(f) is the value

of B such that
In+ﬂ/‘2s i = .
J; (1) df =095 [~ 5(5)df. (1.10)

fo-B/2
B is known as the double-sided power containment bandwidth of the sigualling
scheme and it is illustated in Figure 1.6.

It is well known that when the modulation index of a CPFSK signal is decreased
towards zero. the bandwidth it occupies also decreases. However, a smaller modula-
tion index generally leads to inferior error performance because of the smaller min-
imum squared Euclidean distance, Figure 1.7 shows minimum squared Euclidean
distance (10log d?,;,) against bandwidth for a variety of M-CPFSK schemes with
different modulation indices and alphabet sizes (signalling levels). This is com-
monly known as the energy-bandwidth plot. Two families of curves are shown in

Figure 1.7. one for 99% power i in the double-sided RF bandwidth and

the other for 99.9% inband power. Clearly, CPFSK schemes with smaller % use less
bandwidth but, copsume more energy. Binary CPFSK performs poorly compared

with other schemes because the curves lie well to the lower right of the others.
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Figure 1.6 Definition of power containment bandwidth

for carrier modulated schemes.
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Figure 1.7 Energy-bandwidth trade-off for M-CPFSK
(after Anderson et al. [6].)
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The curves for 4-CPFSK and 8-CPFSK follow each other closely and both per-
form relatively better than 16-CPFSK. Although large distance gains are possible
by choosing larger h values they are inevitably associated with wider bandwidths.
Both 4-CPFSK and 8-CPFSK with smail modulation indices (typically & < 1/M)
have their energy-baudwidth performance curves well to the lower left of other
schemes. With the small alphabet size they provide a good compromise among

handwidth-efficiency, power-efficiency and complexity.
1.8 Shannon capacity and channel cutoff rate

1 limit to ication in any channel.

Shannon capacity, C, is the
For instance, the Shannon capacity of a band-limited additive Gaussian noise chan-

uel (in bits per second) is given by,
C = Blog, (1+ SNR), (1.11)

where B is the channel bandwidth. and SNR denotes the received signal-to-noise
ratio. It sets an upper bound on the rate at which information may be transmitted
through the channel without error. However, reliable transmission near capacity
would only be possible with very complex coding schemes.

‘While the Shannon capacity gives a range of rates where reliable transmission
is possible, it is now believed that the channel cutoff rate Ry can be taken as
the practical upper bound on information rate [24]. It becomes very expensive
to communicate reliably over a channel when the information rate R exceeds Ro.
Not only Ry gives a range of rates at which reliable operation is possible but also it
gives an exponent to average probability of error [24]. Furthermore, when combined
coding and modulation is used on discrete channels the probability of error may

not be meaningful because in modern trellis modulation coding there is no direct
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not be meaningful because in modern trellis modulation coding there is no direct
error correction involved. This was evident from the new definition of coding given
in page 6.

Meaningful comparisons among discrete channels can be based on the cutoff
rate Ry (69, 105]. Moreover. bounds on Ry can be quite useful in predicting the
relative performance changes that occur when the noise process or channel model
changes. The use of Ry to assess the effectiveness of trellis modulation codes on in-
terleaved multipath fading channels has also been recently recommended by several

researchers [37. 79].

Mathematically, when finite energy M-ary signals {s;}.i = 1.2...., M are
transmitted over the AWGN channel with probabilities {g;}.i = 1, 2, .... M. the
cutoff rate is given by [69]:

MM 18,-8,17
Ro=—loga{mingg) 33 g™ ™}, (1.12)
a5

where No (W/Hz) is the variance of the noise waveform. The unit of Ry is bits per
waveform or bits per signaliing interval (bit/T).
Calculation of Ry for maximum-likelihood detection of CPFSK signals on AWGN

channels is given in [11]. Figure 1.8 shows the cutoff rates of 4-CPFSK and 8-
CPFSK signals for several h-values plotted against the signal-to-noise ratio. These
plots determine, in terms of the channel cutoff rate Ry, the relative effectiveness
of each CPFSK modulation scheme on an AWGN channel. The larger Ro is for a
given average transmitted energy, the better the channel on which coding is to be
used. Ry levels-off at log, M bits per signalling interval, since M-ary modulation
can only transmit a maximum of log, M bits per symbol error-free. Schemes with
h = 1/M exhibit almost all the coding potential of M-CPFSK signalling in the

intermediate to high signal-to-noise ratio range. When the signal-to-noise ratio is
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small 4-CPFSK and 8-CPFSK schemes have almost the same cutoff rates. Clearly,
increasing b beyond 1/M does not result in significant reduction in the SNR re-

quired. Therefore based on the channel cutoff rate criterion too M-CPFSK signals

with & < 1/M provide the best ¢ of p fliciency and idth-
efficiency for AWGN channels.

Research reported in this thesis is partly motivated by the above observations
and is directed towards (i) the improvement of trellis modulation codes based on
M-CPFSK signals with h < 1/M for data transmission through the classical Gaus-
sian channel, and (ii) the application of suboptimum coherent detection (coherent
phase detection and trellis decoding) of M-CPFSK trellis modulation codes for
data transmission through non-Gaussian channels. By ‘non-Gaussian’ we mean
channels with carrier-phase offsets and channels with amplitude only multipath
fading. It should be emphasized that only full response, fixed-k M-CPFSK signals
with a rectangular phase response pulse will be considered and unless otherwise
stated ideal coherent detection with a maximum-likelihood decoder at the receiver
is assumed. The scope of the present study is given in the next chapter after the

pertinent literature on the subject has been reviewed.
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Figure 1.8 Cutoff rate Rg of 4-CPFSK and 8-CPFSK against
signal-to-noise ratio Eg/Ng on an AWGN channel.
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Chapter 2

Literature Review

2.1 Introduction

This chapter presents a review of literature on continuous-phase modulation (CPM).

The li specific to conti phase fre y-shift keying (CPFSK), which

is a full-response subset of CPM. will be emphasised. A lot of research work has
been conducted on detection, error performance, spectral performance and syn-
chronisation of CPFSK. Regarding trellis coded CPFSK. substantially more results

are available for the classical additive white Gaussian noise channel as compared

to non-Gaussian chaunels. A survey of the current literature indicates that less
amount of work has been reported on the application of CPFSK trellis modulation
codes to channels with multipath fading and carrier-phase offsets.

Scope of the present study and the organisation of the thesis is given at the end

of this chapter.
2.2 Continuous-phase modulation

Digital phase modulation with continuous phase first appeared in the work of
de Buda [33], Oshorne and Luntz [76] and Schonhoff [85]. However, the papers of
And Aulin and Sundberg [12. 14, 19] ized and lized the previous
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work. and prompted a lot of studies to be conducted in contintous-phase modu-
lation (CPM). In particular. the two-part paper hy Aulin and Sundberg [14. 19}
introduced the general form of CPM. In Part-I they restricted their attention to
full-response CPM. while in Part-II, co-authored by Rydbeck, partial-response CPM
was considered. Relative error performance and spectral characteristics of various

ph dulation formats were p 1 for the AWGN channel as-

suming ideal coherent detection. It was also shown that significant processing
complexity would be required to achieve low error probabilities while retaining
both power and bandwidth-efficiency. Anderson and Taylor [12] introduced multi-

h CPM signalling and investigated the error and spectral properties. A practical

motivation at the time for the above work was satellite transmission and digital
mobile radio using nonlinear power amplifiers. A historical overview of the theory
and rescarch literature on CPM caa be found in [6, 87, 101].

Among the many CPM schemes that have been reported, the class of full re-
sponse signalling known as i phase fre hift-key (CPFSK) has

drawn considerable atteation [7, 13, 15. 38, 76, 77, 80, 85). The special case of binary
CPFSK with the modulation index 1/2. often referred to as Minimum-Shift-Keying
(MSK) [22, 32, 47) or Fast-Frequency-Shift-Keying (FFSK) [32. 33, 47], has been
studied extensively during the late 1960’ for use on band-limited non-linear chan-
nels as an alternative to fonal y PSK (QPSK). de Buda [33] has

discussed the performance of MSK with a two-bit observation interval and has given
a self-synchronising receiver structure for MSK. Forney [43] has given a clear expo-

sition of the use of Viterbi algorithm for il likelihood sequence

(MLSE) of coherently detected CPFSK and in particular, examiued the case of
MSK. The work of de Buda (33] and Forney [43] generated much interest in M-ary
CPFSK signalling.
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A restricted class of continuous-phase modulated signals known as multi-h sig-
nalling or multi-A phase modulation (MHPM) [11. 12, 22, 40, 41, 42, 73] also has
received much attention in the literature owing to their superior error performance.
In wost multi-h schemes the modulation index varies cyclically from symbol in-
terval to symbol interval. This leads to a delayed merging of neighbouring phase
trellis paths, which in turn increases the minimum squared Euclidean distance and
improves the error performance. The price paid for the improved error performance
of multi-h signalling as compared to fixed-h schemes is the increase in the receiver
complexity. This is caused by the use of more than one value of h which requires

known as super-baud synchronisation [40]. In

an additional type of
adaptive multi-h signalling [40. 41] the modulation index in a given symbol interval
depends on both the transmitted symbol and the state of the system. Adaptive
binary multi-h CPM schemes that achieve maximum constraint length allowed by
the number of trellis states have been designed and they have been shown to offer

better energy-bandwidth trade-off than MSK signalling [40].

2.2.1 Detection of i ph modulation

Tt has been shown in the literature [32, 33, 43, 76] that between the two classes of de-
tection technignes available for CPFSK signals, the Maximum-Likelihood Sequence
Detection (MLSD) technique yields better performance than the symbol-by-symbol
detection technique. For rational value modulation indices, the CPFSK signal can
be modelled as a finite-state time-invariant Markov process [6, 14, 19}, thus the
Viterbi algorithm can be used for optimum demodulation in the presence of ad-
ditive white Gaussian noise [43, 94]. For the particular case of MSK, coherent

Maximum-Likelihood Sequence Detection can achieve the same error probability as

the c jonal non-coherent d ion of binary FSk with 3 dB less power [33].

29



Oshorne and Luntz [76] considered the maximum-likelihood detection of binary

CPFSK for arbitrary modulation indices. Schonboff [85] extended the approach of

Osborne and Luntz [76) to M-ary CPFSK and coucluded that significant power

gains can be achieved by the careful selection of the modulation parameters.
There are basically two methods by which the performance of a partienlar de-

tection scheme may be determined. One is an exact procedure which involves the

consideration of all possible error situations or error events becanse the probability
of error can change with a different transmitted sequence and to obtain the error
rate one must average over all possible transmitted sequences. Thus it produces
a result which is valid at all signal-to-noise ratios (SNR). Thongh CPM schemes

are exactly defined. obtaining closed-form expressions for the probability of symbol

error (P,) is made i due to the complexity of the But in
many practical situations. only the high-SNR performance is required. Therefore,
in modulation schemes, where the symbol error probability is difficult to determine
exactly. it has become a common practice to obtain upper and lower-bounds in-
stead [13, 54]. At high-signal-to-noise ratios. the symbol error probability of CPM
on an AWGN channel is asymptotically determined by the squared minimum Eu-
clidean distance (d2,,) given by Pe = Q(y/@,;,/2No) (6. 105]. This single parame-
ter description of the detection performance has greatly simplified the problem of

searching for reliable CPM schemes at high-SNR.

On additive, white Gaussian noise channels with high signal-to-noise rat

the error probability of CPFSK schemes is dominated by the minimum Euclidean
distance between any two signals. This is not always true at low and intermediate
signal-to-noise ratios, because other error events with larger Euclidean distances
can become significant [91]. Thus it was necessary to find methods to study the

distribution of error events and their distance profiles. Several algorithms have
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been discovered by a number of researchers for evaluating the minimum distance

pasametors of CPFSK schemes [6. 19, 75. 94]. These algorithms belong to the

class of tree-search and trellis-s h i A well blished trellis: h
algorith is described by Mulligan and Wilson [75). Tennant and Kingsbury [91]
extended this algorithm to evaluate distances and paths of error-events other than
the free distance event. The above algorithms are computationally efficient only

when the number of states in the trellis is small and. therefore. performance bounds

are the most common means of estimating the error p: ity and designing new
and more complex coded-modulation schemes.

For uncoded CPFSK signals with h < 1/2 the exact formula for the minimum
squared Euclidean distance has been recently obtained by Rimoldi (81]. While the
above interval of & covers most of the cases of practical interest. in [59], we have
derived the closed-form expression for the d?,;, of M-CPFSK valid for any rational

for the mini Euclid

modulation index. Obtaining closed-form

distance of other CPM schemes, however, is made difficult by their complexity, and
computer algorithms must be used instead.

The optimum maximum-likelihood sequence detection receivers for CPFSK tend
to suffer from high complexity and they are more sensitive to carrier-phase pertur-
bations compared with receivers for QPSK and other memoryless modulations [6].
The optimum receiver is useful mostly te provide a theoretical performance refer-
ence to which other receivers could be compared. In certain applications, such as

b receivers have

cellular land-mobile radio, herent receivers and
proven useful.

The optimum non-coherent detector for CPM signals was derived in [76]. This
receiver is optimum irrespective of the signal-to-noise ratio, though it is always

d detection. In h d ion the

inferior to coherent
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receiver only knows the symbol-timing while the carrier-phase is completely un-
known to the receiver. The performance has been analyzed by means of an equiv-
alent distance and for CPFSK signals. upper hounds on the probability of error
with non-coherent detection have heen derived in [6. 16]. In the comparison of
varions modulation techniques in a band-limited environmeut like the mobile satel-
lite channel. it is necessary to use spectral performance results in conjunction with

error performance results.

2.2.2 Bandwidth of continuous-phase modulation

An important feature of any modulation scheme is its signal bandwidth. It is di-
rectly related to the power spectrum of the modulation scheme, however, bandwidth
lacks a single definition. Different measures like the fractional out-of-band power
(the definition of which was given in Chapter 1) and the position of the spectral
nulls have been used to define the bandwidth in different contexts. The bandwidth
of a CPFSK signal is normally expressed in the current literature in terms of the
99% inband power definition [6, 5|. As explained in Chapter 1 this is the range of
frequencies within which 99% of the total transmitted power is concentrated. The
99% power containment bandwidths of CPFSK signals are almost all less than the
99% power containment bandwidth of PSK and QAM [6]. The 99.9% inbaud power
definition, sometimes used in the literature [6], is a wider measure than the 99%
inband power definition. For a given baseband shaping pulse and a modulation
index, partial-response CPM schemes always have narrower bandwidths than their
full-response counterparts {6].

Several methods of computing the power spectrum of CPFSK have been de-
scribed in the literature [6, 9, 17, 38, 104]. Wilson [104] has obtained power spec-

trum of multi-h CPM signalling through imulation. In the method de-
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veloped by Aulin and dt (6. 17). the autor lation function of the CPFSK
signal is first evaluated and then the Fonrier transform is taken to obtain the power
spectrum. Althongh the power spectrum is taken as the Fourier transform of the
autocorrelation function. a typical CPFSK scheme driven by random data does not

se stationary output. An exact autocorrelation function cannot

produce a wide-se
be defined for such a process [6]. Nevertheless, the above method gives accurate
results because of the exponential decay characteristic of the autocorrelation func-
tion.

Closed-form expressions for the power spectrum can be found only in very simple
cases. In [38], expressions for the autocorrelation function and the power spectral
density function of M-CPFSK with modulation index 1/ have been derived in
closed-form and the results compared to those of MSK. It has been shown that

M-CPFSK signals with h = 1/M have i ly the same aut:

function and the same power spectral density, regardless of the number of signalling
levels for Al > 4 [38].

Summarizing the work on spectral performance of CPFSK it can be stated that
the power spectrum of a multilevel CPFSK signal is determined by the number of
levels and the modulation index, which determines the maximum slope variation
among the piecewise-continuous phase trellis. It has been shown that, decreasing
the modulation index confines the transmitted power to a narrow-band around the

carrier f Furthermore, hing of the f pulse, as happens in

raised-cosine CPM causes the tail of the spectrum to decay rapidly. A more compact
spectrum also can be obtained by increasing the pulse duration. A comparison of

spectral density of several CPM schemes with that of PSK is given in Fig. 2.1.
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Figure 2.1 Power spectral density of MSK, 4-CPFSK (h=1/3)
and M=4, 3RC (h=1/3) (after Anderson et al.[6])



2.2.3 Synchronisation of continuous-phase modulation

Another important area of research has heen the synchronisation and carrier recov-
ery of CPM signals. Coherent demodulation requires the use of a properly phased
carrier at the receiver. (In coherent detection of CPFSK. for example. the imple-
wentation of the Viterbi algorithu requires knowledge of exact carrier-phase.) The
cartier phase must be estimated by the receiver from the incoming signal. In addi-

tion, symbol timing must be derived from the received signal for both coherent and

) letection [80]. T: ly. in any practical communication system
the above synchronisation signals are not exactly known since they are derived
at the receiver in the presence of noise. Besides random noise, impairments such
as constant carrier-phase offsets (carrier-phase rotations) and accumulated phase
offsets can also affect synchronisation.

Carricr-phase rotations occur in practical communication systems when syn-
chronisation is regained after a temporary failure cansed by phase jumps or noise.
Accumnulated phase offsets can occur in a mobile radio communication system when
fixed Doppler frequency shifts owing to the relative motion of the vehicle exist in
the demodulator operation. Usually, in the case of imperfect synchronisation of a

led-modulation scheme, a signal-space rotation caused by a shift in carrier-phase

may result in the received sequence falling outside the valid code space. The above

1

imperfections clearly cause in the system p and these are
known to affect coded-modulation schemes more than they affect uncoded-schemes.

1

A self synchronisation technique for CPFSK signals has been suggested in
by passing the received signal through a nonlinearity. This is an extension of the
synchroniser first proposed by de Buda (33] for minimum-shift-keyed (MSK) sig-
nals. In [18], it has been shown that the same circuit can be adapted for any CPM
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signal. The above metliods use nonlinear operations ou the received signal, coupled

with narrow-band phase-locked loops (PLLs) to estimate the carrier-phase, The

basis of the nonlinear technique is the presence of discrete spectral components in

the spectrum whenever the modulation index is an integer. A different approach
to carrier-phase and symbol-timing recovery using maximum a posteriors probabil
ity (MAP) estimation has been introduced in {103). While these techuiques can
successfully be applied to CPFSK when the signal-to-noise ratio is high and the
modulation index is large. efficient synchronisers for general CPM schemes (espe-
cially partial response CPM schemes with narrow frequency spectra) are still not
available,

Rotationally invariant trellis modulation codes also have received considerable
attention in the current literature [24. 38, 78. 96. 99, 100. 102]. They are also some-
times referred to as self-transparent trellis modulation codes. These are designed
such that they can tolerate (or are transparent to) carrier-phase ambiguities of the
reconstructed reference signals at the demodulator. This simplifies the receiver de-
sign. because there is no need for ambiguity-resolving circuitry in the receiver and
allows fast recovery after losses of carrier-phase synchronisation. Self-transparent
codes should be especially useful for transmission over mobile communication (both

n fading can

land-mobile and satellite-mobile) channels where Rayleigh and Rici

lead to frequent losses of carrier-phase synchronisation in the receiver.

2.3 Application of trellis modulation codes
to Gaussian channels

P of a digital ication system is intended to include the quality of
end-to-end transmission. Whenever uncoded signalling techniques alone could not

satisfy the performance specifications, it is customary to employ combined coded-
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modulation to achieve the required performance. This is often referred to as channel
coding. and channel coding always results in a more complex communication sys-
tem.

The conventional approach to channel coding regards encoding and modulation
as separate operations. Accordingly. the encoder and modulator are independently
optimised to achieve the required probability of error in a given coded digital com-

mumnication system. The code is designed to mwaximise the minimum Hamming

distance hetween the generated code-words at the input without consid-
eration to the modulator signal constellation.

Massey [69] and Ungerboeck [95. 94] questioned the conventional approach and
showed that considerable performance gain can be obtained by treating encoding
and modulation as a single cntity. In the latter approach. the code and the modu-
lation scheme are sclected jointly instead of independently such that the minimum

Euclidean distance between coded signal sequences at the modulator output is max-

imised. This work laid the foundation for the design and development of power and

bandwidth-efficient coded-modulation schemes.
Continuous-phase inodulation itself has been viewed as a coding operation since
the continuity of phase exhibits memory inherent to coded systems. Rimoldi [82]

has d d CPM to a i phase encoder and a memoryless modulator

thereby ing the coding and modulati i The i ph
encoder ~an be represented as a nonlinear system with finite memory (25]. This

inherent memory can be further enh d by encoding the modul input symbol

sequence with convolutional codes [27, 39, 52, 53, 56, 79, 98] or more generally with
trellis codes [20, 21,92, 93, 94]. Conventional modulation schemes like QPSK when
coupled with couvolutional codes yield modest coding gain, but at the expense of

bandwidth. In contrast, the set-partition coding technique due to Ungerboeck
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[94) and continuous-phase modulation schemes enable improved error performance
without increasing the bandwidth.
Ungerboeck. (Lrough the technique of ‘mapping by set partitioning [94]," used a

2m+! point signal constellation combined with binary convolutional codes to send

m Dits per symbol with twc 1 signal llations such as QAM and
PSK. The concept of set-partition coding was later extended to higher-dimensional
signal coustellations by Wei [44. 99]. While higher-dimensional signal constella-
tions offered only marginal increase iu coding gain, they have been used to design
good rotationally invariant trellis codes [24]. The Viterbi algorithm has been nsed
to decode Ungervoeck codes (24, 44, 92, 93]. On ideal Gaussian channels (white

noise, 10 i 1 interfe

asymptotic coding gains of the arder
of 3 dB have been obtained with simple four-state codes combined with 8-PSK,
while up to 6 dB have been obtained with more complex 128-state codes. A variant
of Ungerboeck’s cight-state trellis code mapped on to a 32-point signal constella-
tion has been adopted by the CCITT (ITU-T) as the international standard for
both 9.6 kb/s and 14.4 kb/s voice-band modems [36]. More complicated trellis
modulation codes have allowed the development of modems that operate at speeds
from 19.2-24 kb/s on telephone channels. Still, such high-speed data transmission
over telephone channels is made possible only with adaptive linear equalisation
techniques that remove a considerable portion of amplitude and delay distortion.

Since Ungerboeck’s work [94], most research on coded-modulation for power-

limited satellite channels have been d on ini lutional codes

or trellis codes with vari~1s bandwidth-efficient modulati ‘hni [99, 44].

Trellis codes for 8-PSK and 16-QASK were presented in [94]. Wilson et al. [104]
investigated rate-3/4 convolutional coding of 16-PSK. They performed a computer

search for good codes and showed that for the AWGN chaunel, 32-state codes can
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achieve 4.8 dB over uncoded 8-PSI* Rate-5/6 trellis coded 8-PSK has been the
subject of [102] and an eight-state code was shown to produce 6.2 dB coding gain
over uncoded 8-PSK. Spectral performance of above codes has also been evaluated
nsing computer simulation. Though trellis coded QAM is more bandwidth-cfficient

than trellis zoded PSK. the latter is particularly suitable for nonlinear satellite

channels due to its constant-envelope property. The performance of 16-PSK. 32-
PSK and 16-QAM trellis codes have also been analyzed and shown to provide
substantial improvement on nonlinear satellite channels [20, 21. 23]

CPAM signals may be precoded by a block code or a convolutional code followed
by a mapping rule. The result is often a more powerful trellis modulation code
than CPM alone. Convolutional codes are more suited for encoding CPM than
block codes since their memory can be casily combined with the inherent memory
of these signals. Several studies [53, 35, 56, 57, 62, 79, 104] have shown that CPM
schemes when combined with suitable convolutional codes can both be more power
and baudwidth-cfficient than uncoded CPM. All of these studies assumed high
signal-to-noise ratio (SNR) ideal additive white Gaussian noise (AWGN) channel
conditions. Knowledge of binary convolutional codes could not be exploited in

these studies, because ing ional codes with i free H:

distance do not in general produce the largest minimum squared free Euclidean
distance with CPM signalling.

Lindell [53], Lindell and Sundberg [56], and Pizzi and Wilson [79] have con-
ducted detailed studies on the distance properties of rate-1/2 convolutional coded
CPFSK signalling for AWGN channels. Using heuristic rules to reduce the number
of codes to be searched, they also found the best rate-1/2 convolutional codes for
4-CPFSK aud 8-CPFSK. Rate-2/3 convolutional coded 8-CPFSK has been studied
in 61, 79, 53]. The combined effect of partial response CPM and convolutional
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coding has been considered in [55. 53. 57]. Lindell et al. [36] have extended the
above results to high rate convolutional codes combined with octal, 16-ary. and 32-
ary CPM. To observe the improvement gained by convolutional coding. in Fig. 2.2,
we have compared the minimum squared Euclidean distance results for optimum

rate-1/2 convolutional coded 4-CPFSK signalling with those of uncoded 4-CPFSK
signalling.

2.4 Application of trellis modulation codes
to fading channels

Trellis modulation codes are just beginning to be considered for application to
channels other than the AWGN channel, such as radio channels and mobile satellite
channels. Each of these applications presents its own problems and consequently
requires the development of new types of codes.

Code design and error performance of various trellis modulation codes on fading
multipath channels have been considered because the conventional uncoded digital
modulation techniques, such as BPSK, MSK and QPSK perform very poorly on
such channels. Most of the modulation and detection techniques that have been
designed for use over fading multipath channels attempt to minimise the cffects
of time-dependent impairments of the channel in a number of ways. The various

approaches can be divided into the following categories [67]:

1. Non-coherent and di ially-coherent detection of constant-envelope dig-

ital modulation. This minimises the adverse effects of the time-dependent

amplitude and phase of the received signal on the detector.

2. Coherent d ion of t lope digital modulation. At the receiver,

a replica of the transmitted carrier is regenerated with the aid of a reference
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Figure 2.2 Minimum Euclidean distance of optimal
rate-1/2 convolutional coded 4-CPFSK.
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signal.

e

. Introduce time diversity to the transmitted signal. Trellis modulation codes
have been used to introduce time diversity to the transmitted signal and it
has been shown to be very effective on fading multipath channels. However.

improved performance has been achieved with a corresponding increase in

the c jonal lexity and signal processing delay at the transmitter
and the receiver. Symbol interleaving and de-interleaving have been used to

combat the effect of the fading.

Dat2 and voice t ission for the satellite-based mobile ¢ ication chan-

nel has received much attention recently [30. 34. 36, 48. 30, 66, 72, T4]. As both

power and bandwidth limitations are simul ly imposed in the mobile satellite

channel. in many cases, it is not possible to achieve the desired throughput with
bandwidth-efficient digital modulation alone [36], thus the mobile satellite chan-
nel has become an important present day application of bandwidth efficient trellis
modulation codes.

Fading in the mobile satellite channel severely degrades the performance of
data transmission [48]. To combat fading, it is required to use fading compensation
techniques. Due to the small size of the mobile terminals it is not possible to use

autenna diversity (spatial diversity) [48] and also the large cohierence bandwidth [30]

makes frequency diversity unsuitable. However, time diversity can be incorporated
through coded-modulation schemes. Long or deep fades cause burst errors when
MLSE decoding is used. To spread the burst errors caused by fading in the channel,
it is customary to use symbol interleaving and de-interleaving, but de-interleaving
destroys the memory of the channel. Therefore, research on coded-modulation

schemes for interleaved channels has concentrated on memoryless modulations such
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as PSK and DPSK.

Fading channel performance and code construction for PSK and DPSK have
heeu the subject of several studies [34, 35. 36. 72, 86]. Divsalar and Simon [36]
studied trellis coded M-PSK with non-symmetrical signal sets for the mobile satel-
lite channel. It was shown that introducing non-uniformity to the spacing between
the signal points in a constellation improves error performance over the more con-

ventional symmetrical sigual sets. Tn [66. 74], the performance of uniformly-spaced

codes is compared with i ly-spaced codes. For the classical AWGN chan-

uel and lightly faded channels it has been shown that both types of codes perform
equally well. However, according to Lodge [66]. for heavily faded channels the
uniformly-spaced codes with greater time diversity performed better.

The performance of multilevel DPSK for the mobile satellite channel has been
considered in [72, 86]. A summary of performance criteria and optimum code
design strategics for memoryless modulations can be found in (34, 35]. A common
assumption made in these studies is that, the time-varying phase of the received
signal is fully compensated for fading either by tracking with some form of PLL or by
employing pilot-aided coherent detection techniques [29, 36. T1]. Thus these results
reflect the performance degradation due to amplitude fading only. Furthermore,
the analysis has been simplified by assuming ideal interleaving and de-interleaving
to convert the bursty channel into a memoryless channel. 8-PSK trellis codes for
fading channels constructed using the design parameters suggested in [34, 35) can
be found in [84). These studies have shown that the well known Chernoff bounding
technique can be used to obtain performance bounds for bandwidth efficient trellis
wodulation codes on fading channels. It has also been demonstrated that channel
coding and trellis decoding provide a bandwidth-efficient means for obtaining time

diversity over such chanuels.
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2.5 Application of CPFSK trellis modulation
codes to multipath fading channels

Literature on the application of trellis coded CPFSK to fading multipath chanuels
is sparse. Optimum and suboptimum coherent detection of CPM on a two-ray
multipath fading channel has been considere:l by Svensson [89]. Sundberg [88] also
investigated CPM for Rayleigh fading channels. Coherent maximum-likelihood
detection of trellis coded CPFSK in fading environments is rendered difficult due
to the memory inherent in the modulation. Abrishamkar and Biglieri [4, 3] have
considered differeutial detection of trellis coded CPFSK. and Kerr and McLane [50]
have investigated coherent detection of trellis coded CPFSK.

In [4], time diversity with maximal ratio combining has been used to combat. the
effects of fading. Time diversity was achieved by the simple means of repeating each
coded sequence once. To compensate for the resulting reduction in the data rate,
trellis coded 32-CPFSK has been used instead of 16-CPFSK that would have heen
used without coding. Since no interlcaving was used in the above scheme, coherent
Viterbi detection was possible. In the same work they considered differential detec-
tion of CPFSK with block interleaving. In differential detection, the delayed signal
itself provides a phase reference. Without phase tracking the receiver is simpler to
implewent.

In both (4] and [3], because of using differential detection, the CPFSK trellis
has not been used in the decoding process hence the inherent memory of CPFSK
has not been exploited by the decoder. In contrast, the scheme recently considered
by Kerr and McLane (50] partially exploits the memory of the CPFSK signals
by using a new decoding algorithm that can cope with the interleaving of CPFSK.

Their simulation results suggest that coherent detection of interleaved CPFSK gives
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a significant performance advantage for lightly-shadowed mobile satellite channels
such as the Canadian mobile satellite (MSAT) channel. The channei model used
in above studies is described in (30. 68. 80).

Proof-of-concept modems using coherent CPFSK signalling for both high data
rate and low data rate applications have been reported recently [28. 49. 106]. A
trellis-coded 16-CPFSK digital modem using coherent detection and Viterbi decod-
ing has been reported in (28]. This modem is desigued for 200 Mb/s time-division

multiple access (TDMA) applications in nonlinear AWGN channels with 100 MHz

adjacent channel spacing. A 300 Mb/s modem using trellis-coded 16-CPFSK has
been implemented by the NASA for linking the proposed Space Station with ground
stations [106]. The above modems use data-derived carrier recovery techniques.
Low data rate binary CPFSK modems for mobile satellite applications have been
tested by the Jet Propulsion Lab, Pasadena CA, U.S.A. in connection with the
MSAT-X project [49]. The typical data rates of these modems were between 4800
9600 b/s.

These modems use pilot-aided coherent dctection, for which there are at least
three hes: (i) the Tr: Tone-Inband Technique (TTIB) [71], (ii) the
Tone Calibration Technique (TCT) [29] and (iii) Pilot Symbol Assisted Modulation

(PSAM) [26. 74] which multiplexes a time-domain pilot sequence to permit coherent

detection. The basic idea behind all these techniques is to transmit a pilot at a

in the data and extract this pilot at the receiver
assuming that the effect of the fading on the pilot and the data are the same.
The extracted pilot can be used as a coherent reference in the demodulator. Pilot-
aided and pilot symbol assisted coherent detection techniques have received renewed
interest recently because, to realize the full potential of trellis modulation codes it

is essential that we use coberent detection.
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2.6 Scope of the thesis

The two main goals of this rescarch are to find ways of improving the error per-

formance of CPFSK trellis modulation codes on AWGN ¢

annels and to study the
effectiveness of suboptimum coherent phase detection of CPFSK signals on nou-
Gaussian channels.

‘We consider digital transmission over a nonlinear, power and bandwidth-limited
channel. Such channel conditions exist, for instance, in satellite-based land-mobile

communication systems. The ders in satellite ication

operate in the nonlinear region. therefore in such applications constant envelope

digital modulation techniques are generally preferred to schemes with significant

litude variations, The fri spectrum allocated by the WARC'92 [83] for

mobile satellite communications is extremely limited and, therefore, bandwidth
and power-limitations are simultaneously imposed on the channel. Thus, for effi-

cient aud reliable transmission of information on such chanuels digital modulation

huiques should be constant-envelope, power and bandwidth-efficient. When co-

herently detected, CPFSK trellis modulation codes have shown to possess all the

above desirable properties; but, they are only achieved at the expense of exc

signal processing delay and high receiver complexity.

CPFSK trellis modulation codes with large modulation indices have a broad fre-
quency spectrum. They are also more power-cfficient owing to the larger minimum
Euclidean distances that they achieve. Since the frequency spectrum allocated to
mobile satellite communication is narrow, schemes with smaller modulation indices
are necessary in such channels. To realize the full potential of any CPFSK scheme,
it is essential that we use coherent detection. To achieve coherence, one may take

d of the hronisati ies of CPFSK, though as the spectrum of




the signals becomes narrow. the problem of finding the carrier (carrier-phase syn-
chronsiation) becomes difficult. This is exactly the case when the modulation index
is small as considered in this study (typically h < 1/). where )M is the number
of signalling levels of the CPFSK scheme). It was pointed out in the literature

survey that rotationally-invariant or self-tr t<llis modulation codes are

wore suitable in such situations because resynchronisation can be quickly restored.

Tn Chapter 3 we show how CPFSK signals can be represeuted by a simplified,
finite-state trellis, whose states have a one-to-one relationship to the phase of the
CPFSK signal (reckoned modulo-27.) In most of the literature, it is claimed that
the number of phase states in full response CPFSK is equal to q if p is even and 2¢
if p is odd, where the modulation index h = p/q and, p and ¢ are relatively prime
positive integers. It is shown that the number of trellis phase states can always be
made equal to g irrespective of whether p is odd or even. Based on the above finite-
state trellis representation, a state transition matrix and a state location matrix
are defined which leads to a matrix description of CPFSK signals. This cnables us

to consider all merging events of the trellis within a single matrix. Such a matrix

approach simplifies trellis search algorithms that the
distance and other trellis parameters.

In Chapter 4 we construct and analyse a class of binary nonlinear CPFSK trellis
modulation codes based on higher-order M-ary CPFSK with fixed modulation in-
dex h (h < 1/M) for the additive white Gaussian noise channel. They achieve the
maximum memory length for a given number of phase states in a binary trellis. To
distinguish these schemes from general CPFSK schemes they are referred to as non-
linear CPFSK schemes. Binary nonlinear CPFSK involves the use of a finite-state
machine to decrease the connectivity of the conventional CPFSK trellis such that

werging of path-pairs (error events) is delayed beyond two. The memory length
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or the time diversity of CPFSK is increased by overcoming the inevitable merg-
ing event. These fixed-h binary nonlinear CPFSK schemes achieve coding gains
ranging from 0.3 dB to 2.2 dB relative to MSK signals. It is also shown that the
optimum binary nonlinear CPFSK schemes lack the important property of trans-
parency to carrier-phase awbiguities. Thus they are rotationally non-invariant.
However. siuce they are outcomes of a legitimate CPFSK signal, the bandwidth is
not much changed.

Chapter 5 is concerned with the application of M-CPFSK trellis modulation
codes to non-Gaussian channels. By ‘non-Gaussian’ we mean channels with carrier-
phase offsets and channels with multipath fading. The channel models used in the
study are first described. Then the suboptimum coherent phase detection and trellis
decoding recciver for CPFSK signals is introduced. Realisation of this suboptimum
receiver is significantly simpler than that of the correlation receiver and unlike the
latter the complexity does not grow with the number of signalling levels M. It
has the additional advantage that it can be used on interleaved multipath fading
channels to introduce time diversity to the CPFSK signal thereby reducing the
effect of the fading. Next, the well known Chernoff bounding technique is used to
derive a suitable decoding metric (equivalent distance) for the receiver on channels
with finite memory. In Chapter 6 this equivalent distance is used to search for the
best self-transparent 4-CPFSK and 8-CPFSK trellis modulation codes for channels
with carrier-phase offsets.

In Chapter 6, we i i ionally invariant or self- p CPFSK

trellis modulation codes when h < 1/M and present a generalized state transition
matrix that could be used to obtain optimal trellis modulation codes at any even
number of states. By using trellis outer codes of longer memory length, it is often

possible to obtain more powerful CPFSK trellis modulation codes. The matrix rep-

48



resentation could be used to search for better codes (if any) based on more general
finite-state machines than the convolutional code generator usually employed in
the literature. Following this idea and subject to a set of heuristic design rules. the
matrix approach is used to find the best self-transparent 4-CPFSK and 8-CPFSK
trellis moculation codes for channels with carrier phase offsets. Generalized state
transition matrices that can be used to construct rotationally invariant 4-CPFSK

and 8-CPFSK trellis modulation codes for &t < 1/M are also presented. All CPFSK

trellis mocul codes found are constant-envelope and self- it and nej-

ther they require a post modulation filter nor they require any ambiguity-resolving
circuitry in the coherent demodulator. The equivalent distance derived in Chapter
5 is used to study the effect of static carrier phase offsets on the performance of
CPFSK trellis modulation codes.

Application of CPFSK trellis modulation codes for data transmission through
mobile satellite channels is considered in Chapter 7. As stated before, satellite

chanaels are inherently nonlincar and with mobile terminals via

satellite suffers from signal shadowing and multipath fading that result in strong
fluctuations of the received signal. The characteristic of multipath fading depends
on the presence or absence of the direct path and the mobile satellite channel is
modelled as a Rician distribution.

Constant-envelope modulations such as PSK and CPFSK are generally imper-
vious to channel nonlinearities and fading, because the information is not carried
in the amplitude of the transmitted signal. However, multipath fading causes burst
errors in the channel. For narrowbaud communications the fading can be assumed

to be frequency-nou-selective or ‘slow’ fading. Furthermore, the fading in mobile

1-mobil

satellite channels is not as severe as that dinl

channels, because of the presence of a strong line-of-sight component (direct path)
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between the satellite and the mobile unit. This simplifies the detection problem

considerably because the channel can be

uned to have ouly anmplitude fading.

Trellis modulation codes that have originally been designed for the random
(memoryless) noise chanuels are generally not effective on burst noise chanuels (with
finite memory) and. therefore. it is necessary to use channel symbol interleaving
and de-interleaving to convert the burst noise channel to a memoryless channel with
random noise. so that trellis modulation codes can be effectively used on multipath
fading chanuels, However. the process of de-interleaving at the receiver destroys
not only the channel memory but also the memory inherent in CPFSK, thereby
making it difficult to use coherent maximum-likelihood detection. Therefore, we
resort to the suboptimum coherent phase detection and trellis decoding scheme for
CPFSK which also allows channel symbol interleaving to combat fading.

Several studies have shown that the cutoff rate Ry of the discrete channel created

by the modulation system is the i weasure for i

multipaih fading channels where trellis modulation codes have been used to provide
time diversity. The higher tue cutoff rate for a given channel the better the coding

potential would be. The widely used error probability criterion is difficult to be used

on such channels because of the nonlinear signal processing involved. Tn this study,
the channel cutoff rate Ry for suboptimum coherent detection (phase detection and
trellis decoding) of CPFSK signals and coherent PSK signalling will be compared to
estimate the effectiveness of CPFSK trellis modulation codes on the mobile satellite
communication channel.

The main contributions of the research are summarized in Chapter 8. Finally,

the thesis is concluded with some suggestions for future work in this arca.



Chapter 3

Matrix Description of
CPFSK Signals

3.1 Introduction

In this chapter it is shown how CPFSK signals can be represented by a simplified,
time-invariant finite-state trellis whose states have a one-to-one relationship to the
phase of the CPFSK signal. According to the traditional finite-state trellis repre-
sentation the number of phase states iu CPFSK is equal to ¢ if p is even and 2¢
if p is odd, where the modulation index A = p/q, with p and g relatively prime
integers. Dy assuming that the lowest tone of the CPFSK signal goes through
an integer multiple of cycles during one signalling interval, we show here that the

number of phase states can always be made equal to g, irrespective of whether p

is odd or even. Based on the simplified finite-stat ion, it is also shown
how a state transition matrix and a state location matrix for CPFSK can be de-
fined. This makes it possible to describe CPFSK in the form of a matrix, and
all signal paths through the trellis can be considered together within one matrix.
This novel matrix approach simplifies trellis search algorithms that compute the

minimum Euclidean distance.



3.2 Trellis structure of CPFSK signals

The general format of any M-CPFSK signal was given in Scc. 1.3. In this study, we
restrict our attention to the finite-state representation of full response M-CPFSK
with a fixed modulation index A and a'rectangular frequency pulse g(t) given by

_[1/2T, 0<t<T
o ‘{ 0. otherwise. @4

A typical CPFSK phase tree or the plot of phase trajectories against time was given
in Chapter 1. The phase has physical significance because it is closely related to the
finite-state representation of the signal and carries the coded information. Unless
otherwise stated. the phase is reckoned only in modulo-27.

For rational modulation indices such as h = p/q, where p and ¢ are relatively
prime positive integers, the phase tree collapses to a periodic phase trellis that is
necessary for maximum-likelihood sequence detection [6]. To select the most-likely
transmitted sequence, the decoder determines the path through the trellis that. is
nearest to the received waveform using the Euclidean distance metric (in the case
of AWGN channels), which may be effected recursively using the Viterbi algorithm.

In most of the literature (see [6] and references therein), it is claimed that the
number of trellis phase states in CPFSK is equal to q if p is even, and 2q if p is odd,
where the modulation index h = p/q. This is a consequence of the conventional
finite-state representation of CPFSK, which causes the phase trellis to be time
varying, in the sense that the transitions in the even-numbered signalling intervals
are not the same as those in the odd-numbered signalling intervals. In this scction,
we show how this can be reduced to a more cfficient, time-invariant finite-state
trellis representation, where the states are obtained by a one-to-one mapping of
the phase of the signal, and hence show that CPFSK always has q phase states

irrespective of whether p is odd or even. The important part of the CPFSK trellis
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is its phase deviations, not its absolute phase. Therefore. the distance properties

are preserved.

In (1.1). we have given the conventional definition of CPFSK, which leads to the
well known trellis of size 2pM/£=1, where L(> 1) is the length of the frequency pulse
in sigualling intervals. Since, by assumption, p and ¢ have no common factors, the

phase (t.x) during the interval nT' < t < (n + )T can be written as

o(t.x)=2rh 3. ziq(t~iT)+ 6, (3.2)
i=n-L+1
in which
=t
op=7h Y x (modulo-2r) (3.3)
iy

v
can assume only Z}rgiﬂemm values (0, 7p/q, 21p/q, w...... (29— 1)7p/q) if p is odd,
aad /"&ilremn valiies (0, 75/a, 208/a, o (a1~ 1)wp/a) Ifp 18 even.

The phase tree and the corresponding phase trellis that is obtained by reducing
the phase tree modulo-27 for fixed-h binary CPFSK signals are shown in Figure
3.1(a) (k = 1/2) and Figure 3.1(b) (k = 3/4). Since the phase is unique when
reckoned in modulo-27, actually they form a cylindrical trellis as shown in Figure
3.2. Thus, the phase tree eventually wraps around onto itself and certain nodes
will merge and so become indistinguishable. This is true for all CPM schemes with

of a phase

rational h values, and it is i as the
trellis. The simplified trellis representation used in this thesis is given in the next

section.
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Figure 3.1 Phase trellis for binary CPFSK signals.
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t=nT (n+1)T  (n+2)T  (a+3)T  (n+4)T

Figure 3.2 Phase cylinder for binary CPFSK when h=%.
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3.3 Simplified finite state representation of CPFSK
signals

For full response CPFSK (r.¢.. when L = 1 and ¢(t) =

L0S < T)(32) can he

written as

oft.x) = shy(t = nT)
=1
= wh Y ri+ravh(t—nT)/T
n-t
ie. o(t.x) = whent/T+zh Y ri—~nthr,. (3.4)

Therefore. the transmitted CPFSK signal s(t) is given by

s(t) = \[2E, [T cos (27 fot + mha,t/T + 0,). (3.3)
where
n-1
op=mh Y ri=nmhr,. (3.6)
[y

oy, is constant over a signalling interval and its value in a given signalling interval
should satisfy the phase continuity property at the symbol transition instant. In
other words. the phase of the signal after the (n—1 )nl signalling interval must cqual
the phase of the signal at the beginning of the nth signalling interval. Referring to

Figure 3.3 the phase at the end of the (n — 1)B signalling interval is given by
21 fo(nT) + hey(nT)/T + 60 (3.7)
Similarly, the phase of the signal at the heginning of the ntl interval is given by
27 fo(nT) + whao(nT)/T + on. (3.8)
Equating the above two expressions. we have
On = Op_1 + NTh(Lnoy = Ia)- (3.9)
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Clearly o, depeuds upon the value of o,,; during the preceding signalling interval
and the symbol transmitted during that signalling interval.
As stated earlier, the channel symbols r,, of M-CPFSK can take on any value

of the set {(2 = M ~1). i =1.2.3..... M}. that is.
{£1 £ 5.0, (M -1)}

with equal probability. .M distinct tones are transmitted in relation to each of
the M symbols in the above set. The lowest tone transmitted has a frequency of
{fo = h(M = 1)/2T}. Following Forney {43] we assume that this lowest tone goes
through an integer multiple of cycles during one signalling interval. This assumption
simplifies the phase trellis but does not in anyway alter the spectral characteristics

or the distance properties of CPFSK signals [43]. Corresponding to the A tones

we have
~(M=1): 20T[fo~ ZA’;-_(JI— )= 2r=0 (modulo-2r)
—(M=3): 2aT(fo~ ;T(A\l -3) = 2rh (modulo-27)
~(M=3): 2T[fo~ %(M —5)=  dmh (modulo-27)

+H(M=-1): 2¢T([fo+ %(.\1 +1)]= 2(M~1)rh (modulo-27) (3.10)
where n is an integer. Therefore, 6, in (3.9) assumes the values of the set
& = {0, 2rh, 47h, ..., 2(M — 1)wh}.
With the assumption we have already made that 4 is a rational number such that

h = p/q, where p and g are relatively prime positive numbers, coupled with the

modulo-2r rendition of the phase, the elements of the set ® reduces to g distinct
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Figure 3.3 Phase continuity condition for CPFSK signalling.
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values, The important observation we make here is that. this reduction in the
number of states takes place irrespective of whether p is odd or even enabling us
to always describe M-CPFSK signalling waveform by a ¢-state trellis. where the ¢
s:ates are obtained by a one-to-one mapping of the phase values 0,.

In the case of M-ary signalling. every state has M branches leaving and M
hranches merging. Each branch is associated with a symbol in the M-ary alphabet.
Also. a total of ¢M branches connect the states of any two adjacent levels and,
therefore, each branch is associated with a distinet waveform of the M waveforms.
Hence we make the observation that when ¢ < )M, the number of states in the
trellis at a given level is less than the number of hranches leaving a state. implying
that there are parallel branches in the trellis. When ¢ > M the number of distinci
states is greater than the number of branches leaving cach state: therefore, no
parallel branches exist between the states of adjacent levels. For integer valued

modulation indices

=2(M-1)7h =

2nh = dwh = ..... (modulo — 27)

Therefore, the set ® has only one element, and the trellis collapses to a single-state

trellis. Thus there are M parallel branches between the states. In the following

section we give les of simplified finite-state trellis ions for the three

cases: g > M, ¢ < M, and integer h. For illustration we choose 4-CPFSK with
h=1/5 h=1/3, and h = 1 for each case, respectively. Other examples can be

found in [60].



Casel: q> M

For 4-CPFSK signals. r, can take on any value of the set {1. £3} with equal
probability. Rewriting (3.9) with h =1/5.
nw
On = On-t + -{Fn-1 = ). (3.11)
where x,,. 1,y € {#1. %3} for all integer values of n. Then
@ =0, 27/5. 475, 67/5. 87/5 (modulo-27).
Therefore. 0, can take only five different values in the case of 4-CPFSK with
h=1/5.
Four different tones of frequency (fo — 3/10T), (fo — 1/10T), (fo + 1/10T') and
(fo + 3/10T) are transmitted in relation to the four symbols =3, —1. 1 and 3.

Assuming that the tone with the lowest frequency, (fy — 3/10T), goes through an

integer multiple of cycles during a signalling interval, we have

=3: 2m(fo—3/10T)T= 2nm=0 (modulo- 2r)
—1: 2n(fo—1/10T)T = 27/5 (modulo— 2r)
+1: 2m(fo+1/10T)T= 4x/5 (modulo- 2r)

+3: 2n(fo+3/10T)T=  67/5 (modulo~2r) (3.12)

Therefore, the transmission of symbols —3, —1, 1 and 3 would result in phase
changes of 0, 27/5, 47/5 and 67/5, respectively, in the CPFSK signal. Using the
results of (3.11) and (3.12) the phase trellis of 4-CPFSK with h = 1/5 can be
drawn as shown in Figure 3.4(a). The corresponding state diagram is drawn in
Figure 3.4(b). There are twenty transitions connecting states of adjacent levels.
Therefore, twenty different waveforms are possible at the modulator output in any

signalling interval.



(b) state diagram

Figure 3.4 Finite-state representation of 4-CPFSK with h=1/5.
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Case2: q<M
Consider 4-CPFSK with h = 1/3. Substituting h = 1/3 in (3.9).

nw
On = On-t+ (ot ~ 1) (3.13)

where z,,. 2, € {#1. £3} for all integer values of n. It is casy to show that
6, =0, 27/3, 47/3 modulo-2r.

Therefore, o, can take only three values when h = 1/3. The symbols =3, -1, 1 and
3 correspond to the four tones of frequency (fo—1/2T). (fo—1/6T). ( fo+1/6T) and
(fo+1/2T). respectively. As before if the frequency of the lowest tone, (fy—1/2T),

is fixed such that
—3: 2n(fo—1/2T)T=2rm =0 (modulo — 2) (3.14)

then the phase change in cach signalling interval for the other three tones are:

~1: 2n(fo—1/6T)T = 2m/3 (modulo — 2m)

+1: 2n0(fo+1/6T)T = 4m/3 (modulo — 27)

+3: 2n(fo+1/2T)T= 0 (modulo—2m) (3.15)
With the above results, the phase trellis and the state diagram of 4-CPFSK with
h = 1/3 can be drawn as shown in Figure 3.5(a). Since the number of states in
the trellis is less than the number of trellis transitions, there are parallel branches

between the states of adjacent levels. The presence of parallel branches affect

adversely on the distance properties of CPFSK (59].
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Case 3: Integer h
Consider 4-CPFSK with h = 1. In this case (3.9) becomes
On = Opot + AT(Lnoy = 1y). (3.16)

where 2. £,y € {£1. £3} for all integer n. Clearly o, reduces to a siu 'e phase
angle:
G = 0 = 2nm(modulo — 2r).

Thus. the trellis collapses to a single state trellis. The number of parallel transitions
would be equal to the number of sigalling levels. which is four. The trellis and the
state diagram of 4-CPFSK with h = 1 are shown in Figure 3.5(b). (Though it
is unconventional to have two or more arrow-heads on the same branch of a state
diagram, we have used it to simplify the state diagrams.)

The finite-state representation technique that has been discussed so far with
nucoded CPFSK signalling can also be extended to the case. where CPFSK signals
are precoded with 4 convolutional code or more generally with any trellis code.

The state of a trellis encoded signal is determined by the symbol state C, =
(In-14 En-ay + -+, £n-y) of the code and the phase state ¢, of the CPFSK modulator,
and can therefore, be expressed as X, = {Cy, ¢»}. The parameter v is the memory
length of the trellis code. The total number of states N of the combined coded-
modulation scheme is equal to 2” times the number of phase states ¢; that is,
N =g 2", An illustrative example is given below.

Consider r = 1/2, v = 1 coding of 4-CPFSK with h = 1/4, the general block di-
agram of which is given in Figure 3.6(a). The data sequence is encoded by a rate-1/2
trellis code and mapped onto the quaternary set {+1, +3}. The mapping function
chosen will decide the trellis labelling. The above encoder generates a simple eight-

state CPFSK trellis modulation code. The eight states are the combinations of the
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(a) h=1/3

x1, £3

(b) h=1

Figure 3.5 Finite-state representation of 4-CPFSK
with h=1/3 and h=1.



two states C, = {0. 1} of the trellis code and the four states 0, = {0. 7/2. . 37/2}
of the 1-CPFSK modulator. Each state of the trellis-modulation code thus has two
parts: one, corresponding to the phase of the signal. and the other corresponding
to the symbol state of the code. The symbol states are represented by integers
equal to binacy equivalents of the contents of delay cells of the trellis code. In the
finite-state trellis of the trellis modulation code shown in Figure 3.6(b) there are
only two branches leaving each state. But iu the uncoded 4-CPFSK trellis there
were four hranches leaving each state. Clearly the connectivity of the trellis has
been increased due to trellis encoding.

For a given rate-1/2 trellis code of memory length v = 1 twenty-four different
trellis labellings are possible. In other words the pair of outputs of the code can
be mapped onto the 4-ary set {+1, 3} in twenty-four different ways. However,
most of these are cquivalent and can be obtained simply by inverting the symbol
states 0 and 1. The finite-state diagram is also rotationally symmetrical, which

has important implications in the practical impl ion of trellis

CPFSK signalling schemes. The rotational symmetry property of CPFSK trellis

modulation codes will be described in detail later in Char*er 4.

3.4 Matrix description of CPFSK signals

The conventional method of analysis of trellis modulation codes is by using the
finite-state trellis that we have described in previous sections. Recently, Fonseka
[40] has taken a matrix approach to analyze binary multi-h CPFSK signalling. He
has pointed out that it is more convenient to use a state transition matrix and a
state location matrix to describe trellis modulation codes so that the progression of

phase states through the trellis can be considered together within a single matrix.



binary
input

by

CPFSK
5 Mapper | —uf

T 0 Xp modulator

puns—
P Y 00--3
rate-1/2 0l--1
v=1 10~ 1
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code

(a)

to TX

Figure 3.6

Trellis-coded CPFSK (a) block diagram

(b) finite-state representation.
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This method simplifies trellis search procedures because all signal paths, and hence
all error events. can be tracked through matrices. Based on the simplified finite-
state trellis derived for CPFSK signals in the previous section, here we present
a matrix representation for fixed-h M-CPFSK trellis modulation codes. This is

applicable to any M-CPFSK trellis modulation code when & < p/q. where ¢ > M.
3.4.1 State transition matrix

By definition the state transition matrix Sy during the n'* signalling interval is
a NV by V matrix with elements r,s and zeros corresponding to the presence or
absence of paths between the V trellis phase states, where r, € {(2i — M —1). i =
1.2,3,..., M}. For uncoded CPFSK with h = p/q we have shown in Section
3.3 that N can always be made equal to q. Thus the state transition matrix of
CPFSK with h = p/q is always a g by q matrix. The rows and columns of Sy will

correspond to the ¢ phase states:

0, 2rh, dzh, ..., 2(M —1)7h  (modulo-27).

For example, the finite-state system of 4-CPFSK, h = 1/4 consists of four phase

states 0, 7/2, m, 37/2 and has the state transition matrix:

-3 3 1 -1
-1 -3 3 1
Si=l 113 3
3 1 -1 -3

The convention used here is that, the rows and columns of Sy correspond to the
phase angles in the reverse order. Therefore row one of S corresponds to the phase
state 37/2 while row four corresponds to the phase state 0. Similarly, column one
of S corresponds to the phase state 37/2 and column four to the pnase state 0.

As other examples, the finite-state system of 4-CPFSK, h = 1/5 consists of the
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given by

—(M-1) (M=1) (M=-3)
—~(M=3) =(M=1) (M=1)
—(M=5) —(M=3) ~(M~1)
—(M=T) —(M=5) —(M=3)
—(M=9) —(M=T7) ~(M~5)

(-1 (=) (r=3)

(M -3)

(M-1)
—(M—1)

—(M=3)

—(M-3) —(M-3)
—(M=-T) —(M=35)

—(M=T)
—(M -9)
—r=1)

‘The M rows (columns) of Sy correspond to the trellis phase states

2 dm 2AM =17
hj

(modulo — 27).

The above matrix representation for uncoded M-CPFSK with A < 1/M can be

trivially extended to trellis encoded CPFSK.

As considered already in Section 3.3 the state of a trellis-coded CPFSK signal

consists of a symbol state Cj, = (Zu-1, Zn-2. ... To-,) and a phase state o,. where

o € {0. 27h, Amh. ... 2(M = 1)k}

(modulo - 27).

Therefore the combined state can be expressed as X,, = {Ch, ¢,}. The total number

of states and hence the total number of rows (columns) in the state transition matrix

is equal to ¢ 2*, where g is the denominator of the rational value modulation index &,

h = p/q, and v is the memory length of the trellis modulation code. The trellis

modulation code of Figure 3.6(a), for example, has the state transition matrix:

0
3
-3

Si=

wcoccocow
~mcoocococom
coocc

0
-1
1

ccooco
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Row (column) one of Sy corresponds to state (0. 0). row (column) two to state
(1. 7). row (column) three to state (0. 37/2). row (column) four to state (1. x/2)
and so on as shown in Figure 3.6(b). The state transition matrix along with the
state location matrix to be defined in the next section provides a convenient means

of analyzing trellis modulation codes.
3.4.2 State location matrix

A state location matrix Ly,; (also an .V x .V matrix) can be defined at the end of
every signalling interval [40]. It keeps track of the paths merging at every trellis
state at a given signalling interval. The state location matrix at the end of any
signalling interval can be obtained by multiplying that at the beginning of the
signalling interval by the state transition matrix with all its non-zero elements

replaced by 1s. That is the state location matrix at the end of the /!

interval Ly ; is given by

Ly,i-1 Ty = (T,

(3.17)

where Ty is obtained by replacing all non-zero elements of Sy by 1s, and Ly, is
au NV x N unit matrix.
The state location matrix at the end of a signalling interval can be used to

check for merging of paths (error events) up to that signalling interval. If any of

the elements of the state location matrix Ly,; is greater than 1, that indicates at

least one merging event has occurred at the end of the i interval. The combination
of state transition matrix and state location matrix gives risc to a matrix description
for fixed-h M-CPFSK signals, which simplifics the checking for merging cvents in
the trellis scarch algorithms used to obtain the minimum squared Euclidean distance

and other trellis parameters. All the trellis states are cousidered together within
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a single matrix. which avoids the necessity to consider the paths originating from

every trellis state separately.

3.5 Conclusions

In this chapter. we have shown how CPFSK signals can be represented by a sim-
plified. time-invariant finite-state trellis, where the trellis states have a one-to-one
relationship to the phase of the CPFSK signal. It was also shown that the number
of phase states in M-CPFSK can always be made equal to g. irrespective of whether
pis odd or even. where p is the numerator and g is the denominator of the rational
value modulation index h. By defining a state transition matrix and a state location

matrix, a ient method for analyzing trellis modulation codes was p:

The matrix description may be used to simplify trellis search procedures because

all merging events can be considered within a single matrix.



Chapter 4

Binary Nonlinear CPFSK Trellis
Modulation Codes for Gaussian
Channels

4.1 Introduction

This chapter considers a class of fixed-h binary nonlinear CPFSK trellis modula-
tion codes for the additive white Gaussian noise channel. They differ from general
CPFSK signals in that all the transitions of general CPFSK are not allowed in
binary nonlinear CPFSK and the symbols are selected from a higher order alpha-
bet. Construction of the nonlinear trellis modulation codes is based on the state
transition matrix for CPFSK signals defined in Chapter 3.

In general, a nonlinear CPFSK trellis modulation code can be constructed by
selecting an appropriate state transition matrix with a reduced number of transi-
tions, thereby decreasing the connectivity of the trellis and delaying the merging

of path-pairs. In this study we allow only two transitions per state and con

quently the signalling schemes are binary. Delaying of merging events does not.
necessarily lead to a larger minimum squared Euclidean distance, althongh it re-
sults in a larger memory length or time diversity. The choice of minimum squared

Euclidean distance as the performance measure is justifiable when the channel is

72



perturbed only by additive, white Gaussian noise and the receiver signal-to-noise
ratio is high. It is also assumed that perfect symbol timing information is available
at the maximum-likelihood decoder.

Nnmerical results indicate that, for a given complexity. binary nonlinear CPFSK
trellis modulation codes can be designed so that they achieve larger minimum
squared Euclidean distances and memory lengths than general binary CPFSK sig-
nals. A systematic method is given for the constrnetion of binary nonlinear CPFSK
schemes with h = 1/ that achieve the maximum memory length allowed by the
number of trellis phase states. Since all signals in a binary nonlinear CPFSK scheme

are legitimate ontcomes of an M-ary CPFSK scheme the bandwidth is unchanged.

It is shown that the above binary nonlinear CPFSK schemes lack the important
property of transparency to carrier-phase ambiguitics of the reconstructed reference

signals of the trellis decoder. In other words they are rotationally non-invariant.

4.2 Nonlinear CPFSK trellis modulation codes

Codes can be classified as block codes and tree codes. The distinguishing feature

hetween the encoders for these codes is the presence or absence of memory. Block

encoders are memoryless devices, while tree encoders are devices with memory.
“Trellis modulation codes are tree codes.

Codre can also be classified as linear or nonlinear. It is well known that lincar
codes have the important property that any two code words can be added using a
suitable definition for addition to produce another valid code word. This property
has implications in simplifying encoding and decoding as well as in computing
the performance. In lincar codes the distance between any two code words is

equivalent to the distance between the all-zero code word and some other code
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word. Therefore. when computing performance. it is sufficient to consider the effect
of transmitting only the all-zero code word. CPFSK trellis modulation codes do
not have this imyortant property.

The difference between CPFSK trellis modulation codes and nonlinear CPFSK
trellis modulation codes as considered in this chapter is that. in the latter only
two transitions per phase state of the original M-ary CPFSK trellis are permitted,
whereas in CPFSK siguals there are the same M trausitions from every phase state.
Moreover, the labelling of transitions depends ou the current phase state. Thus.
nonlinear tefers to the labelling of the trellis branches of the modulation scheme

rather than to the overall trellis code which is nonlinear anyway (ina coding sense).

4.2.1 System model

The vonlinear CPFSK system model under consideration in this chapter is shown
in Figure 4.1 [63. 65]. The input data symbols are sent through a finite-state ma-
chine that maps binary data to symbols r,, from a higher-order M-ary alphabet
according to the state transition matrix of a given binary nonlinear CPFSK scheme

(construction of the state transition matrix is considered in the next section). In

other words, the function of the finite-state machine is to implement the state tran-
sition matrix, where the mapping of binary symbols to the higher-order alphabet
depends on the current state of the finite-state machine. There is no fixed natural
Ky onpping il emplored.

‘The output of the nonlinear finite-state machine is the M-ary sequence {z,},

where r,, can take any value of the set
{(2i-M=~1),i=1,2,3,..., M}
with cqual probability. The sequence is convolved with the impulse response g(t)
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of the baseband frequency shaping filter. Feeding this PAM signal to the FM
modulator leads to the nonlinear CPFSK signal. Whereas. in CPFSK signalling,
9(#) is rectangular in shape it can take other shapes such as the half-cycle sinusoid
(HCS) with g(t) = % sin(7/T):0 < t < T or the raised-cosine (RC) with gty =
2 (1 = cos(27/T)]:0 < ¢ < T. These are trivial extensions of CPFSK signalling

schemes.

The chaunel is expected to be corrupted only by additive, white Gaussian noise
and perfect symbol timing synchronisation is assumed. The error performance of
any trellis modulation code on such a channel at high signal-Lo-noise ratios can be

predicted by computing the minimum squared Euclidean distance (dZ,,,

). At the
receiver, the binary nonlinear CPFSK trellis modulation codes can be optimally
detected using correlation detection and Viterbi decoding. The decoding metric is

the Euclidean distaace defined in Section 1.5 and Appendix.

4.3 Binary nonlinear CPFSK trellis modulation
codes: h=1/M

This section describes the construction and analysis of binary noulinear CPFSK
trellis modulation codes when the modulation index is 1/M.
The basic idea behind nonlincar CPFSK is to delay the first inevitable merge,

thereby creating a possibly large minimum squared Euclidean distance between

neighbouring path-pairs through the trellis. (L

merging events
to pairs of information sequences or signal paths through the trellis which split at a
given state only to remerge after two signalling intervals, remaining identical there-

after. The mini squared Euclidean distances iated with these inevitabl

‘merging events provide an upper-bound to the overall minimum squared Enclidean

distance of the CPFSK scheme, and it leads to a closed-form expression for same
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[6. 59)).

We take the approach of first examining the matrix description of M-ary CPFSK
hefore taking the step of constructing binary nonlinear CPFSK. The method is
illustrated for several simple cases and then generalised for any M. where M = 2"
and n is an integer. Unlike in the case of general M-ary CPFSK. n is not the
average numher of bits carried i one sigualling interval. In our case the number of
bits carried in one signalling interval is always equal to oue.

In Chapter 3 we have shown that when h = 1/M the finite-state machine

representing M-CPFSK bas M distinct states. The maximum memory length,

+. allowed by the number of states (i.. the trellis phase states) of any binary
trellis is given by [40]:

Vinar = |1+ logy M. (4.1)
‘To ensure the maximum memory length, the state transition matrix of the binary
nonlinear CPFSK scheme Sy has to be selected so that the state locat‘iou matrix
Lyti i =1,2,3, ... (Vnas — 1) has no elements greater than one [40]. If one or
more elements of e state location matrix are greater than one, it indicates that
merging events have taken place. After (vma — 1) signalling intervals the state

location matrix is given by:
Lit,mas—1 = Tag “ms70, (4.2)

where Ty is obtained by replacing all non-zero elements of Sy by ones. This
condition ensures that up-to the level of (Vmaz — 1) no merging of trellis paths has
taken place. At the end of (Vs — 1) signalling intervals, all elements of the state
location matrix Ly, ,,.,,-1 will be equal to one. In other words, Ly, ,,,,-1 is an all

1s matrix of size M x M.
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4.3.1 Binary nonlinear CPFSK (M =4, h=1/4)
In this section we consider binary nonlinear CPFSK trellis modulation codes based
on yuaternary CPFSK signals with wodulation index 1/4. Rewriting (3.9) with
h = 1/4, we have
0n = One + iy = ). (1)

where £, roy = {£l1. %3} for all integral values of n. Then it can be easily
shown that o, = 0. 7/2. 7. 37/2 (modulo-27). Therefore v, can take only fonr
phase values for 4-CPFSK siguals with h = 1/4.

Four different tones are transmitted in this ewse and the 1-CPFSK signal is

given by (with usual notatiou):

s(t) = 2ELJT cos (27 fot -+ mat /AT +0,). (14)
The quaternary symbols ~3, ~1, 1 and 3 correspond to the tones of froqueticies
(fo —3/8T). (fo — 1/8T). (fo+1/8T) and (fo -+ 3/8T) respectively. It is assumed

that the lowest tone [i.e. (fo — 3/8T)] goes through an integral number of cycles

during one signalling interval. Thus
~3: 2n(fy~3/8T)T = 2naw=0 (modulo - 27)
—1: 2x(fo~1/87)T= «/2 (modulo - 27)
+1: 2(fo+1/8T)T= 7 (modulo—2m)
+3: 2n(fo+3/8T)T = 3x/2 (modulo ~27) (4.5)
Clearly the symbols —3, —1, 1 and 3 arc associated with phase changes of
0, 7/2, m and 37/2 respectively.
The above results can be used to obtain the phase trellis, and hence the state

transition matrix can be deduced. Every state has four transitions (branches)
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Teaving. each of which is related o one of =3, —1. 1 or 3. This amounts to a total
of sixteen transitions between adjacent signalling intervals. Consequently sixteen
different waveforms are possible depending on the state of the modulator and the

iuput signal. The phase trellis and the state diagram are as shown in Figure 1

The resulting state transition matrix S, is given hy:

-3 3 1 -1

) -1 =3 3 1 .

s={7y 20 53 5l (4.6)
31 -1 -3

For 4-CPFSK with h = 1/4 the state sequence can be (0. 7/2, .

(w/2. 7. 3n/2. 0% (m. 37/2. 0. 7/2) or (3n/2. 0. 7/2, 7). All the above s
quences produce identical finite-state systems with the same minimum squared
Euclidean distance. Moreover. in trellis search algorithms it is sufficient to consider
the path-pairs originatir. ; at only one set of the states since all states produce the
same distance profile.

Consider the trellis and the state diagram of h = 1/4, +-CPFSK shown in
Figure 4.2. Any rotational shift of the states by au integer multiple of 7/2 radians
does not change the trellis and the state diagram. The reason for this important
property is the phase angles of the transmitted signal and the states of the system
Laving a one-to-one mapping. thereby making a rotational shift to the trellis equiv-
alent to adding 7/2 radians to the incoming signal phase. or alternatively, to the
reference tone phase angles. This observation leads us to the conclusion that the

Viterbi decoder is d by the phase ambiguities of the 1 reference

tones. In gencral, M-CPFSK with h = p/q are transparent to g-fold ambiguities
of the reference tones. Thus the Viterbi decoder successfully resolves phase ambi-
guitics of 2h, drh, .... 2(M — 1)wh. As we shall see later, this property is not
present in most binary nonlinear CPFSK trellis modulation codes.
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Owiug to the rotational symmetry property, order of the states does not atfect
the distance properties: therefore. in this chapter unless otherwise stated the state

sequence is considered to be 0. 2zh. Azh. ... 2 M =1)zh, Thus the state transition

matrix has its rows and colnmus labrlled in that order from bottom to top, and

stematic and natural state formulation enables

right to left. respectively. This
ns to concentrate only on the transition watrix without paying attention fo the
different state arrangement sequences.

To construet a binary nonlinear CPFSK scheme with M = 4 and h = 1/4 it
is necessary to find a 4 x 4 watrix Ty with two ones in every row. which satisfies

(4.2). That is

Lia=(T)' = (47)

1t can be seen that

Ti=

satisfies (4.2). Ty is identical with the state transition matrix of a binary convoht
tional code of constraiut length two. And tpmg here is equal to |1 + log, 1] = 3.
The corresponding state trapsition matrix for the nonlinear 4-CPFSK scheme is

given by:

-3 01 0
-1 03 0

S=l 910 3| (19
010 -3

The above realisation of the binary nonlinear CPFSK scheme (M =4, I = 1/4)
has v = 3. %, = 2.151. This scheme has a coding gain of 0.316 dB over MSK
signalling. Figure 4.3 shows the phase trellis and the state transition diagram of

the above binary nonlinear CPFSK trellis - dulation code and the corresponding
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mininmm distance path. Clearly. the first merging takes place after three signalling
intervals. indicating that the memory length is three. This is the maximum mem-

ory or time diversity achievable with any four-state binary trellis. In contrast. all

general CPFSK schemes have a maximum memory length of only two. The in-

evitable merging event that takes place after only two signalling intervals has been
overcome it the above nonlinear scheme.

Two other binary nonlinear CPFSK (M =4, k= 1/4) trellis modulation codes
were also found to have similar properties to the best code given above, But they
have different iransition matrices as shown in Fignre 4. The trellis search program
that compntes the minimum squared Enclidean distance is based on the algorithm

found in [75] in conjunction with the matrix description of CPFSK signals that we

have described in Chapter 3.

As the spectral properties are also important in the comparison of various trellis
modalation codes, it is proper to discuss briefly the spectrum of the above nonlinear
CPFSK trellis modulation codes. As mentioned before in the review of literature.
the spectrnm of any CPFSK signal is determined by the maximum slope variation
among the piecewise-continuous phase trellis [38]. It has been shown that M-
CPFSK with h = 1/M have approximately the same power spectral densities for
all M > 4 [38]. M-PSK on the other hand has the same power spectral density for
all M. For all practical purposes the power spectral density of 4-CPFSK could be
used to roughly predict the power spectral density of CPFSK for any other value of
AL It can be conjectured that the spectrum of the above binary nonlinear CPFSK

schieme would not differ much from that of quaternary CPFSK with h = 1/4,
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4.3.2 Binary nonlinear CPFSK (M =8, h =1/8)

Here we construet and analyze binary nonlinear CPFSK schemes based on octal

CPFSK with & = 1/8. The cight-state binary noulinear CPFSK trellis modulation

code that achieves the maximmun memory leugth is deduced.

From (3.9) we have, for k = 1/8. 8-CPFSK
00 = Onet+ T (Fnct = ). (L.10)

where z,. xa-1 € {#1. £3. £5. 7} for all integral values of n. Then it can be

shawn that 0, = 0. w/4, 7/2. Jn/4. 7. 5x/4. 37/2, T7/8 (modulo-27). Therelore

0, can take only cight phase values for 8-CPFSK signals with h = 1/8.

Eight different tones are transmitted in this case. The octal symbols -7, -5,

~3.-1.1.3, 5 and 7 correspond to the tones of angular frequencies (fo — 7/16T).
(fo—3/16T). ( fo~3/16T). ( fo—1/16T). (fo+1/16T), ( fo+3/16T), (fo+5/16T ) and
(fo+7/161') respectively. It is again assumed that the lowest tone [1.c. (fo—7/16T)]
goes through an integer multiple of cycles during one signalling interval. Thus we

have

=7: 2n(fo—T/16T)T= 2nm =0 (modulo - 27)
—5: 2m(fo~5/16T)T= /4 (modulo—2r)
~3: 20(fy=3/16T)T= =/2 (modulo—2r)

—1: 2n(fo—1/16T)T = 3n/4 (modulo - 27)

&

D om(fo+1/16T)T= «  (modulo—2r)
+3: 2(fo+3/16T)T = 5r/4  (modulo— 2r)
+5: 2m(fo+5/16T)T= 3r/2 (modulo— 2r)
+

4

L 2n(fo+7/16T)T= 7r/8 (modulo— 27) (4.11)
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Clearly the symbols =7, =3, =3, —1. 1.3, 5 and 7 are associated with phase changes
of 0. 7/1. /2. 34, 7. 57/4. 37/2 and Tx/8 radians respectively. The 8-CPFSK

signal in this case is given by:
(1) = VRELJT cos (2 fut + n2,t/8T + 0,). (4.12)

Using the above results the phase trellis and the state transition matrix of h = 1/8.
8-CPFSK can be obtained. Every state has eight transitions (branches) leaviug.
each of which is related to one of =7, =3. =3, —=1. 1. 3. 5 or 7. Thus a total of sixty-
four different waveforms are possible depending on the state of the modulator and
the data symbol. The phase trellis and the state transition diagram for 8-CPFSK
with h = 1/8 is shown in Figure 4.5 and the corresponding stat~ transition matrix

is given by:

-7 7 5 3 1 -1 -3 -5
-5 =T 7 5 3 1 -1 -3
-3 =5 -1 7 3§
- -1 -3 =5 ~T 7
Su= 1 -1 -3 (4.13)
3 1 -1
503 1
7 5 3

When designing binary nonlinear CPFSK with M = 8 and h = 1/8. it is

ary to find an 8 x 8 matrix, Tj, with two ones in every row that satisfies

Observing that

Lya= (L)’ = (4.14)

[N
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(a) Trellis

Figure 4.5 Trellis and state diagram of 8-CPFSK, h=1/8.
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(b) State diagram

Figure 4.5 (Contd.) Trellis and state diagram of
8-CPFSK, h=1/8.



Minimum distance path,

Figure 4.6 Optimum binary nonlinear CPFSK (M=8, q=8).

89



is satisfied by

10001000

10001000

D1000100

01000100 y
T=lpoto00010 (Hi13)

00100010

noo1 o000

00010001

we have the required state transition matrix for the binary nonlinear CPFSK (M =

8. 1 = 1/8) scheme as:

7 0 0 0 1-0-0 0
-3 0 0 0 3 0 0 0
05 0 0-0 3 0 0

5 0 -3 0 0 0 5 0 0

S=19 0-3 0 0 0 5 0 (1.16)
0 0-1 0 0 0 7 0
0 0 0 -1 0 0 0 5
00 0 1 0 0 0-F

The above realisation of binary nonlincar CPFSK with k = 1/8 results in a
minimum squared Euclidean distance of 2.514. This is a coding gain of approxi-
wately 1 dB over MSK signalling. The state diagram and the phase trellis of the
above noulinear CPFSK scheme with M = 8 and h = 1/8 are shown in Figure 4.6.
Also shown is the minimum distance path-pair for this case. The memory length
of the trellis modulation code is equal to four. which is the maximum that can be
achieved with cight states.

The spectrum of the above binary nonlinear CPFSK signal will be close to that
of octal CPFSK with h = 1/8, which is again not much different from that of
quaternary CPFSK with h = 1/4.
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4.3.3 Binary nonlinear CPFSK (M =16, » = 1/16)

For I = 1/16 binary noulinear CPFSK the optinum state transition matrix is given

by
-15 0 0 0 0 0 0 0 1 0 0 o 0 0 0
-13 0 0 0 0 0 0 0 30 0 0o 0 0 0 0
0 -13 0o 0 0 0 0 0 0 30 0o 0 0 0 0
0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 o
0 0 -1 0 0 0 0 0 0 n 5 o 0o 0 0 0
0 0 -9 0 0 0 0 0o 0o o 7 o o 0 0 0
0 0 0 -9 0 0 0 0 0 0 0 To0 00 0
0 0 a0 -7 0 0 0 o 0 0 0 9 0O 0 0 0
0 0 0 0 -7 0 0 0 o 0 0o 0 9 0 0 0
0 0 0 0 -5 0 0 0 0 0 0 011 0 0 0
0 0 0 0 0 -5 0 0 0o 0 0 0 01 o0 0
0 0 0 0 0 -3 0 0 0o 0o o 0 013 0 0
0 0 0 0 0o 0 -3 0o 0 0 0 0 0 013 0
0 0 0 0 0 0 -1 0o 0 0 0 0 0 015 0
0 0 0 0 0 0 0 -1 0o 0 0 o 06 0 0 15
0 0 0 0 0 0 0 1 0O 0 6 0 0 0 0 -15

(1.17)
The rows and columns of Sys correspond to the phase sequence 0, /8, /4, 3x/8. 7/2.
57/8. 3n/4. Tn/8, 7. 97/8,57/4. 117/8. 35/2. 13x/8, Tr/4. 157 /8. The mininum
squared Euclidean distance for this binary nonliuear CPFSK scheme is cqual to
3.336. This reflects a coding gain of 2.25 dB over MSK signalling. The memory
length is equal to five, which is the maximum for any sixteen-state binary trellis

code.

4.3.4 Generalisation

The preceding examples establish a pattern towards a general conclusion. The state

transition matrix that achieves the maximum memory length for the gencral case
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of binary nonlinear CPTSK with & = 1/M can be deduced as:

U e e OF 150 00
bW a0 1 0 o
0 1 0 .. 0 00
01 0 0 00
0 0 1 0 .0
Tv=| 9 0 1. 0 0 (4.18)
0 0 ... 1 0 01
000 0. 1 0 0 1
with the phase state sequence 0. 2/M. 4a/M. ....... 2(M — 1)7/M. The above
matrix satisfies the most general form of (4.2). given by:
Ty et = [all ones]yr, (+.19)

Since these binary nonlinear CPFSK signals are outcomes of a legitimate M-ary
CPFSK scheme. the spectrum would not be much different. from that of the corre-
sponding M-ary CPFSK scheme with modulation index 1/M. However. it should
be noted that. since all the above CPFSK schemes are driven by random data the

spectrunt, in practice, will also be dependent on the input symbol sequence.

4.4 Binary nonlinear CPFSK trellis modulation
codes: h#1/M

In this section binary nonlinear CPFSK trellis modulation codes are constructed
and analyzed when the modulation index is . ot equal to 1/M. Due to spectral
considerations, we are only interested in trellis modulation codes with h < 1/M.
That is modulation indexes of the form h = p/g, where ¢ > M. While it is
theoretically possible to have an odd number of states in binary nonlincar CPFSK,

the condition that all M-ary symbols occur equiprobably cannot be satisfied when
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the number of states is odd. Thus. we restrict our study to even number of states.
In other words ¢ is assumed to be an even integer.

In the following examples we construct and analyze simple fixed-A binary nonlin-
ear CPFSK schemes with & # 1/)M. where the inevitable merging event of general
CPFSK has been overcome and. for a given unwher of trellis phase states, the
maximum memory length has been reached.

4.4.1 Binary nonlinear CPFSK (M =4, h =1/6)
Rewriting (3.9) with h = 1/6, we have

On = 0wt + 5 = ). (4.20)
where . £n_y ¢ {£1. £3} for all integer values of n. Therefore #, can take only
six values:
0. 7/3. 21/3. 7. 47/3, 57/3 (modulo 27). The four tones transmitted correspond-
ing to the quaternary symbols 3, —1. 1 and 3 are (fo—1/47), (fo—1/121"). (fo+

1/127T) and (fo+1/4T), respectively. It is assumed that the lowest tone (fo—1/41')

goes through an integral number of cycles during one signalling interval. Thus

—3: 2%(fy—1/4T)T = 2w =0 (modulo - 27)

D 2m(fo-1/12T)T=  #/3  (modulo - 27)
H1: 2n(fo+1/12T)T = 27/3  (modulo - 27)

43: 2(fo+1/4T)T= 7  (modulo—2m) (4.21)

Clearly, the symbols —3, —1, 1 and 3 are associated with 0, /3. 27/3 aud m,
respectively. As before we can obtain the phase trellis and the state transition
diagram. Every trellis state has four branches leaving, cach of which is related to

one of ~3, —1, 1 or 3. Twenty-four different waveforms are possible depending
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on the state of the modulator and the quaternary input symbol. The phase trellis
andd the state diagram are shown in Figure 4.7, The state transition matrix. Sg. for

h = 1/6. 1-CPFSK is given by:

-3 0 0 3 1 -1
-1 -3 0 0 3 1
1 -1 -3 0 0 3

3 1 -1 -3 0 0
0 3 1 -1-3 0
0o o0 3 1 -1 -3
For 4-CPFSK with & = 1/6. the state sequence can be (0. 7/3. 21/3, m. 4x/3. 57/3)
(/3. 2m/3, m. 4n[3. 57/3. 0): (2x/3, 7. 4m/3.5n/3, 0. w/3); (m. 47/3. 57/3.0,
7/3, 2x/3); (47/3. 57/3, 0. ©/3. 2x/3, 7) or (57/3, 0, 7/3, 2/3, x. 4m/3), all of
which produce the same distance profile.

To construct a binary nonlinear CPFSK trellis modulation code with & = 1/6
it is necessary to find a six by six matrix. Tg, with two Is in every row which

satisfies (4.2). That is

1
1
3

Loz =(To) = | | (4.23)

1

1

(SR
ot et
_ e

1
1
1
1
1
1

piasaen . e oy

In this case it is not possible to find a pattern in the matrix that satisfies the above
equation and also maximises the distance. However, several good h = 1/6, binary
nonlinear CPFSK trellis modulation codes have been found and they are shown in
Figure 4.8.

In all the above codes the first merge takes place after only two signalling in-
tervals. In other words we have not been able to overcome the inevitable merging
event. On the other hand if we heuristically construct a four-state code as shown in

TFigure 4.9, it is possible to overcome the inevitable merging events, simultaneously
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Figure 4.7 Treliis and state diagram of 4-CPFSK, h=1/6.
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achieving a memory length of three. This is the maximum memory length that
can be gained according to (4.1). Nevertheless. the above realisation with h = 1/6
results in a minimum squared Euclidean distance of only 1.7595 compared with a
minimnm squared Euclidean distance of 2 for MSK signalling. Thus it is inferior

to MSK sigualling.
4.4.2 Binary nonlinear CPFSK (M =4, h=1/8)

In Scction 4.3.2 we considered 8-CPFSK with h = 1/8. The trellis states can take
the same set of phase values for 4-CPFSK with & = 1/8, Namely 0. /4, 7/2. 37/4..
7. 57/4. 37/2 and Tr/4 (modulo-27). However. only four tones are transmitted in

the case of 4-CPFSK. The four tones and the associated phase shifts are as follows:

2 2m(fo-3/16T)T= 0 (modulo-27)

=1: 27(fo—1/16T)T = =/4 (modulo- 2m)
+1: 27(fo+1/16T)T = /2 (modulo~ 27)

+3: 27(fo+3/16T)T = 3a/4 (modulo—27) (4.24)

The phase trellis and the state trausition diagram are shown in Figure 4.10. Every
state has four transitions leaving, each of which is related to one of -3, —1. 1. or
3. Thus a total of thirty-two different waveforms are possible. The state transition

matrix is given by:

-3 0 0 0 0 3 1 -1

-1 -3 0 0 0 0 3 1

1-1-3 0 0 0 0 3

3 1-1-3 0 0 0 0 .
=l 0 3 1-1-3 0 0 0 (4.29)

000 3 1-1-3 0 0

000 0 3 1-1-3 0

000 0 0 3 1-1-3



sg = [-

ocoococoo
'

wo hooo
|

—owooo

o
o o

H goO~OoW

1
3
[}
o]
x

State

ansition matri

o

2n/3

/3

Trellis

State diagram
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Figure 4.10 Trellis and state diagram of 4-CPFSK, h=1/8.
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that of Figure 4.11
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We were unable to find a regular pattern to the best matrix for M =4. h = 1/8
binary nonlinear CPFSK trellis modulation codes. Also. the maximum memory
length of four predicted by (L1) could not be achieved with an alphabet size of
four owing to high connectivity between the trellis phase states. The best codes
that we conld find resulted in a memory length of ouly three and a minimum
squared Euclidean distance of 0,738, In terms of the minimum squared Euclidean
distance. MSK signals are 4.33 dB better than this trellis modulation code. Figure
4.11 shows the mininmm_ distance path-pair for one of the best binary nonlinear
CPFSK trellis modulation codes with M =4 and h = 1/8. Two equivalent codes

are given in Figare 4,12,
4.4.3 Binary nonlinear CPFSK (M =4, h =1/10)

In this case the phase trellis consists of ten phase angles: 0. 7/5. 2r/5. 3/5, 47/5,
. 67/5. Tr/5, 87/5 and 97 /5. It can be shown that the four symbols ~3. ~1. 1
and 3 are associated with phase changes 0. /5. 2/5 and 37 /5, respectively. The
phase trellis, state diagram and state transition matrix are shown in Figure 4.13.
Several good binary nonlinear CPFSK trellis modulation codes found for h = 1/.0
are shown in Figure 4.14. The two codes given in Figures 4.14 (a) and 4.14(b) are
rotationally invariant to carrier phase ambiguities of 2r/5 radians. but ot to other
phase ambiguities of the uncoded sigual set. Thus, none of the codes found are fully
transparent to carrier phase ambignities. In Section 4.6 the rotational symmetry

property of nonlinear CPFSK trellis modulation codes will be considered in detail.

4.5 Numerical results

Table 4.1 lists the minimum squared Euclidean distances and coding gains for op-

timnn correlation detection of binary nonlinear CPFSK trellis modulation codes
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S10= -3 0 00 00 0 3 1-1
-1-3 00 0 0 0 0 3 1
1-1-3 0 0 0 0 0 03
3 1-1-3 00 OO0 00
03 1-1-3 0 00 00
00 3 1-1-3 00 00
00 03 1-1-3 0 00
00 0O 3 1-1-3 00
00 0 0 0 3 1 -1 -3 0
00 00 0O 3 1 -1-3
trellis =2

Figure 4.13 Trellis, state diagram and state transition

matrix for 4-CPFSK, h=1/10.
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Figure 4.14(a) Equivalent binary nonlinear CPFSK(M=4,q=10).
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Figure 4.14(b) Equivalent binary nonlinear CPFSK (M=4,q=10).
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found in the previous sections. When h = 1/M. it was always possible to find a

regular pattern in the state transition matrix. Also. it was alw

possible to avoid
the inevitable merging of path-pairs after only two signalling intervals that is a
characteristic of general CPFSK signals. Any particular pattern to the transition
matrix could not he found when h # 1/)M.

It is seen from the numerical results that the hinary nonlinear CPFSK schemes
with i = 1/M achieve higher minimum squared Euclidean distances and men-

ory lengths than MSK signalling. Thus they can he expected to perform better

compared with MSK signalling in additive white Gaussian noise channels at high-
SNR. Numerical results also show that when h # 1/M. although binary nonlinear
schemes can be found with larger memory lengths, their minimum squared Eu-
clidean distances are inferior to that of MSK signalling.

The spectral occupancy of cach binary nonlinear scheme will be very similar to
their general CPFSK counterparts. However, the complexity of the transmitter is
increased owing to the sequential digital logic circuits of the finitc-state machine
that is needed to make the transmitted symbols depend on the state of the mod-

ulator. Another disadvantage of binary nonlinear CPFSK schemes, namely, the

n-invari will be i in the following section. Unlike the
binary multi-h schemes studied in [40] these binary nonlinear CPFSK schemes have

a constant modulation index.

4.6 Rotational symmetry of nonlinear CPFSK

Coherent detection techniques rely on the ability of the recciver to regenerate refer-
ence signals in exact phase coherence with the transmitted signal. There are several

ways of obtaining reference signals at the receiver. Irrespective of the technique, an
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Table 4.1 Coding gain and minimum squared Euclidean

distance of binary nonlinear CPFSK.

Modulation Coding
Index M N v a2, Gain
(aB)
1/4 4 4 3 2.151 0.316
1/6 4 ) 3 1.759 -0.558
1/8 4 8 3 0.738 -4.229
1/10 4 10 2 0.486 ~ b 4y
1/8 8 8 4 2.514 0.993
1/16 16 16 5 3.356 2.248
1/32 32 32 6 2.640 1.205
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ambignity alway

rewains concerning the true carrier-phase. This is particularly

the case when the signal set has rotational symmetries (e.g. QAM. PSK) and the
demodulator has no knowledge of which of the symmetries transmitted. Thus the

demodulator arbitrarily selects the symmetry in which to demodulate the received

signal with the possibility of being locked onto the wrong phase. The result of such

imperfect reference signals is n degraded detection performance,

In mobile

tems t ission of signals over mutipath fading

channels with Doppler frequency shifts can lead to frequent losses of carrier phase
synchronisation in the receiver. The time required to re-establish the correct phase
for decoding can cause signal loss during considerable periods of time. It is therefore
desirable to find rotationally invariant (self-transparent) trellis modulation codes,
which allow prompt resynchronisation after signal fades. The aspect of rotational
invariance of trellis modulation codes has recently come under increasing study in
the search for good combined coded-modulation schemes [24. 58, 78. 100, 99, 102.
96].

In uncoded memoryless systems the problem of carrier phase ambiguity can be

overcome by differential encoding and decoding of the data [38]. For example, with

uncoded BPSK modulation, transparency to carrier-phase ambiguities of 7 radinus
in the receiver is easily accomplished by differential encoding and decoding. The
same is true for 7/2 phase ambiguity in the case of uncoded QPSK. However,

in linear rate-1/2 coded QPSK it is only possible to achieve rotational invariance

under 7 radians, whereas, with other codes no such invariance exist [78]. The lack of
invariance under 7/2 phase rotation requires that QPSK signals are demodulated
with the correct phase before trellis decoding can be performed [27). A design

procedure for fully t QPSK signal llations is given in [78].

For trellis modulated systems the rotational invariance is much more involved
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hecause we are dealing with sequences of symbols. The code space or the group
of allowable symbol sequences in trellis modulation codes can be infinite in size
unlike in the case of block codes, where the code space consists of a finite number
of independent symbols., If a coded symbol sequence has heen phase rotated. the
resultiug sequence may or may uot fall in the code space. A trellis modulation code

aid to be rotationally invariant o transparent to carrier-phase ambiguities of #

(# not. equal to zero) if all code sequences can he rotated by 8 such that all rotated
sequences are still in the code space [78]. In other words all rotated versions of the
transmitted sequence will be decoded into the same source sequence or input symbol

sequence. Such codes are also known as self-transparent phase-invariant codes [58]

or simply as transparent codes. We shall use the term self-transparent in this
work.

By cousidering the state transition matrix of M-ary CPFSK with h = p/q.
it is casy to show that M-ary CPFSK signals are rotationally invariant to phase

shifts of 2zh. 4mh,

(M — 1)7h (modulo-27). For example, consider the state

transition matrix of h =1/4, 4-CPFSK:
3m ™ w2 O
saaf =3 03 1 =1

3 31
-1 -3 3 (4.26)
1 -1 =3
A rotational shift of 7/2 rad. makes the state tracsition matrix
PR
o[ -3 3 1 -1
i e (4.27)

al L-1.-8 3
ml 3 1 -1 -8
S is identical with S, 4% Similarly it can be verified that 5,=5,7=5,7=5,

Thercfore carrier phase shifts of 7/2, # and 37/2 do not affect the decoding process.

As a second example, consider the state transition matrix and the 7/3 phase rotated

1uz



watrix of & = 1/6. +-CPFSK shown below.
Sy wdh T amls wy o
wen[=3 0 0 3 1 -1
-1 =3 0 0 3 1
1 -1 -3 0 0 3
3 1 -1 -3 0 0

3 1-1-3 0 0 (4:29)
003 1 -1 -3 0
0 0 3 1 -1 -3

Clearly, Sy and S, arc identical. Similarly S 4 and Sy are also identical with

Sg. Thus the trellis decoder can tolerate carrier-phase ambiguitics of 7/3, 2m/3
and 7 rad. (modulo-27). The general conclusion is that, since the state transition
matrix of M-CPFSK with h = p/q is invariant to rotational phase shifts of integer
multiples of 27h, the Viterbi algorithm in the trellis decoder can resolve carrier-
phase ambiguities of 2rh, 47h, ..., 2(M ~ 1)wh.

The state transition matrix of the optimum binary nonlinear CPFSK (M =,
h = 1/4) trellis modulation code found in Section 4.3.1 and the state trausition
matrices of the same code when the carrier-phase is rotated hy 7/2, = and 37/2

radians. respectively, are shown below.

Vo mom o
se[=3 01 0
-1 03 0

5 =" (4.30)
C Tyl 0 -1 003
L0 10 -3
¢ s7fs o w Afr
of-3 01 0
-1 03 0

0-10 3 (431)
0 10 -3

13



0
g (4.32)
-3
A7
0
0
: (4.33)
-3

Unlike in the case of general CPFSK. the above transition matrices are different
from the original. indicative of the trellis decoder’s inability to resolve carrier-phase
ambiguities in the case of binary nonlinear CPFSK.

Similarly, binary nonlinear CPFSK with M = 8. A = 1/8 can be affected
by phase ambiguities of 7 /4. 7/2. 37/4. m. 57/4.37/2 and Tr/4 radians. And the
state transition matrix of the optimum trellis modulation code given in (4.16) when
phase rotated by the above phase angles results in different matrices. Further. since
all phase states do not follow the same state transition pattern. there is no rotational
invariance in the above code. In general. all optimum (in maximum memory length
sense) binary nonlinear CPFSK trellis modulation codes found in Sections 4.3 and
4.4 are rotationally non-invariant and a phase ambiguity of 27/M radians cannot

be allowed in the carrier-phase recovery.

4.7 Conclusions

In this chapter we have considered a class of fixed-i2 binary nonlinear CPFSK trel-
lis modulation codes for the additive white Gaussian noise channel. It was shown
that binary nonlinear CPFSK schemes can be desigued so that they achieve larger
minimum squared Euclidean distances and memory lengths than MSK signalling.
A systematic method for the construction of binary nonlinear CPFSK schemes that

achieve the maximum memory length allowed by the number of trellis phase states

114



when & = 1/ lLas heen presented. Several cades were shown to overcome the
inevitable merging events of general CPFSK. The coding gains of optinmm binary
nonlinear CPFSK ranged from 0.3 dB to 2.2 dB compared with MSK signalling.
Delaying of merging events does not necessarily lead to a larger minimum squared
Euclidean distance, although. it results in a larger time diversity. The optimal
binary nonlinear CPFSK trellis modulation codes that achieved maxinmm mem-
ory lengths were shown to be rotationally non-invariant, therefore, they are not

i for colierent demodlul I

ion with carrier-phase ambignities.
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Chapter 5

Suboptimum Coherent Detection
of CPFSK Trellis Modulation
Codes on Non-Gaussian Channels

5.1 Introduction

Suboptimum coherent detection of CPFSK trellis modulation codes on non-Gaussian
channels is considered in this chapter. Two non-Gaussian channels are considered:
the AWGN channel with carrier phase offsets and the mobile satellite channel.

First, the communication system and channel models used in the study will
be described. Then the suboptimum coherent phase detection and trellis decoding
receiver is introduced. Next. based on a generalisation of the Euclidean distance,
a decoding metric (equivalent distance) will be derived for phase detection and
trellis decoding of CPFSK trellis modulation codes. This equivalent distance is
applicable to channels with carrier phase offsets and channels with independent
amplitude-only fading.

Application of CPFSK trellis modulation codes for data transmission through
multipath fading chanuels is cousidered in the second part of the chapter. The
satellite-based mobile communication channel has received much attention in the

recent literature because of its potential for providing reliable voice and data com-
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munication to sparsely populated areas. Owing to the presence of a stable line-of-

sight component. the fading in mobile satellite channels is less severe than that en-

countered in land-mobile communication channels. Therefore, coherent detection,
with the assistance of a pilot tone or pilot symbols, is feasible on such channels. It

is well known that when coherently detected. CPFSK

signals are both more power-
and bandwidth-efficient than PSK signals.

Instead of the widely nsed error probability eriterion. the channel cutofl rate

hias been recently suggested as a more reasonable modnlation em design erite-

rion that allows comparison of different coded-modulation schemes under changing

channel noise conditions or among different channel models. Tn many cases, the
compntation of the error probability is extremely diflicult, especially when com-
bined coding and modulation is employed. The channel cutoff rate Ry can be nsed

as the performance measure on interleaved mobile satellite channels.

5.2 Communication system and channel models

In the study of communication systems and data transmission the most frequently
assumed model for a waveform chanuel is the AWGN channel model. However,
for many practical communication systems the AWGN channel is a poor model
and we must resort to more accurate and complicated models, Two types of non-

Gaussian channel models which frequently occur in practice arc the carrier phase

offset channel and the multipath fading channel.
5.2.1 Carrier phase offset channel

The phase difference between the regenerated reference carrier at the receiver and
the noise-free demodulated signal is called the carrier phase offset. In practical

commuication systems carrier phase offsets and carrier phase rotations (as pre-
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viously discussed in Seetion 1.6) can occur due to transmission impairments such
as impulse noise and imperfect coherent demodulators. When the phase tracking
schome of the receiver cannot track the disturbance of the carrier phase instantly
a carrier phase offsot would result.

The general model of the carrier phase offset channel considered in this work is
shown in Fig. 5.1. A binary data sequence is encoded using a rate-1/2 or rate-2/3.
N = 2" state trellis code, where v is the memory length of the code. The output
of the encoder is fed to an M-ary mapper followed by an ideal symbol interleaver
with infinite interleaving depth. The interleaved symbols are then passed-on to the
CPFSK madulator. At the receiver the CPFSK signal is coherently demodulated
and deinterleaved to restore the original encoded data sequence. For analytical
purposes, the above coded-modulation scheme with the ideal interleaver and dein-
terleaver pair can be replaced by a memoryless channel model [70).

The channel output y, at discrete time ¢ = nT can be written as:
Un = Putn + N, (5.1)

where n, = R{nn}+j3{nn} i a complex-valued zero-mean Gaussian random noise

process. R{n,} and §{n,} are zero-mean, statistically independent Gaussian ran-

dom variables each having a variance of 9?/2, and p, = e/ with an arbitrary car-
rier phase offset 6,,. A maximum-likelihood sequence decoder employs the Viterbi
algorithm [43] to determine the most likely binary input sequence or equivalently
the most likely coded symbol sequence x. The decoding metric or the equivalent
distance used in the decoder will be derived in Section 5.5 and will be shown to be

suboptimum,
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Figure 5.1 General model of carrier-phase offset channel.
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5.2.2 Mobile satellite channel

As agreed by the WARC'92. held in Torremolinos, Spain, future mobile satellite

MSS) based on geostationary satellites will operate in the following bands

systen:
of frequencies: (Global primary) 1980 2010 MHz. (dowu fink)/ 2170 2200 MHz (np
tink) and 2500 2520 NHz/ 2670 2690 MHz: (US/Canada) 1525 1559 MHz/ 1626,5

1660.5 MHz

3], With the present technological developments it is expected that
wobile satellite systems will operate with a channel spacing of 5 kHz. and transmit
data and digitized-voice at low data rates. nominally at 2.4 4.2 kb/s.

Due to the presence of a direct path between the satellite and a mobile termi-
nal. the fading conditions in the mobile satellite channel will not be severe as in
land-mobile communication. Therefore, coherently detected. power and bandwidth-
efficient coded-modulation schemes have been considered for application in these
channels. Considerable effort has also been devoted to the measurement and charac-
terization of the mobile satellite channel [30. 68] as these channel characterizations
are important in the selection of suitable coded-modulation techniques for future
mobile satellite communication systems.

In mobile satellite communication the mobile terminals will use small antennas
having gain between 2-12 dB and broad beam-widths [30]. Therefore these anten-
nas will pick multipath reflections of the satellite down-link signal thereby giving
rise to multipath fading. Multipath fading imposes random amplitude and phase
variations into the transmitted waveform. In other words, fading will cause the
channel to exhibit time-varying behaviour in the received signal. Besides Gaussian
noise. it is perhaps the wost serious impairment that degrades the performance of
data transmission through a mobile satellite channel. For reliable performance. the

system must be able to combat short fades and recover promptly from long fades.
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Fading also makes the problem of carrier synchronisation more difficult.

When an information-bearing signal is transmitted through a fading channel,

if coherence bandwidth is small in comparison to the handwidth of the transmitted
signal. the channel is said to be frequency selective or fast fading (80]. (Coherence

bandwidth is defined as the frequency separation for which two signals transmitted

from the same base station are strongly correlated. This means if the frequency
separation is large enongh the statistical properties of the two signals at the receiver

will be independent). Frequency

selective channels severely distort. signals. The
mobile satellite channel is assumed to be frequency-nonselective or slow fading in
contrast to land-mobile communication channels where the fading is almost always

frequency-selective.

Countermeasures for multipath fading

Because multipath fading can severely degrade the performance of data transmis-
sion in mobile satellite channels, it is required to use fading compensation techniques
to combat the fading. There are several methods available to compensate for fad-
ing in general. All these methods involve some form of diversity reception: space
diversity. frequency diversity, or time diversity. Both space diversity and frequency

diversity have to be ruled out in most mobile satellite terminals owing to
1. the small size of the mobile terminal,

2. the large coherence banduwidth encountered in the mobile satellite channel [30].

Time diversity, however, can be inc d through coded-modulation schemes
employing various trellis modulation codes.
There are two major difficulties in using trellis modulation codes in multipath

fading channels. First, much less is known about good bandwidth efficient codes
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for burst noise channels. Second. the Viterbi decoder is sesitive to burst errors

cnsed by maltipath fading [70] and coding cannot achieve diversity improvement so

long as the fading proc strongly correlated over the decoder constraint length.
The conventional solution-and the most robust solution available yet-to these two
problems is to interleave the encoded symbel sequence prior to transmission and
to deinterleave the corresponding received symbol sequence at the demodulator
[27, 70]. If the depth of interleaving is sufficiently long, then the interleaved channel
(the combination of interleaver, multipath fading channel and deinterleaver) may
be considered memoryless (70, thereby enabling the use of trellis modulation codes
for data transmission.

The operation of interleaving permutes the ordering of a sequence of symbols
in a deterministic way. The inverse permutation operation at the deinterleaver
restores the ordering. There are two main types of interleavers commonly used:
periodic and pseudorandom. A periodic interleaver is an interleaver for which the
interleaving permutation is a periodic function of time [27). In pscudorandom inter-

d 4

leavers the ion pattern is In practice, periodic interleavers

are preferred because of their simplicity. However, they are less robust than the
pseudorandom interleavers [27]. Where there can be no substantial variation in
burst characteristic, such as the mobile satellite channel, periodic interleavers are
adequate [27].

In addition to multipath fading, there is a number of sources of performance
degradation in the mobile satellite channel. namely, shadowing, Doppler effect,

channel nonlinearity and adjacent channel interference.
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Shadowing

Shaclowing gives rise o muel slower changes in the signal level than multipath fad-

iug It s caused by chauges in the topography such as buildings, bills and foli

T contrast to severe shadowing encountered in land-mobile communication chan-
uels. a line-of-sight path frequently exists in satellite-hased mobile commuuication
channels. Therefore shadowing is mild in mobile satellite channels. A froquently
used model for the Canadian mobile satellite chaunel with light. average and heavy

shadowing can be found in [68].

Doppler effect

In aeronantical and satellite-based mobile

ystems a Doppler fre-

quency shift f; causes the received signal sequence to accumulate n phase shift or

phase rotation of 2 f4T radian, where T is the symbol duration, with respect to the

trausmitted signal sequence. This gives

se to carrier phase ambiguity problems.

Channel nonlinearity

Iu general, to achieve higher efficiency, the RF power amplifiers in a mobile terminal
as well as on-board the satellite (for example the travelling-wave-tube amplifiers)
will have to operate in the nonlinear region. This will cause some signal compres-
sion at the output. Applying, for instance. 6 dB backoff to an amplifier in order to
make it lincar enough for a code based on QAM. can remove that code’s advantage
over a constant-cnvelope modulation code [10]. Coded-modulation schemes with
amplitude variations (for instance QAM) need Class B or AB power amplifiers in
the mobile unit. They are 2-3 dB less efficient than the Class C amplifiers needed by

PSK and CPM [10] which are impervious to channel nonlinearities in so far as the

123



amplitude is concerned, This 2-3 dB can be connted as a gain for constant-envelope
schiemes relative to variable-envelope schemes. Therefore constant-envelope modu-

lation schemes are preferred in mobile satellite channels.

Adjacent channel interference

d-miobil

Adjacent channel interference is a major impai for terrestrial 1
communications because the received signal may sometimes be weaker than a sig-
nal in the next channel or even a neighbouring channel. Adjacent channel interfer-
ence can be reduced by proper frequency assignment. For satellite-based systems.

however, all signals arrive approximately from the same distance and. hence, the

differences in signal levels are primarily due to multipath fading. Therefore adjacent

channel interference is not expected to be a major impairment in mobile satellite
channels.
Channel model

A simplified block diagram of the satellite-based mobile ication system is

shown in Fig. 5.2. While the mobile satellite channel is very difficult to treat math-
ematically, models have steadily been developed where they describe the physical
channel with considerable accuracy [30, 68].

The fading chaunel introduces a multiplicative distortion on the received signal

and it ean be represented as (36, 80]:
y=p-x+n, (5.2)

where the random process n is zero mean white Gaussian noise with double-sided
power spectral density Np/2. X = (21, 22,...,2n) is a possible transmitted symbol

sequence and ¥ = (Y1, Y2, .-+ ¥n) is the corresponding received symbol sequence. p
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Figure 5.2: Mobile satellite communication system model
(a) Simplified block diagram (b) Channel model.
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denotes the normalized signal envelope (also known iu the literature as the random
fadding amplitude [24. 36]) at the receiver input. Thus. depending on the severity
of multipath fading. the channel acts to multiply each received signal’s amplitude
by a Rician or Rayleigh distributed random variable.

The received sigual at the wobile terminal can be modelled as the sum of three

veetors. shown in Fig. 5.2(b). cousisting of two coherent components (the direct

wave or the li f-sigt 1 and the g d-reflected wave or the speenlar

" ) and a -olierent (diffuse) comp . Analysis and field experi-
ments [30. 68] have shown that the power of the diffuse component at the mobile
terminal is 10 20 dB below that of the unshadowed direct wave. Often the ground-
reflected wave is cither ignored or combined with the coherent component {30].
The envelope of the diffuse component is Rayleigh distributed and the phase is
uniformly ditributed between 0 and 27 radian [30]. Hence. the diffuse component
has a frequency-nonselective Rayleigh fading waveform [30]. The vector sum of the
direct wave (unshadowed) and the Rayleigh fading diffusc component results in a
Rician distributed signal envelope [68].

A multipath fading channel can be roughly classified as Rayleigh. Rician. or non-
fading depending on K. where K is a propagation parameter or fading factor defined
as the ratio of powers of the coherent to non-coherent (random fading) components.
For values of K not exceeding 0 dB the channel is Rayleigh distributed. The values

of K roughly between 0 and 13 dB represent Riciaa distribution and for K greater

than about 13 dB the channel can be i J} iderad as nonfading (31].
The mobile satellite channel is assumed to be Rician distributed. The probabil-

ity density function of p for Rician fading is given by [24, 36]:
p(p) = 20(1 + Kexp{-K — (1 + K)o} l2pK(1+ K), p20  (53)
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where A denotes the Rician factor with the same definition as in the previous
paragraph and Jo[.] denotes the modified Bessel function of the first kind of order

zer0 [46]. For a Rayleigh fading channel (5.3) reduces to

pp) =207 p>0. (5.4)

While the above model of a mobile satellite channel accounts for the effect of the
fading on the amplitude of the received signal, the effect of the fading on the phase
of the received signal will be assumed to be fully compensated for. Tn other words,
under the assmuption of perfect colierence at the receiver, only amplitnde fades

affect the system performance. The channel symbols will be interloaved prior to

trausmission and the corresponding received symbol sequence will be deinterloaved

at the receiver. Since there is only one symbol per trellis branch this amounts to

a branch-by-branch interleaving. As stated before, the ideal interleaving process
transforms the burst noise channel into a memoryless channel with random noise.

and the depth of interleaving is assumed to be infinite for analytical purposes.

5.3 Phase detection and trellis decoding

The schematic block diagram of the suboptimum coherent phase detector consid-
ered in this chapter is shown in Fig. 5.3. This method has been directly adapted
from the well known detection technique for PSK signalling. It consists of a cober-
ent symbol-by-symbol phase detector followed by a trellis decoder. The CPFSK
signal is treated as a PSK signal and its phase is measured after every signalling
interval (61]. In this method, the reccived signal is first demodulated by multiply-
ing by two coberent reference carriers in quadrature. The resultiug inphase and
quadrature-phase waveforms are low-pass filtered and sampled synchronously with

the itter. The phase is i from the inphase and quadrature-phase
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Figure 5.3: Phase detection and trellis decoding.
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samples. The trellis decoder then uses this information to decode the most-likely
transmitted sequence using the Viterbi algorithm. Since the continuity property of

the phase. and hence the phase trellis. is uot used in the demodulator. the receiver

is suboptimum in an AWGN channel. The receiver is also unaffected by the use of
a deinterleaver which destroys the memory of the CPFSK signal.

The mumber of calenlations per sigualling interval performed in the Viterbi
decoder grows linearly with the number of states in the *produet’ trollis or the
super’ trellis that is formed by nmltiplying the mmber of states of the CPFSK
scheme by the number of states of the trellis precode. Clearly, the required speed
of the processor in the receiver is proportional to the value ¢ M in a correlation
receiver, where ¢ is the denominator of the rational value modulation index h = p/q

and M is the number of signalling levels.

Realisation of the suboptimum recciver is significantly simpler than that of
the correlation recciver bocause the complexity does not grow with the number
of signalling levels, since now, the number of states is only that of the coding
scheme and is not multiplied by the number of states of CPFSK. The complexities
involved in practical realization of this receiver is also similar to a PSK receiver.
However, one would expect any error in the estimation of symbol transition instants
to cause performance degradation in the case of CPFSK, while PSK is impervious
to sampling errors [38]. The reason for this is the piccewise-continnons nature of the
CPFSK phase. In PSK the phase remains constant over a signalling interval. An

important advantage of phase detection and trellis decoding is that, as mentioned

before, it can be used on interleaved multipath fading channels such as the mobile
satellite channel. Throughout this work we assume an ideal receiver in order to

keep the analysis tractable.
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5.4 Trellis decoding on channels
with finite memory

As stated before. the combination of a trellis modulation code and a channel with
finite memory can be modelled as a single system with finite memory [70]. It
has been shown by Massey [70] that it is possible to perform maximum-likelihood
decoding on such a channel as easily as on a discrete channel without memory such
as the classical additive white Gaussian noise channel,

Consider a Rician or Rayleigh fading channel with slow fading. Here “slow

[ading weans that the fading bandwidth is small compared to the signal bandwidth

so that the receiver can track the phase variations [48].

Let the input symbol sequence be denoted by x = (21, 22.... .2 and the output
sequence by y = (y1.g2,- -+ ym). In the ntl signalling interval the transmitted
signal is wultiplied by the amplitude factor p,, which is. depending on the channel
conditions. a Rician or Rayleigh distributed random variable. and the carrier phase
is shifted by an amount 8,, radians. The phase shift 6, is assumed to be uniformly
distributed between 0 and 2r radians. The sequence (pn, 6,) is a slow-varying
random process not affected by the transmitted information sequence and it can
be closely estimated at the receiver. It is assumed that the synchronisation is
achieved between transmitter and receiver, and there is no feedback from receiver

to transmitter so that

Plru |21, g1y eens Zumty Yamt) = Pz | 21, 220 ooy Zn)- (5.3)
For this type of channel, the channel output can be written as [70]:
Yn = (Y 30, (5.6)

where 3, is the channel state (that is the instantaneous fading depth) and , is the
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quasi-output of the channel.

The channel state accounts for the finite memory of the channel. That is,

7)

Plyn | e daecenaue e Yoo oeve sy 1o e e m) = Pl [raema).

The state of the chaunel evolves independent of the channel input. Theretore we

have,

P30 | 21 2o ee el Yo oo Ypmte St 820 eevs Sumt) = Pl | 812 5202 80c).

(5.8)

The state s, along with the quasi-output y;, convey full information about the

transmitted information sequence. When the state s, is a suitably quantized repre-

sentation of (pn. 0a), the resulting discrete channel is completely deseribed by (5.6)
and (5.7) [70]. The decoding metric for such a channel has also been derived by
Massey [70] as shown helow.

It follows from (5.6). (5.7) and (3.8) that

Py o, ... |10 22y oo Tx) = Plliveeey tys S1veenn 8y | 21oray o ry)

N
P(sy. s2. ... 93) [] Pl | =
vy

$u) (5.9)

The factor P(sy, 2, ..., $y) in (5.9) does not depend on the transmitted sequence
Iy, Ty, ... xy and thercfore the maximum-likelihood decoding rule reduces to
choosing £y, &3, ..., Ly as that encoded sequence which maximises a suitable dis-
tance function or decoding metric.

From an implementation point of view, it is desirable to have the total decoding
metric for a sequence of symbols to be equal to the sum of the decoding metrics for
each channel input and output pair [27]. Such a decoding metric is known as an

additive metric or an additive distance [27].
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The distance function:
~

3 dulra g

(5.10)

where

= faltn 5a)} (5.11)

Aot e sn) = A { log PLY, |

satisfies the additive requirement. The fanction f, is selected arbitrarily and A is
au arbitrary positive constant. For couvenience of implementation of the decoder.

one wsnally chooses [27]

Salde s0) = min,, log Py, | £n. sn) (5.12)

so that the incremental distance given by (5.10) is never negative and generally
the constant 4 is chosen so that these distance metrics are well approximated by
suall integers [27. 70]. In other words, when f, and A are chosen as given above.
the minimum of the decoding metric is zcro and all other values of d,, lic in some
convenient positive range.

When the channel state is given, the above model of a fading channel behaves
as a memoryless channel (random noise channel) between its input and its quasi-
output [70]. However, a decoding metric appropriate for the particular channel
model has to be used. For example, in the case of memoryless channels in the
presence of additive, white Gaussian noise we would use the Euclidean distance

metric in the trellis decoder, where the squared Euclidean distance is given by
Ay 20) = =y = 2al®. (5.13)

On the other haud. for fading channels the appropriate decoding distance becomes
[36}:

@ (Yo £n) = =|Yn = pu tal*s (5.14)
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whete g, is the random lndling wnplitudo [36. 70) during the 2™ signalling interval
as defined in (3.3) and (3.4).

The above principle enables one to build a maximum-likelihood decoder to be
used with any kind of demodulator (optimum or suboptimum) when the decoder
utilises comparisons of encoded sequences of the same length [70). The Viterhi de-
coder satisfies the above condition and thus can be used to decode trellis modulation

codes in channels with finite memory.

5.5 Distance metric for phase detection and
trellis decoding of CPFSK signals

In this section we consider the deterwination of a suitable decoding metric (equiv-
alent distance) for the decoder to use in phase detection and trellis decoding of
CPFSK siguals. This is hased ou a generalisation of the Enclidean distance used
for trausmission over the AWGN channel with maximumelikelibood detection (cor-
relation detection and trellis decoding). The new equivalont distance is applicable
to suboptinunm colerent phase detection of CPFSK trellis modulation codes, The
analysis done here closely follows the work of Divsalar and Simon [36], and Biglieri

and McLane [25]. It uses the well known Chernoff hounding technicque {105] to np-

per bound the symbol error probability of trellis modulated schemes on Yless
channels.

Consider t ission of infc ion using trellis modul codes over a mem-
oryless channel that is not ily Gaussian. We have considered (wo examples

of such channels before, namely, (i) AWGN channels with carrier phase offsets and
(ii) independent, amplitude-only fading channels (25, 36].
Let xi and X!y denote two sequences of transmitted channel symbols of length

N. (While the symbol .V has been used before in chapters 3 and 4 to denote the
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number of states in a trellis modulation code. there is no relation between that
and the length of an error event as considered in this section. Which parameter V'
denotes will be elear from the context.) Corresponding to the two symbol sequences.
there will be two trellis paths through the state trellis. An error-cvent of length
N is said to ocenr when the trellis decoder output is xy(# X ) whenever xy is
transmitted, The probability of nceurrence of au error-event of any length is upper
Bounded by [25. 36]:

Pe< Y Y Y Plxy]Pelxy — Xy, (5.15)

NE1XY X (Fxy)

where Pgfxy — xy] denotes the pairvise probability of error that the decoder

chooses X'y when in fact xy was transmitted and P[xy] is the a priori probability
of transmitting xy.

Let m(yy.xy) and m(yy.xy) denote the decoding metrics used by the trellis
decoder for the correct sequence and the incorrect sequence. respectively. The trellis

decoder makes an error whenever

m(yn.xy) 2 m(yn,x'y) ¥V x5 #xy. (5.16)

uming an additive metric. (5.16) can be written as:

¥ ¥
Yom(Ynth) 2 Y mlyn-ta) V2, # Lo (5.17)
n=1 n=1

Then, the pairwise probabilty of error Pelxy — %'y is given by:

Pelxy — X'

N N
= P{Y m(yn,zh) 2 3 mlym 7a) | Xn} (5.18)
b= =
Next we apply the well known Chernoff bound [105] to (5.18). According to Cher-
uoff bound if x is a continuous random variable, then,
P{z > 0} < E{e*}, (5.19)
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where \(> 0)is a parameter to he optimized. When x

s the s of N independent

continuous random variables r1. ra. ... 2. the Chernofl bound becomes
§ N
P{Y w20t < JTE(M) (5.200
= asi

Therefore. corresponding to (3.18) we have.

Pelxy — x4 € E{e® TNt )=t o)) | %y}

= l'l,f;| E(fhlmty-..z‘n1—m(yw.|| | eule (5.21)

where the equality in (5.21) follows from the assumption that the channel is mem-
oryless. In (5.21). E denotes the statistical expectation operation and A(> 0) is the
Chernoff bound parameter to be chosen such that the bound is optimised.

Furthermore. the analysis can be simplified by defining a quantity Ay(r. )
as follows [36]:

e dalznich) & E{eMmtun shi-mtumenll | g}

Then. from (5.15). we have

Alen, £l

It is assumed that, as the signal-to-noise ratio increases, for any input and output
signal pair (rn.2%,), the value of Ax(2,.2}) increases as well. Thus, asymptotically
for high-SNR the error probability is approximately upper hounded by a term of
the form

Pe< Ae™9. (5.2

where A is a constant,

~
wn min 20 e s

Xy #xy n=l
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Blradl) = Qg e i) (5.26)
and Ay is the optimum value of A such that it minimises the probability of error.
The constant A is dependent on the multiplicity of error events at distance df.
Usnally. A is « small constant and it is ignored (at a slight expense in tightness of
the upper bonnd) at high signal-to-noise ratios [37].

To minimise the npper bound given in (5.23) we must select A such that
Tivet A& £, ) is maximised. However. selection of a value for A should be done
within the additivity constraint, that is. @?(...) results in an additive distance.
While in some cases the optimum Ap results in an additive distance, in others it
fails to do so and, therefore, one must choose a suboptimum value for A. For-
tunately, as in the case of most engineering design, it is not necessary to nse an

aptimum value for A to obtain a useful upper hound to the error probability.

5.5.1 Additive white Gaussian noise channel

Under the assumption of an ideal, additive, white Gaussian noise channel, the

veceived signal g, at time = nT" is given by,

'+ Mo, (5.27)

Yn=

where n,, is a zero mean Gaassian noise process with variance 0% and probability

density function

plnn) = el (5.28)

The maximum-likelihood decoding metric, m(yn,z,), for the AWGN channel is
given by [36, 80]:

Yy 2n) = R{YX"} = —|yn ~ 20l (5.29)
where. for simplicity, the factor 3l has been ignored since it can eventually be

combined with the Chernoff bound parameter A.
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Substituting (5.29) uto (5.22) and assuniing that the real and imaginary pasts.
R {1} and 3 {n,}. respectively. of the complex noise random variable i, are zero-
mean statistically independent Gaussian random variables each having a variance

of 0} = a?/2. it can be shown that [36]

¢
Pelxy = xy] < H" Ao 24l CE{e BRIt stly

< JeNemmiba-nd, (5.30)
n=t
Since 0% is independent of the discrete time n. we have

M A =20} =~ A1 1A

and

Sl = (=14 D0} = sk lew = 241> 0.
Therefore.
~1+4Acy =0

is the condition which minimises the bound given in (5.30). That is,

(3.31)

0% " 202
is the optimised Chernoff bound parameter. Substitution of Ay in (5.30) gives the
required upper bound to the pairwise probability of error for the AWGN channel,
which is

L 1 112

Pelxy — xy] < L e wrlob, (5.32)

i

Finally, (5.32) can be written as:

Pefxy — xy] < e a7, (5.33)

where

(5.34)




represents the squared Euclidean distance between the two channel symbol se-
quences Xy and x'y.

Next. we specialize the results of the preceding paragraphs to phase detection
and trellis decoding of CPFSK signals on the AWGN channel.

The recoived signal corresponding to (5.27) hecomes

E, e + . (5.35)

where E, is the symbol energy and o, is the phase of the CPFSK signal at time

t = nT. It was shown in Chapter 3 that,
0 € {0. 20/q. 47/q..... 2M = 1)7/q} (modulo — 27).

where ¢ is the denominator of the rational value modulation index A.

The decoding metrics corresponding to (5.16) and (5.17) becomes
(Y. 2n) = /2B, + R {n,e™i>"} (5.36)
for the correct sequence. and

2E, cos (0n — 0),) + R {nae 9%} (5.37)

m(Yn Ly,
for the incorrect sequence.
Substituting (5.36) and (5.37) into (3.21). we get the required upper bound for

the pairwise probability of error as:

N
Pelxy — xy] < [ 7o), (5.38)
=t
where
emdlenth) E{EAV/Z—E[:“(O-.—Q’,,]—IH-»\R(nn(!‘nl.—‘z'“"))}'

= MVl u:,.—m’,.)—n_E{Em(un(e-w!‘-.-t'w\))y

= e~ MWIE1-cos(on—cp )} +No¥[1-cos(6n-0r)] (5.39)
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Since n, is a Ganssian random variable, the random variable R {n,(e=7 —¢=son)}
is also Ganssian with zero mean and variance o[l = vos (0, — o},)] [15]. Therefore
(3.39) can be simplified as:

e Mlrarh)  =l1-cosion=0, INVEET-A*) (540

with the Chernoff bound parameter A to be selected so that the upper bound for

the pairwise lity of error is 1. isation of the exponent of the

right hand side of (5.38) over A gives

Ao (5.41)
Substituting Ay in (5.40). and from (5.38) we have:
N 9
Pylxy — xy] < [ o= setli=coston=emi (5.42)
=
which gives an expression for the incremental decoding distance as:
= B . -
P esl) = 511 = o500 = 0} )] (5.13)

This can be used as a squared distance to evaluate the error performance of CPFSK

trellis modul codes with sub

phase detection and trellis decoding on

AWGN channels.

5.5.2 Carrier phase offset channel

In this section we derive an equivalent distance for suboptimum phase detection and
trellis decoding of CPFSK signals when demodulated with a carrier phase offset of
6. The relevant channel model was described in Section 5.2.1. Typically the carrier
phase offset would be a function of time. In the study, however, we assuwme that
the carrier phase offset is static or constant over the duration of the error-events

under consideration in the trellis decoder.
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For carrier phase offset channels. the received signal y, is given by (45. 93]:

E /o) 4o, (5.44)

n=

where E, aud o, are. as hefore. the symbol energy and phase augle of the signal
at time ¢ = nT. respectively. The carrier phase offset during the n'% signalling
interval is denoted by 6,,.

The Viterbi decoder operates on the sequence given by (5.44) and the decoding
metric must take phase offsets into account and. in general. can be written as
R {yx'¢/*} [93]. where 6 is the carrier phase offset. Accordingly. the decoding
metrics are

(e £2) = \2E, 058, + R {n,eP=on}

for the correct sequence. and
1Yoy 1) = 2E, €08 [(0), ~ 0,) + 8] + R {npei®r=oh)} (5.46)

for the incorrect sequence. Corresponding decoding metrics for the AWGN chanuel
with no carrier phase offsets were given in (5.36) and (5.37).

= constant for all n over an

For the special case of a static phase offset. 8, =
error-event of length % and the pairwise probability of error can be upper bounded
as:

N
Pebey — xiy] < [ emnst, (547)
where

M) = Ef M) -mlunal] | gy
E{E.\»/mkn.(dn—aiﬁi)—-euﬂ«&y[n,,(g“‘-'@l_,”‘-'n}”}

= MW2Eilcon(én -0, +0)] E{EAR[ﬂn(e’(“’:ﬂ.—zl“—'n)”)' (5.48)
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Sinco n, is a Gaussian random variable with zero-mean and variance a?, the random
variable R [, {e79=5h" = @26=521}] is also Gaussian with zero-mean and variance

2*[1 = vos (0, = 0},)] and therefore (5.40) can be written as:

e dFarh) = = (AVIF [eos A=cox(0n =), +8)) = N2 [L-con 20 - ) )]} (5.49)

with the Chernoff bound parameter A to he chosen so that the upper bound is
minimised. It can be shown that the value of A that minimises the upper bonnd
given in (5.47) is equal to

_ VZE, [cos6 — cos (0, — 0} +0)]

Ao hY) [L = cos (o = of,)] ey

If this value of \ is chosen for the upper bound. we get
S (e ) = 5.1
";( ENENES: e (5.31)

However. the above distance does not produce an additive metric. Therefore, for
the carrier phase offset channel, a suboptimum ) is chosen so that the distance
metric is additive. Choosing A = @ instead. which is the optimum value of A
obtained in (5.41) for the ideal AWGN chanunel, we have

A3

N
3 dznh) =Y
= :

This is an additive metric; therefore, similar to the Euclidean distance given by

{2lcos 8 — cos (¢ — &, +8)] — [1 - cos (én ~ S, )]1. (5.52)

(1.6) for correlation detection
&2 = 2E,{2[cos 6 — cos (¢ — &), +8)] — [1 = cos (¢ — #},)]} (5.33)

can be used as an equivalent distance to evaluate the asymptotic error perfor-
mauce of suboptimum detected CPFSK trellis modulation codes on chaunels with
a constant carrier phase offset. This distance is also sometimes referred to as a

generalized Euclidean distance in the literature.
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5.6 Cutoff rate R, for a general interleaved chan-
nel with amplitude only fading

The channel entoff rate Ry is an indicator of the potential performance of a coded-
mwodulation scheme. It has been shown that R is a fundamental parameter of a

channel which gives a simple lower bound to Shannon Capacity [69). The cutoff

rate is also closely related to the performance of convolutional codes on the Binary
Symumetric Channel (BSC) and to computational cutoff rate Reomp of sequential
decoding [69]. Several rescarchers (69, 105, 106] contend that Ry is a better per-
formance criterion than the widely used bit error probability criterion for channels.
where coded-modnlation schemes have been used for information transmission.
Consider two codewords ;(t) and r;(t) that have been selected at random
from an M-ary modulation scheme. Assuming maximum-likelihood decoding on
an AWGN channel with double-sided noise power spectral density No/2. the prob-

ability of error between these two codewords can be written as,

d{xi{

Pefri(t).z;(0)] = Q( {y (5.54)

where

d(zi(t) - £5(t) = /"(x,(t) S(0)dt

and
L [P evingy,
2r Jz

Q)=
The ensemble average probability of error or the expected value of (5.54), where

the average is taken over all possible codeword pairs, can then be found to be [105],

M,z =27V, (5.55)

where .V is the length of each codeword in M-ary symbols and the channel cutoff
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rate Iy (in bits per waveform or bits per signalling interval T') is given by.

The expectation in (5.56) is taken over the set of all possible M-ary signals.

If the information transmission rate is R bits per symbol (or bits per signalling
interval), then. there would be a total of 2¥F codewords. According to the well
kuown property that the probability of a nuion of events is upper hounded by

the sum of the probability of these events (union bound of probability) [105] the

overall probability of error for randomly selected codewords is upper bounded by
2R Prlri(t). z;(1)]. Therefore. the average probability of error using the above

modulation scheme can be upper tounded as:

Pelz(f), z;(8)] < 2¥4-H0),

7)

The same bound must apply to all transmitted sequences since the choice of se-
quences is identically distributed.

Although above coding bounds are obtained assuming memoryless modulation,
it is widely held that the same type of union bound holds for interleaved chan-
nels with finite memory because, as previously shown in Sec. 5.4, combination of
interleaver, modulator, waveform channel, demodulator, and deinterleaver can be
considered as a discrete memoryless channel (DMC) [70]. The union bound, how-
ever, does not provide a clue to find good coded-modulation schemes for a given
channel. Instead, it simply indicates that if the cutoff rate is high for a particular
modulation scheme the potential for coding gain is also high. The cutoff rate for a
general interleaved channel with amplitude-only fading will be derived next.

The cutoff rate Ry for a general i

d channel with litude-only fadiug

can be derived using the Chernoff bound technique as fellows. With the notation
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and definitions of See. 3.4, the pairwise probability of error betwecu two sequences

xy and x'y can be written as

¥ ¥
Prlxy — X's] = P{E mya2) 2 3 mlyne20) | x5} (5.38)
=t =

Applying the Chernoff bor:nd [103].

5.58) becomes:

Py —xy] < E(nv\Z:z,[mwn.x(‘y-mlyn.lnU | xv}

= ﬁE(P)\z‘:ﬂ[mLy,.xL,)—me-.z-?) | 20}
1

H e (5.59)
n=1

where

etz A E{e\masni-mtnzall | £y
Since a bound of the type (5.57) mmst apply to all transmitted sequences x.y. where
the channel symbols are independently selected. if we assume that the .V pairs of
symbols forming xy aud Xy are raudomly selected from an M-ary signal set, the

average probablity of error can then be upper hounded using the nnion bound [105]

as:
A
Pelxy = xy] < Z e=Maleairh),
n=1
= o7VR, (5.60)
where
Ry = — log, ek,
and

TR = Tlﬁ FF e alenst),

Ry depends on the Chernoff bound parameter ), and for AWGN channels the

o

optimum value of A was found in (5.31) to be Ag = 1/20%. Using the above value
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of A and assuming M-ary modulation with perfect knowledge of the random fading
awplitude p. it has been shown in [36] that
N

Prlxy = x5] < [ e-wmedlen-ail,
asi

(5.61)
Therefore. the cutoff rate Ry for a geucral interleaved channel with amplitude-only

fading is given by

Ro = —log;

,zZZr el AF), (5.62)

This expression will be used in Chapter 7 to evaluate the performance bonuds of

CPFSK trellis modulation codes on fading multipath channels.

5.7 Conclusions

In this chapter we have considered suboptimmn coherent phase detection of CPFSK
trellis modulation codes on two non-Gaussian channels: (i) the carrier phase offset
channel and (ii) the mobile satellite channel. A suitable decoding metric (equivalent
distance) for the decoder to use in phase detection and trellis decoding of CPFSK
siguals on AWGN channels has been derived. Next, this equivalent. distance was
modified to take phase offsets into account, so that it can be used on AWGN
chaunels with carrier phase offsets. In amplitude only fading mutipath channels,

such as the mobile satellite channels, instead of the widely used error probability

criterion, the channel cutoff rate Ry has been idered as a suitable perfc

criterion for the comparison of coded-modulations. The cutoff rate Ry for a general

interleaved channel with amplitude-only fading has been derived.
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Chapter 6

Performance Evaluation of
CPFSK Trellis Modulation Codes
on Carrier Phase Offset Channels

6.1 Introduction

This chapter is concerned with the performance evaluation of CPFSK trellis modu-
lation codes with suboptimum coherent detection on AWGN channels with carrier
phase offsets. A computer search is performed for the optimum self-transparent
1-CPFSK (h < 1/4) and 8-CPFSK (h < 1/8) trellis modulation codes with subop-
timum coherent detection. Tue matrix description of CPFSK signals introduced in
Chapter 3 is used to limiv the search to rotationally invariant state transition ma-
trices. Next, the equivalent distance derived in Chapter 5 for suboptimum coherent
phase detection and trellis decoding of CPFSK signals is used to study the effect of
static carrier phase offsets on the performance of CPFSK trellis modulation codes.

The general model of the cirries phase offset channel was described in Section
5.2.1, and a simplified block diagram was given in Fig. 5.1. In Section 5.5.2, an
additive metric (equivalent distance) was derived for nse on such channels with
suboptimum colerent detection of M-CPFSK signals. The Viterbi algorithm is used

to decode the signal and the equivalent distance takes phase offsets into account.
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In our case the phase offset is assumed to remain constant over an error event and
the phase detector is assumed to be ideal. Only self-transparent 1-CPFSK and
8-CPFSK trellis modulation codes are considered here and. therefore, the problem
of carrier phase ambiguiry resolution does not arise.

The equivalent distauce derived in

ical toal for

3) also provides an analy
evaluating the effect of carrier phase offsets on the performance of CPFSK trellis
modulation codes. The conventional method of computing the reduetion in mini-
mum equivalent distance (MED) for various carrier phase offsets conld give an idea
of trends in performance degradation. However. it must be emphasized that the
results would be valid only asymptotically at high SNR.

The error performance of trellis-coded 8-PSK in the presence of carrier phase
offscts has been evaluated in [45. 93] and references therein. For rate 1/2, v=2. and

v=3 convolutional-coded 8-PSK, it has been shown by simulation that the SNR

required to maintain an event crror probability of 10" asymptotically increases

uptil § = 22.5°, while in the case of uncoded 4-PSK. the operating range extends

to 6 = 45°. This is only a typical case. It is known that trellis coded schemes in

general are more susceptible to carrier phase offsets than uncoded schemes. "This

greater susceptibility has been ascribed to the formation of long segments of recvived

signals at the same distance from two or more distinct treids paths., At that point

the code exhibits catastrophic error properties and the decoder would then fail.
To find the best self-transparent trellis modulation codes on carrier phase offset

channels, we use the suboptimum equivalent distance given in (5.53) instead of

the i likelihood metric (Euclidean distance) in the code search program.

Codes achieving the largest minimum squared equi distance (MED) for a
3 f

given code complexity and modulation index were searched for. For 4-CPFSK

signals the search was limited to h <

1/4 and N < 256, where N is the number
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of states in the overall trollis modulation code. For 8-CPFSK signals the limiting

valnes were & < 1/8 and .V < 128,

6.2 Computer search for self-transparent
4-CPFSK trellis modulation codes

An exhaustive search for optimum codes involves an enormous amount of computer
time. Lindell et al. [53. 57, 55]. among others. have carried-out such a search for the
optimum combinations of convolutional codes and M-CPFSK, so that for a given
code-rate (R), memory length (v) and modulation index (k), such a combination
will yield the largest minimum Euclidean distance. However, finding the optimum
code (in the sense of largest minimum Euclidean distance) is computationally in-
feasible for large values of v.

Although most. researchers have been content to find optimum convolutional
codes for CPFSK. better codes may be obtained by searching over a more general set
of trellis codes. In other words. the outer code need not be necessarily convolutional
as has always been considered in the literature: perhaps. better outer trellis codes
exist not based on convolution. The assumption that the encoder is a general trellis
encoder generalizes the convolutional encoder on which prior work on coded-CPFSK
has concentrated.

Usually, good codes can be obtained by limiting the search to a subset of the
codes that possess certain desirable properties. It is generally accepted that good
codes possess symmetry and that M-ary symbols occur with equal frequency and
with regularity. The following heuristic code design rules that are similar to those
of [94] for set-partition codes are proposed for self-transparent 4-CPFSK trellis

modulation codes.

148



o The srateof the CPFSK trellis modulation code is expressed as X, = {C,,. 0,}.

where Cy = (&poy. ey W) and o, € {0, 27h. Arh..... 0 2(M —

1)7h}. v is the memory length of the trellis code and h is the rational value

modulation index. The state X, is called a pair-state in the literature and it

has been [requently used in trellis search algorithms,

The N x .V state transition matrix that describes the overall CPFSK trellis

modnlation code is partitioned into 22 ¢ x ¢ sub-watrices,

o Each sub-matrix is either an all-zero matrix or a more sparse version (so that
it hias ouly one of a kind of the M-ary symbols) of the g x ¢ state transition
matrix of the uncoded M-CPFSK scheme. This condition makes all phase
states to follow identical state transition patterns. If not, the code will he

transparent to only some of the carrier-phase ambiguitics.

Every row and column of the ;V x V matrix should have two and only two

symbols.

The output symbol distribution is restricted to be uniform. This means that
cach M-ary symbol should occur with equal frequency, and the set of symbols
is equally distributed over the branches of the trellis. That is, cach M-ary

symbol will appear ¢ 2" times within the N x /V matrix.

A scarch for codes satisfying the above ints was 1. The search

was limited to codes with even number of states N < 256. With these constraints
imposed on the state transition matrix many poor codes (those codes with small

Euclid i are discarded, and the set of codes that must be

searched becomes ble because only lly invariant state transition

matrices are input to the search algorithm.
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Since the CPFSK trellis modulation codes are nonlinear, the largest minimum
Enelidean distance between CPFSK signal sequences through the trellis does not

necossarily ocenr hetween the signal sequences corresponding o the all-zero binary

input sequence of the trellis code and a sequence diverging from and remerging later
with this sequence. The merging events occur not only when the phase states but
also the symbol states of the sequences hecome identical. Tn the code search pro-

gram. an efficient algorithm due to Mulligan [75] was adapted. which computed o2

among all possible pairs of sequences diverging in some pair-state and remerging
later in another pair-state.

Although the minimum Euclidean distance itself can be used to determine the
symbol error probability P. at high-SNR as discussed previously, it is really not
sufficient to describe the overall performance in every situation. This is because in
the calculation of minimum Euclidean distance we always compute the distance be-
tween two paths merging at the shortest error event (memory length), but in most
codes examined above there exist some trellis paths that are not yet merged at the
memory length but have smaller distances between them than the minimum Eu-
clidean distance found. If the length of the observation interval at the demodulator
is not long enough, there is a possibility that these smaller distances will eventually
dominate the error probabilty. Therefore, the receiver path memory (Np) should
at least be equal to the minimum number of symbol intervals required to ensure
that the distance between any two paths is greater than the minimum Euclidean
distance of signals.

Receiver path memory is one of several factors that affect trellis decoder perfor-
manre. Decoder memory and decoder synchronisation are two other factors critical
for maximum-likelihood decoding. Since there are at least N = ¢2” states in

the state transition matrix of a CPFSK trellis modulation code, the decoder must
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reserve .\ words of storage for survivors in the Viterbi algorithm. The Viterbi
algorithm examines every state in the trellis. then, a matched filter operation is
petformed for each signal possibility in the n'Y jnterval. and the results compared

among th

to find the maxi -likelibood trellis path iuto each state at the
(n+1)th interval. Therefore cach word must he able to store the survivor path and

its aceumulated distance. Since the storage requirements increase exponentially

with the memory length v, in practice. it is not possible to use trellis modulation
codes with very large V. Since the number of calenlations per symbol interval in
the Viterbi decoder grows linearly with V. it is obvious that the required speed of
the processor in the receiver is proportional to the value of ¢.

Code search results for the optimum self-transparent 4-CPFSK trellis modula-
tion codes is shown in Table 6.1. The asymptotic coding gain for cach code over
uncoded 4-CPFSK is also shown. Among codes with the same minimum Euclidean
distance for a given number of states, the code with the shortest receiver path

memory was sclected as the optimum code. Table 6.1 Lists the results for only

those codes achieving larger mini Euclidean distances than MSK signals, be-
cause. MSK is our reference scheme. Based on the results of this search, it was
possible to identify a pattern in the optimum state transition matrix so that the
CPFSK trellis modulation code is transparent to all carrier-phase ambiguities of

the uncoded CPFSK scheme.



Table 6.1 Coding gain of optimum self-transparent
4-CPFSK trellis modulation codes on an
AWGN channel.

Marrix  Receiver Coding. Coding

states path  Uncoded Coded gain gain
memory minimum  minimum  relativeto  relative 1o

N Ny distance distance  4-CPFSK. MSK

(dB) (dB)

8 3 1454 1761

3 0.973 0.603

10 1454 3326

12 0973 2044

12 0.692 0.821

16 1454 4184

13 0.973 2.859

18 0.692 1614

19 0516 0.430

2 1454 4879

21 0.973 3451

23 0.692 2304

4 0.516 7.042 L1158

2 1454 6.389 5.004

26 0.973 6.929 3.800

26 0.692 7129 2520

8 0516 7.251 1.367

23 1454 6314 5129
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Consider the best rotationally invariant state transition matrix for eight-state
4-CPFSK trellis modulation code shown below.

0 -1 0 0o 0 0 0 3
0 O-1 0 3 0 0 0
0 0 0 -1 0 3 0 0

-1 0 0 0 0 0 3 0 ,
000 1 0-3 0 0 0 )
0 0 0 1 0 -3 0 0
1 0 0 0 0 0 =3 0
01 0 0 0 0 0 -3

When the states So and S are represented as the binary equivalents of the shift

Tegister contents. it also can be identified as the state transition matrix of a usual
binary convolutional code with constraint length two, naturally mapped onto a 4-
CPFSK schewe with h = 1/4. Therefore the overall 4-CPFSK trellis modulation
code can be implemented by a convolutional outer code followed by a natural hinary
mapping rule as shown in Fig. 6.1. Comparing this with the previously published

results [53. 55.

. 79 it can be concluded that the optimum eight-state 4-CPFSK

trellis modulation code is also the best self-transparent code.

As another example. consider the best 64-state self-transparent 4-CPFSK trellis
modulation code, the transition matrix of which is given in Figure 6.2(a). This can
be implemented as a convolutional code of constraint length five followed by a
natural binary mapping rule and h = 1/4 +-CPFSK as shown in Figure 6.2(h).
This trellis modulation code achieves a coding gain of 4.879 dB relative to MSK
signalling on AWGN channels. More bandwidth-efficient 64-state codes can he
obtained by choosing h =1/32, h = 1/16 or h = 1/8 4-CPFSK with convolutional
codes of constraint length 2, 3 and 4, respectively. However, they are less power-
efficient than the one in the example owing to their smaller modulation index.

Table 6.2 lists different implementations of 4-CPFSK trellis modulation codes at a

given number of states. The of the code poly are specified in

133



~
32w w2 O 3z r w2 o
/2 0 -1 0 0o 0 0o o 3
50 L3 o 0 -1 0 3 0 0 o0
n/2 6 0 0 <t 0 3 0 o0
o -1 0o o o o0 o 3 o
[:v/z o 0o 1 0 -3 0 o o
s, kS 6 0 0 1 0 -3 0 o0
1 /2 1 0 0 0 0 o0 -3 o0
0 ot 0 0o 0 0o o0 -3
state transition matrix
©n
rate 1/2 code: 00 -3
o -1
g1 = [2]g 10 1
0 = [1lg s
(natural binary)
Figure 6.1  Implementation of the optimum eight-state

self-transparent 4-CPFSK, h=1/4 trellis

modulation code.



S1s
Si4
S13
S12

(1111)
(1110)
(1101)
(1100)
(1011)
(1010)
(1001)
(1000)
(o111)
(0110)
(0101)
(0100)
(0011)
(0010)
(0001)
(0000)

5155145:35,25;:5,059 Sy S7Sg S5 Sy S3 Sa ) Sp

(-31=[3 0 0 0 [-1]= [0 0 0 -]
0-3 0 0 -1 0 0 o
0 0-30 0-1 0 0
00 0-3 0 0-1 g
axq x4
[1]=Jo 0 1 0 [3l= {0 3 0
o 0 0 1 0 0 3 0
1 0 0 0 0 0 0 3
o 1 0 o 300 0
ax4 x4

Figure 6.2(a) State transition matrix of the optimum

64-state self-transparent 4-CPFSK code.
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Mapper |—

{4-CPFSK
00 -3
rate 1/2 code: oL -1
a1 =12 3] oo
=10
go = [1 0lg (natural binary)

Figure 6.2(b) Implementation of the optimum 64-state
self-transparent 4-CPFSK trellis modulation

code.
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Table 6.2 Implementation of self-transparent 4-CPFSK
trellis modulation codes with convolutional

codes.
| Marix | Moduaton ¢ Code  Generator |
states index :
i
N h 2,8 By s |
3 14 2 Lo
10 s 2 1 i
[ 7 2 ‘
o0 1s 7 2
i 4 116 7 2 i
R U4 15 0z
[ us 15 02|
N ] 15 02 }
%6 1 15 02 |
[ om 23 o
I 23 |
% e 21 o
pow o 23 10 l
A T A ] 61 02
Low s 61 01
T 61 0z |
(TR 61 02
b6 4 141 002 |
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octal notation. The natural binary mapping rule has been nsed throughout. The
implementation of the convolutional codes at cach memory length is shown in Fig.

6.

Every optimmm 4-CPFSK trellis modulation code for suboptimum coherent de-
tection (except when » = 1) involves the natural binary mapping rule. Clearly.
the effect a phase rotation has on CPFSK trellis modulation codes depends on
the signal set mapping, and only the natural binary mapping is consistent with
self-transparent codes. Pietrobon et al. [78] have shown that this is the case with
trellis-coded QPSK and 8-PSK. In the case of v = 1, however. the mapping rule of
the best code for suboptimum coherent detection was different from that found in
the literature for AWGN channels. The optimum code for » = 1 and h < 1/4 is
shown in Fig. 6.4(a). The two other codes shown in Fig. 6.4(b) and (c) resulted in
the same minimum squared equivalent distance. but the optimum code required a
decoder memory of three as opposed to four for the other two codes.

Based on the results of the code search performed above. we can identify a

generalised state ition matrix to self- 4-CPFSK trellis

modulation codes at any even number of states. The generalised state transition
matrix is shown in Fig. 6.5, and it is valid for any modulation index k < 1/M.
2¥(2" — 2) submatrices of the iV x .V matrix will be all-zero matrices and therefore
the matrix is sparse. The above results lead us to conclude that for self-transparent
4-CPFSK trellis modulation codes the best codes have a convolutional outer code.
For an IV state CPFSK trellis modulation code, the maximum memory length of

the convolutional precoder is given by v = log,(V/q).
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<
<
<

symbol

(b) v=2 (c) v=3

Y1

(£) v=6

Figure 6.3 Optimum codes for suboptimum coherent phase
detection of 4-CPFSK signals with hs on

carrier phase offset channel.
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¥
vi | ¥2 | symbol
0 [¢] -1
M
apper 0 1 -
= ¥2 1 0 3
1 1 1
(a) Suboptimum phase detection
Y1 Y2 symbol
0 0 =3
Mapper 0 1 i
1 0 1
1 1 3;

Natural Binary

(b) Optimum correlation detection

1 Y1 Y2 symbol
o | o -3
Mapper | 6 : |
T ] ye 1|0 o1
1 1 3

(c) Equivalent code to that of (b)
Figure 6.4 Optimum 4-CPFSK trellis modulation codes for

rate 1/2, v=1 and h<1/4 on carrier phase
offset channels.
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Figure 6.5 State transition matrix for optimal self-

transparent 4-CPFSK trellis modulation
codes when h ¢1/4.
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6.3 Computer search for self-transparent
8-CPFSK trellis modulation codes

Hlere we apply the heuristic design rules given in Section 6.2 to find the optimum
8-CPFSK trellis modulation codes on AWGN chaunels with carrier phase offsets.
In this case the number of symbols in every row and column of the V' x N state
transition watrix is equal to four. The coding operation above is equivalent to
encoding the least-significant-bit (LSB) of the binary data sequence with a rate-1/2
trellis code and then mapping on to an 8-CPFSK signal set. The overall code-rate
would be 2/3. As hefore. the V' x ' state transition matrix is partitioned into 22
sub-matrices. Each sub-matrix is obtained from the state transition matrix of the
wncoded h = 1/q (q > 8) 8-CPFSK so that cach sub-matrix has only two of a kind
of the 8-ary symbols. For example. sub-matrices for i = 1/8 8-CPFSK is shown in
Fig. 6.6.

A scarch for 8-CPFSK trellis modulation codes satisfying the above conditions
was carried out. To reduce the computational complexity, the search was limited to
codes with states .V < 128. Since the state transition matrices of 8-CPFSK trellis
modulation codes would have uwice as many symbols as in the case of 4-CPFSK
codes. the computational effort is substantially larger. The results are summarised
in Table 6.3 and Fig. 6.7. Only those codes achieving minimum Euclidean distances

larger than MSK signals are listed in Table 6.3.
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Table 6.3 Coding gain of optimum self-transparent
8-CPFSK trellis modulation codes on an
AWGN channel.

Matrix  Receiver Codinggain ~ Coding gain
states path Coded Uncoded relative to relative to
memory  minimum  minimum 8-CPFSK MSK
N N“ distance distance (dB) (dB)
33 ) 2335 0.598 6.307 1064
36 12; 2070 0.476 6.384 0.149
64 18 38 0398 7.394 2151
2k 18 2660 0.476 7473 1239
80 18 2194 0.387 7.535 0402
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vi | v2| v3 | symbol
_______ 0 0 0 -7
0 0 1 -5
M [
REPSF 0 1] o -3
0 1 1 -1
1 0 0 L
""" 1 0 1 3
1 1 0 5
1 1 1 7
Ravd 1/2 Eede Natural Binary

(a) Optimum rate 2/3, v=1 code and
natural binary mapping rule.

Mapper |— =

Mapper |— e

(c) Optimum rate 2/3, v=3 code

Figure 6.7 Optimum codes for suboptimum coherent phase
detection of B-CPFSK signals with h <1/8
on carrier phase offset channels.
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Table 6.4 Implementation of self-transparent 8-CPFSK
trellis modulation codes with convolutional
codes.

Matrix  Modulation Code Generator

states index

N h

1y

2 18 7 3
36 19 7 3
64 13 15 02
B 19 13 02
80 1/10 15 02
128 18 34 02
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Cousider the state transition matrix of the best self-transparent 16-state 8-

CPFSK trellis modulatiou code given below.

0 7 0 0 1 0 0 0 0 3 0 0 0 -5
0o 0 70 0 1 0 0 0 0 3 0 0 0
o 0 0 7T 0 0 1 0 0O 0 0o 3 0 0
o0 0 0 7 0 0 1 -5 0 0 0 3 0
1 0 0 0 0 7 0 0 0-5 0 0 0 3
0 1 0 0 0o 0 70 0 0 -5 0 0 0
¢ 0 1 0 0 0 0 T 0 0 0 -5 0 0
T 0 0 1 0 0 0 o0 3 0 0 0 -5 0
0o 0 5 0 0 0-3 0 0 0 1 0o 0 o0
0O 0 0 53 0 0 0 -3 o 0 0 1 0 0
-3 0 0 0 5 0 0 0 =T 0 0 0 1 0
0-3 0 0 0 5 0 0 0 =T 0 0 0 1
0 0 -3 0 0 0 35 0 9 0 -7 0 0 0
0 0 0-3 0 0 0 5 0 0 0-=7T 0 0
5 0 0 0 -3 0 0 0 1 0 0 0 -7 0
0 5 0 0 0-3 0 o0 0o 1 0 0 0 -7

(62)
The above state transition matrix can be implemented with the rate-1/2 convolu-
tional code of Figure 6.7(a) followed by the natural binary mapping rule and an
8-CPFSK modulator with h = 1/8. The states Sp and S are represented by the
binary contents of the delay units of the convolutional code. This matches the
best rate-1/2, constraint length two convolutional coded 8-CPFSK found in the
literature [75]. Therefore, the best 16-state 8-CPFSK trellis modulation code is
also the best self-transparent code. The above trellis modulation code achieves a
coding gain of 3.927 dB relative to general 8-CPFSK with & = 1/8. However, it is

inferior to MSK signalling becanse it has a mininmm squared Enclidean distance

of only 1.477. Table 6.4 lists different impl ions of selocted self
8-CPFSK trellis modulation codes with convolutional codes followed by the natu-
ral binary mapping onto 8-CPFSK. Similar to 4-CPFSK, only the natural binary

mapping rule was consistent with the rotational invariance property.
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Figure 6.8

State transition matrix for optimal self-

transparent 8-CPFSK trellis modulation
codes when h <1/8.
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Based on the above findings. it is possible to identify a generalised state transi-
tion matrix that may be used to construct self-transparent 8-CPFSK trellis mod-
nlation codes for the carrier phase offset channel. The generalised state trausition
watrix is given in Fig. 6.8 and it is valid for self-transparent 8-CPFSK trilis modu-
lation codes with any even number of states and h < 1/8. We conclude that the hest
self-transparent 8-CPFSK trellis modulation codes are also based on convolutional

outer codes,

6.4 Distance properties of CPFSK trellis modu-
lation codes on carrier phase offset channels

An important property of the equivalent distance used in suboptimum coherent
detection of CPFSK trellis modulation codes was evident during the code search.

In AWGN channels i

well known that the squared Enclidean distanee is strictly
greater than zero for all error events irrespective of their length. In other words. the
squared Euclidean distance grows monotonically with time along the length of the
error event. Unfortunately, this does not hold true for the suboptimum equivalent
distance derived for the carrier phasc offset channel. For small carrier phase offset
values, the equivalent distance remained nondecreasing for all error events. For
example, in the case of optimum rate 1/2, v=1 4-CPFSK trellis modulation code,
the equivalent distance retained its nondecreasing property for all h < 1/4 aud
9 < 5°. Inrate 1/2, v=2 4-CPFSK trellis modulation codes the equivalent distances
were positive for all error events until # ~ 2.5°. In general, for h < 1/4 4-CPFSK

trellis ion codes the i distance for all

memory lengths considered in the study only below 0 & 2.5°.
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Table 6.3 (Contd.) Minimum equivalent distance for 4-CPFSK
trellis modulation codes with h=1/4 on carrier

phase offset channels.

MED m Ny MED m N, MED m N

0 8 18 7000 7 15 8000 12 M
L1 3 18 6963 7 19 9 12 M
P2 8 18 692 7 190 81 12 M
i3 8 18 6876 7 19 179 12 N
143 8 18 686 7 190 7682 12
s 8 18! 6712 7 19 750 12 4
L6 8 18 674 T M T4%4 123
i 3 18 6652 7 2 133 12 X
. 8 18 638 7 1 o128 12 XS
] 3 18 6515 7 2 T 12 S
U 8 21, 6368 10 2% 7062 12 31
[ 8 21 6180 10 26 w943 12 3l
SV 8 2. 5987 10 26 6319 12 36|
I 8§ 21, 5790 10 26 669 12 36
4 8 21 5589 10 30 6503 17 39
5 8 25, 538 10 30 6213 17 3
16 8 25, 5175 10 30 5918 17 3
17 8 28 496 10 M 568 17 4
18 8 32, 475 10 38 533 17 SO
19 8 35, 4524 10 42 5004 17 53!
L 8 42 4209 10 50 4690 17 64
1 8 49 4070 10 S8 4371 17 T
n 3 67 3838 10 78 4048 17 95!
3 8 109 3602 10 126
4 8 434 3363 10 498
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Table 6.6 (Contd.) Minimum equivalent distances for 4-CPFSK
trellis modulation codes with h=1/5 on carrier
phase offset channels.

0 5000 5 15 5691 6 18 6118 8

1 1932 5 15 550 6 19 602 8
[ 48361 5 15 5485 6 19 s 8
L3 4787 5 18 5377 6 2 5817 8
i L7005 18 525 6 2 570 8
5 4630 5 18 5150 6 2 5398 8
|6 154805 180 5032 6 2 Sds 8
L7 4462 5 0 4911 6 25 5360 7
| 8 4B 35 Wi oams 6 3 597
[ 9 .42 5 25, 4658 6 30 505 7
| 10 4119 8 25 4459 10 30 ; 4798 12
Y 394 8 270 4247 10 33 4550 12

2 3767 8 27, 4032 10 33 4298 12

13 3587 8 32 3814 10 3 402 12
[oM de 8 3T 3503 10 411 38 12
| 3218 8 410 3369 10 49 3su 12
16 3029 8 48 0 57 3255 12
Y] 288 8 69 0 81 2987 12

18 2644 8 132 2680 10 166 2715 12
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v=2

0100 0125 0150 0475 0200 0225 0250
h

0,00
0050 0075
Figure 6.9 Mininum equivalent distance versus modulation

index for 4-CPFSK trellis modulation codes
on carrier phase offset channels.
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Figure 6.9 (Conld.) Minimum equivalent distance vS modulation
index for 4-CPFSK trellis modulation codes on
carrier phase offset channels.
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0.00 —
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h

Figure 6.9 (Contd.) Minimum equivalent distance vS modulation
index for 4-CPFSK trellis modulation codes on
carrier phase offset channels.
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6.4.1 Numerical results

Numerical values for the minimmm squared equivalent distance (MED) for subop-
timnm coberent detection of 4-CPFSK trellis modulation codes with h = 1/4 is
piven in Table 6.5, Recall m s the length of the mivimum distance error event and
Ny is the receiver path memory. The optimum code given iu Fig. 6.2(a) was used
1o encode the 4-CPFSK signal. ‘The maximum carrier phase offset f,,,, with this
seheme is 24° for memory lengths 1 < v < 5. When v = 6. 6,4, reduces to 22°. The

wemory length an | hence the mininum distance error event remains the same for

»=1.2.3.4. For v =5, beyond # = 10° a different crror cvent gives the minimu.a
distance. For v = 6 a different minimum distance error event occurs only after
0 = 14°. Also. it can be scen that the decoder memory or receiver path memory
required to ensure all unmerged paths have a larger distance than the minimum

distance path increases lv a5 Oz is b MEDs for the same

code with h = 1/5 4-CPFSK are given in Table 6.6. For h = 1/5, O, reduces

10 18.5°. The recciver path memory increases exponentially as 6 approaches 18.5°,
The maximum receiver path memory allowed by the code search program was 500
levels.

In Fig. 6.9 we have plotted MED versus modulation index for suboptimum
coherent. detection of 4-CPFSK trellis modulation codes on carrier phase offset

channels. The heavy solid line corresponds to the zero phase offset chaunel or

the ideal AWGN channel. The other solid line represents the MED values for

# = 5° in the case of v = 1 and, § = 2.5° when 2 < v < 6. Moreover, the
continmons line indicates that no locally decreasing error events ocenr for all rational

wodulation indexes k < 1/4. It should be noted. however, that althongh we connect

the points in a continuous line, the mini qui di are
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only at rational value modulation indexes and consequently the curve is inherently
discontinuous. The distances obtained for ¢ = 0° (AWGN) are not the same as for

correlation detection because the equivalent distance defined in

.33) is applicable
only to snboptimum coberent phase detection of M-CPESK. The dip in the MED

observed in Fig. 6.9 for rate 1/2, v =

code is due to a minimnm distance error

event of length fonr oceuring at h = 1/7. Another gradual reduction i MED is
seen around h = 1/5 owing to a minimum distance orror event of length three. The
MEDs for optimmnm 8-CPFSK trellis modulation codes with I = 1/8 and h = 1/10

on carrier phase offset channels are given in Table 6.7 and Table 6.8 respectiv

¥.

For both the cases rate 2/3. v = 1 code behaves dilferently from # =2 and v =
3 codes. This is because the connectivity of the trellis at v = 1 is more than for
larger memory length codes. The minimum distance crror event is of length three
in the case of ¥ = 1. and of length four when v = 2 and v = 3. For the v = I code.
the maximum carricr phase offsct before equivalent distance hecomes negative is
Omaz = 5° and this value increases to 4, = 11° for ¥ = 2 and v = 3 codes. For
h =1/8, the same error event produces the minimum distance for all three memory

lengths i d. AS Oppor is hed the receiver path memory inc

eases
exponentially. In the case of 8-CPFSK, the receiver path memory is limited to 100
levels in the code search program. Variation of MED against modulation index
for rate 2/3, v= 1, 2, 3, 8-CPFSK trellis modulation codes on carrier phase offset
channels is shown in Fig. 6.10.

The variation of receiver path memory (NVx) with carrier phase offset for subop-

timum coberent phase detection of 4-CPFSK with & = 1/4 and h = 1/8

hown
in Fig. 6.11. For rate 1/2, » = 1 codes the receiver path memory remains constant
g P

nntil the carrier phase offset reaches the critical augle finqz, while for othes + emory

lengths Ny grows ially a8 #rnaz is hed. The critical angle for rate
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120 = 1 3. 1.5 coding of 1-CPFSK signals with A < 1/4 is 24°. Fig. 6.12
Shows the variation of receiver path memory for suboptimum coherent detection
of 8-CPFSK trellis modulation codes with h = 1/8 and k = 1/10. #,,,, values
for 8-CPFSK trellis modulation codes are substantially less than ., values for
1-CPFSK trellis modulation codes for small modulation indexes. Maximu carrier
phase offsets (eritical angles) tolerable with suboptimum coberent phase detection

of CPFSK trellis modnlation codes with small modulation indexes are sumumarized

in Tables 6.9 and 6.10. The equivalent minimum distance derived in (5.53) cannot

bee tisedd 1o evaliate performan. e above the eritical angles because the squared dis-

tance becomes negative and causes error events to have decreasing distances, Also.
it was seen that larger the denominator ¢ of the rational value modulation index,
smaller the critical angles would be. When g is large the code is more complex
and the number of different possible error events is also increased. On the basis of
minimum equivalent distance results 8-CPFSK trellis modulation codes are more

sensitive to carrier phase offsets than 4-CPFSK trellis modulation codes. However.

the above results are valid only for decoding with an ideal phase detector on an

ANGN channel with constant carrier phase offsets.



Table 6.7 Minimum equivalent distances for B8-CPLSK trellis
modulation codes with h=1/8 on carrier phase
offset channels.

deg MED m .VR MED m NK MED m N

00 2386 3 3 400 = 11 oM 2 Q2
05 2466 3 3 399 2 11 399 2 12
L0 234 3 3 3% 2 1 9 2o
COLS 2200303 3997 2 1 3997 2 o
L2000 2097 303 395 2 14 3995 2 16
BRI/ T B U B B R UV R M T
[300 184 3 3 399 2 17 3989 1
350 L7533 3907 4 17 3985 2 20
401585 3 3 388 4 17 398 2 M.
450 L4433 308 4 17 3975 2 M.
L5000 1303 3 3607 4 17 3942 6 M
55 3506 4 20 3815 6 28
60 340440200 3687 6 28,
163 3301 4 20 359 6 B!
o 3198 4 23 3430 6 32|
oo 3004 4 23 3300 6 36
I s 298 4 26 0 6 36!
Loss 2884 4 29 3039 6 40
% 279 4038 6 48
I 95 2673 4 41 636
L1100 2566 4 53 6 m
105 2459 4 T 6 100
110 2351 4 148 6_19
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Table 6.8  Minimum equivalent distances for 8-CPFSK
trellis modulation codes with h=1/10 on

carrier phase offset channels.

@
il
i
"~
<
i

deg MED m Np MED m N MED m N

0.0 Lies 33
05 6% 3 3
L0 1547 3 3
L5 437 3 3
0 136 3 3
J3 L 33
30 LI 33
35 0988 3 3

Ca0 08B 33
43 0758 3 3
50

|53

| 60

|63

|70

i1
80
85
9.0
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Figure 6.10 Minimum equivalent distance vS modulation index
for B-CPFSK trellis modulation codes
on carrier phase offset channels.
182



500~ _

0.050 0.065 0.080 0.085 0110 0125
h

Figure 6.10(Contd.) Minimum equivalent distance vS modulation

index for 8-CPFSK trellis modulation codes
on carrier phase offset channels.
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Figure 6.11 Receiver path memory vS carrier phase offset
for 4-CPFSK trellis modulation codes.
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Figure 6.12 Receiver path memory vS carrier phase offset

for 8-CPFSK trellis modulation codes.
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Table 6.9

Critical angles for suboptimum coherent detection
of 4-CPFSK trellis modulation codes on carrier
phase offset channels.

Omay
h
v=1 v=} v=4 v=3 v=6

114 40 40 240 240
s 185 185 185 185
16 153 155 155 155
u7 130 130 130 130
18 1L 110 110 1o

Table 6.10

Critical angles for suboptimum coherent detection
of B-CPFSK trellis modulation codes on carrier
phase offset channels.

It] 50 11.0 11.0
19 50 10.0 10.0
110 45 9.0 9.0
u 4.0 80 80
mn2 3.5 75 15
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6.5 Conclusions

In this chapter we have considered suboptimum coherent detection of CPFSK trel-
lis modulation codes on AWGN channels with carrier phase offset. An equivalent
distance that takes phase offsets into account derived in Chapter 5 was used in the
Viterbi algorithm to decode the signal. It was found that. this distance cannot
be nsed for large phase offset values because. then error events with locally de-
ereasing minimum distances occur. A computer search for the best self-transparent
1-CPFSK and 8-CPFSK trellis modulation codes was also carried out. The best
codes for the carrier phase offset channel were identical with those found in the
literature for AWGN channels. except when the memory length of the trellis code
was one. 8-CPFSK trellis modulation codes were found to be wmore sensitive to

carrier phase offsets than 4-CPFSK trellis modulation codes.
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Chapter 7

Performance Evaluation of
CPFSK Trellis Modulatiecn Codes
on Multipath Fading Channels

7.1 Introduction

Performance evaluation of suboptimum coherent detection of CPFSK trellis modu
lation codes on multipath fading channels is considered in this chapter. Specitically,
the performance is evaluated on a mobile satellite channel, which is modelled as
a Riciaa distributed fading channel with a steady line-of-sight component. The
fading counditions on such channels are less severe than in land-mobile communi
cation channels and therefore permits pilot tone or pilot symbol assisted coherent
detection of CPFSK signals. Instead of the error probability criterion, the channel
cutoff rate described in Chapter 5 is used as the performance measure. Cutoff rate
bounds are computed for suboptimum coherent detection of 1-CPFSK, 8-CPFSK,

and 16-CPFSK signals. The results are compared with entoff rates for PSK signals

on AWGN channels and Rician fading channels. They provide useful information
about the relative performance of CPFSK trellis modulation codes under different

fading channel conditions.
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7.2 Ry calculation for PSK

“The entoff rate Ry for a general interleaved channel with amplitude-only fading was
derived in Section 3.6, Here we specialize the above results to coherent detection
of PSK signals on AWGN channels.

The PSK modulation scheme is a memoryless scheme: therefore calculation of
Ry for PSK is easier than the calculation of Ry for signalling schemes with memory.
such as CPFSK.

In the case of AWGN channels (5.62) reduces to

1 M M & 3
fiy= =1k 3 E; ol (0) 107 1)

where s;(t) and s;(#) are randomly selected M-ary PSR signals (corresponding to

chaunel signals r, and r},} which are assumed to be equiprobable.

Let
silt) = \/’eg('us(‘lﬂf‘,1+%n). i=101 (72)
and
si(t) = @cos(zmw %:J), j=T3H. (13)

where r; and r; can take apy value of the M-ary set
{@n—M=1). n=T30} = {£1. 43, ..., £(M — 1)}

The squared Euclidean distance % between s;(¢) and s5(¢) is given by
, . 2B, [T, > s > T oo IR,
& = /D leos {2mfot + (20 = M = 1)) — cos {2mfut + (25 = M = D)t

2B, T, T )
- ?'/o leos* {2 fot + 75(2i = M = 1}} + cos? {2nfut + %(zj_y—u}

—2c0s {27 fot + ~=(2i = M — 1)} cos {27 fot + —=(2] — M — 1) }dt
i i
2E, (11 k' . 2 i
- T[» ({2 + cosfamfot + ﬁ(m — M= 1)} + cos{dn fot + %(z; ~M=1}}
- («ns(%(i —J)} - cos{dnfot + 2\—;(:' —j-M -1}t
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Assuming fo >> . we have

o _ 2E, (T
B o= [ o =i
= 2E,{1-cos i’;(,--m. )

By substituting ¢ in (7.1) we can obtain the expression for Ry for coherent detec-

tion of M-PSK signals on AWGN channels.

L
Roipsr) = —logy i 3670
==

When calculating Ro for PSK signalling on Rician fading channels. the expo-

{1=cos 3x(i-j)} (7.5)

nential term in the right hand side of (7.1) has to he averaged over the fading
amplitude. The fading amplitude p bas a Rician distribution given by [36]
P(p) = 2p(1 + K)e K-V EW Linp [R(1L+ K)]: p >0, (7.6)
where o[.] is the zero-order modified Bessel function of the first kind.
Therefore. the cutoff rate Ry for PSK signalling on Rician fading channels is
given by
LAY e
= ey 34
R.,_—log,m;;/; R o, (7.7)
where d% = 2E,{1 - cos 2(i — j)}.
The integral in the above expression for Ry can be evaluated as follows:
T = [Te B hployp
o /n”e-#ﬂ”-‘. 251 + K)e KR o [R(K + 1)dp. (7.8)
Since the modified Bessel function of first kind of order v, 1,(p), is related to Bessel

function of order v through I,[p] = (vV=1) " J,[(V=1)p], we have

2

T = /n w9 (1 4 K)o KHEKW 11 /TT) 20/ K(1+K))dp,
201+ K)e K [’ pe~ KA L/ KL+ K)ldp.  (19)

)
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From tables of integrals for Bessel functions of order v (1.

[ e
A

Also. changing Jp 1o /=Tp does not affect the convergence of the integral [46]

3 e »
T.(3p)p = mv“‘""" s (7.10)

and the integral T evalnates as:

Kd? 14

5 1 ~TERAT e

= TSI S T A R hatte® T
=2+ Ky K G 10D @iy

Therefore, the desired expression for Ry for coherent detection of PSK signals on

Rician fading channels is given by

kel jret

SO 2 S

LT K+ dfa0r (#42)

1 M
Rorsi) = = logy 375 3
o

where

E

&% /40% =

log M{1=cos 2(i= )}, i-j =TT
o M

and K is the Rician factor defined as the ratio of coherent to noncoherent power.

7.3 Ry calculation for CPFSK

1 for coherent i likelihood di ion (cor-

Channel cutoff rate
relation detection) of CPFSK signals on AWGN channels can be found in [11]. In
suboptimum coherent detection the CPFSK sigual is treated as a PSK signal and,
therefore, the cutoff rate calculation is similar to PSK signals done in the previous
section.

For the classical AWGN channel, Ry for suboptimum coherent detection of

CPFSK signals reduces to
L &Y _ane
Rocrrsky = —logy a DY ety (7.13)
b=t
where 41‘,‘, is the distance between two CPFSK signals treated as PSK signals.
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The transmitted signal for CPFSK signals was given in (3.5) as

i

i
s (2 fot + "

(7.14)
It was shown in Chapter 3 that the phuse of the CPFSK signal at symbol transition
instants, o,. can take any value of the set

& = {0, 27h. 4mh. ... 2(M — )7h}.

An ideal cohereut phase detector has exact knowledge of these phase values anc,
therefore. as far as the trellis decoder is concerned. the CPFSK signal can be

teprosented as a PSK signal, which is mathematically given by

hrnt
—j;icmzmwii

) (7.15)

where ., can take any value of the M-ary set {(2n— M —1), n =1,M}.

The Euclidean distance between two such signals

sty = ‘/7 cos (27 fot + ""T )

(1) = IZT cos(27rfnt+%],

where #; and x; are randomly selected from the M-ary

given above can be

written as:

2 _ 2B, [T Th(2i=M—1)t, Th(2j = M = )t .,
&= /o [cos {2 fot + 5 Y—cos {2 fot + = Hede.
(7.16)
Assuming fy >> £, it can be shown that the above equation simplifies to
& =2E,{1 Bl (7.17)

2mh(i - j)
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This distance can also be deduced from the squared Enclidean distance derived in
Appendix  for correlation detection of CPFSK signals. by removing the depen-

denee on o, and o). which is

s mh{(2i- A= ()= (25 = 3= 1), ¥ i - - oo (T -
o= 2 -2 L oo A LD B2 2 D)
_ sin2nh(i~ j
= 81 - S
= 2E,{1 —sinc2h(i ~ j)}. {7.18)

where sine r is defined as 2222, Therefore the desired expression for Ry for subop-

timum coherent detection of M-CPFSK signals on AWGN channels is given by:
1 Ml e
Roicrrsny = = logy 1z 9 3 o™ HU-sinc -, (7.19)
TR~

The cutoff rate for suboptimum coherent detection of CPFSK on Rician fading
channels can be obtained by averaging the exponential term in (5.62) over the
Rician distribution. Similar to the expression for Ry psk) on Rician fading channels
derived in (7.12). we have for CPFSK:

Kél 1o

] 3 1+ K SRR w
1?‘,(,,,,,,5,‘.,=_1ag,m§”ﬂw.c RN (7.20)

waere

&/10% = B 1og, M{1 — sine 2h(i - j)),
bR

and A is the Rician factor.
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7.4 Numerical Results

Numerical values of Rq for coberently detected PSK siguals on AWGN chanuels
obtained by evaluating (7.3) are given in Table 7.1, Variation of Ry with E, /Ny

(s

erage sigual-to-noise ratio) is shown in Fig. 7.1. E, is related to Ej (energy per

bit in the transwmitted signal) through the relation
E, = Eylog, \l. (7.21)

From the plot of Ry versus E,/Ny it is clear that at high SNR. higher-order modu-
lations have better coding potential because they have a larger channel cutoff rate,
However. at low SNR. 4-PSK has a coding potential comparable to any higher-
order M-PSK wodulation scheme. Therefore, on AWGN channels under low SNR
conditions, theoretically, it is sufficient to use simple PSK modulation schemes such
as QPSK.

Table 7.2 shows the cutoff rates for suboptimum coherent detection of 4-CPFSK
on AWGN channels for modulation indexes ranging from h = 1/9 to h = 1/2. Only
rational value modulation indexes with small denominators (i.e. small ¢ values,
where k= p/q and h < 1/2) are of interest to us hecanse the complexity of

the receiver becomes impractical for large q values. Ry increases with Ey/Ny and

saturates at the rate of 2 bit/T-the maxix rate of information a 4-ary si
scheme can carry.

In Fig. 7.2 Ry values for suboptimum coherent phase detection of 4-CPFSK
signals are compared with coherently detected 4-PSK on the AWGN channel. For
all modulation indexes (h < 1/2) it can be seen that Ry for 4-CPFSK is less than
or equal to Ry for 4-PSK. In other words. for all signal-to-noise ratios, 4-PSK has a
better coding potential than 4-CPFSK with suboptimum coherent phase detection.

The difference between the two schemes is pronounced at low Ey/Ny values. For
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Table 7-1 Cutoff rate Rp of M-PSK on an AWGN channel.

;Es/No Ro
4B o M=l M= M=16
00 0.548 0632 0633 063
19 0,639 0.768 0.769 0.769
20 0.731 0922 0925 0.925
Y} 0816 1.0% 1100 1.100
T} 0887 121 1291 1.291
P50 0940 1460 1491 1.491
60 0.973 1.630 1692 1.692
70 0.9% LTH 1891 1.891
80 . 0997 1.880 2082 0 208
90 0.999 1946 ¢ 2264 1 2.267
00 0999 1981 ¢ 2438 2.46
10 : 1000 195 o289 262
[ o © 1000 199 2740 27
| bo L1000 19% ¢ 282 2966
IoMo 01000 1 199 i 2929 ¢ 313
150 1000 | 2000 | 2972 3.3
160 | 1000 2000 1 2992 3.469
170 0 1000 2000 2998 1 3.6
180 000 | 200 | 2999 i 3760
190 | 1000 2000 ¢ 2999 | 3.866
I 00 1000 200 3000 |, 3.997
; .
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E./N;(B)

Figure 7.1 Cutoff rate Rg against signal-to-noise ratio Es/Ng
for M-PSK on an AWGN channel.



Table 7.2 Cutoff rate Ry of 4-CPFSK with sub-optimum
coherent detection on an AWGN channel.

Ro |

i
{Eb/Nog

(dB) h=2/7 h=1/3 h=3/8 h=2/5 h=3/7  h=4/9 h=1/2

1O 0859 0045 1000 . L1028 | 105 - 107 LlL
©20 0 L06 . LIS . LIS ' L6 - LM48 [ 1265 . 1309
130 LIS L300 L3 0 1409 LS L4 1506
D40 135S L8l . LSS . LS4 i L6 . LGS 1686
|50 1 L1519, 16 - LT L7 L7 LTS 198
60 | 1667 L7 184 . 189 | 1891 | 1900 © 1921
70 . L7818 . 196 . 1942 ; 195 1960 1971
L80 L8R L9619 L9M . 1985 - 198 - 1992

D00 o 194 0 19 - 1991 . 19% | 1% 1998
100 ' 1978 - L9% . 1998 . 1999 | 1999 . 2000
| IO ;199 © L9 ! 200 . 2000 . 2000 2000
1120 200 200 , 2000 2000
130 ©2000 0 2000 . 2000 2000
| 140 i 12000 0 200 ;200 | 2000
i 150 | T2000 ¢ 2000 ¢ 2000 . 2000

160 | 200 200 ;2000 2000

170 | 2000 ¢ 2000 . 2000 | 2000

180 | ©O2000 0 2000 § 2000 | 2000
| 190 200 ¢ 200 2000 | 2000
I 200 200 2000 2000 2000
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Table 7-2 Cutoff rate Ry of 4-CPFSK with sub-optimum
Coherent detection on an AWGN channel.

| ‘ Ro l
'Ep/Ng - -
i(dB) h=1/9 h=1/8 h=1/7 'h=1/6 h=1/5 h=2/9 h=1/4

110 0285 - 0339 0409 - 0301 | 0620 - 062 0IT2
120 00346 . 0411 ¢ 0494 - 0601 0739 082 ° (9IS
|30 0 0419 . 0495 © 0591 0713 0869 0963 . 1069
|40 0504 0 0591 1 0700 | 0836 1009 | L1120 1229

50 | 0600 © 0698 ; 0818 . 0967 | LIS5 - 1265 . 1388

6.0 0706 © 0814 0945 : L1105 | 1302 ' 1416 | 1540

70 0822 . 0939 L0 | 1246 LM LS6L 1677
|80 0945 1069 - L21S | 1387 [ 187 ¢ L6%2 | 179
| 90 ¢ 1074 ¢ 1203 133 . 1526 © L713 | L34 ¢ 1884
100 1207 © 1340 | L1491 L6ST 1820 1890 | 1944
10 1342 | 1476 1623 1773 . 1902 ¢ 1948 ¢ 1978
120 1478 | 1608 . LT3 | 1867 | 1955 | 1980 1993
130 . 1609 | L730 ; 1844  1u3 | 1983 : 199 . 199

140 L7310 1833 . 1913 | 1972 1895 | 19% | 2000
150 1833 0 1910 1964 | 191 | 1999 ' 2000 ' 2000
160 © 1911 | 1960 . 1987 | 1998 2000 © 2000 ' 2000

|
|

170 | 1960 : 1985 . 1997 | 2000 . 2000 . 2000 | 2000 |
180 ¢ 1986 199 1999 ' 2000 - 2000 i 2000 | 2000
190 ; 199 | 199 . 2000 0 2000 . 2000 2000 | 2000
200 1999 0 2000 . 2000 ¢ 2000 2000 2000 | 2
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20~ Ll
+psk
b=t
1.5~ / h=1/8
,/
=3 ’
h=15

1.0~ h=1/4
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12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
E /N, (@B)

Figure 7.2 Comparison of cutoff rate Ry of 4-PSK with
coherent detection and 4-CPFSK with sub-optimum
coherent detection on an AWGN channel.
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Ey/No < T dB. 4-PSK has approximately 0.5 bit/T advantage over -CPFSK with
h=1/4

Table 7.3 shows the cutoff rates for suboptimum coherent phase detection of
8-CPFSK signals on the AWGN chwnel. 8-CPFSK has larger cutoff rates than
4-CPFSK for the same modulation index. The maxitnum cutoff rate of 3 hit/T"
for h = 1/8. 8-CPFSK is reached approximately at Ey/Ny = 17 dB. In Fig. 7.3
we have compared Ry for suboptimum colerent phase detection of 8-CPFSK with
coberently detected 8-PSK on the AWGN chanuel. In this case, when modulation
index is greater than about 1/4. 8-CPFSK exhibits a larger cutoff rate than 8-PSK.
Therefore 8-CPFSK with h = 1/4 has theoretically a better coding potential than
8-PSK for E;/Ny > 2 dB. However. for E;/Ny < 9 dB. suboptimum coherent phase
detection of 8-CPFSK with & = 1/8 is inferior tu coherently detected 8-PSK by
approximately 0.5 bit /T,

Channel cutoff rates for 16-CPFSK with suboptimum coherent phase detection
on AWGN channels are listed in Tabic 7.4. For small modulation indexes, 16-
CPFSK achieves large cutoff rates only at large signal-to-noise ratios as much as
Ey/No = 11,5 dB is required to achieve 3 bit/T when h =1/16. In Fig. 7.4 cutoff
rates for 16-CPFSK at several h values are compared with cutoff rates for coherent
16-PSK. It can be seen that for approximately k > 1/8, 16-CPFSK has larger Ry
values compared with 16-PSK for E,/Np < 15 dB. Similar to h = 1/4, 4-CPFSK
and h =1/8, 8-CPFSK on AWGN channels, & = 1/16, 16-CPFSK results in an /%
value some 0.5 bit/T less than coherently detected 16-PSK.

Clearly, suboptimum coherent detection of & = 1/M, M-CPFSK is inferior

to coherent d ion of M-PSK by i 0.5 bit/T' on AWGN channels

for all M values. Also, on the basis of channel cutoff rate, suboptimum coherent

detection of 4-CPFSK is inferior to 4-PSK for all modulation indexes h < 1/2, while
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Table 7.3 Cutoff rate Ry of 8-CPFSK with sub-optimum
coherent detection on an AWGN channel.

N ,
Eb/No Ro |

'(dB) n=2/7 h=1/3 h=3/8 h=2/5 h=3/7 h=4/9 h=1/2

10 . 1693 178 1849 1879 1907 L1921 1958

|20 1974 . 2086 2159 2193 -

30 2249 2374 | 2451, 2485 ! 2

40 2493 0 2619 ' 2690 . 2719 ' 2744

50 2689 2798 2353 2874 ¢ 23890

60 2828 2909 2943 ' 2955 . 2963

70 2917 2966 2983 . 2988 . 2.991

80 2966 2990 - 299 . 2.997 - 2.998
90 2989 2998 ' 2999 3000 . 3.000

100 . 2997 3000 © 3000  3.000 | 3.000

1.0 | 3000 ' 3000 ; 3000 3000 = 3.000

120 ¢ 3000 ¢ 3.000 . 3000 | 3.000  3.000

130 ¢ 3000 & 3.000 : 3000 . 3.000 = 3.000 |

140 | 3000 | 3.000 . .
150 © 3000 ! 3.000 ' 3000 © 3.000 . 3.000 !
160 | 3000 | 3.000 3000 ; 3.000 = 3.000

170 : 3000 , 3000 : 3000 ' 3.000 | 3.000 '
180 ! 3000 ' 3.000 | 3000 @ 3.000 3.000
190 | 3000 3000 : 3000 : 3.000 3.000
00 3000 3000 3000 . 3.000 ' 3.000
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Table 7.3 Cutoff rate Rg of 8-CPFSK with sub-optimum
coherent detection on an AWGN channel.

IEp/Ng
‘(dB) b=l/3 h=l/B h=l/7  h=l/6 hel/S hs2/9 hel/d

10 L7 1T LBS LS Lol
20 1353 . L300 1665 LI 1863 |
30 1537 L3 1893 2002 !
40 178 . 188 2409 229 |
50 1892 ¢ 2083 0 2306 - 2430 i
60 2089 2256 . 2481 2602 i
70 w9 265 23 |
b 2380 ;2571 2765 2852 i
90 2532 0 2708 2867 . 9% !
100 2673 0 2823 . 29%6 . 2970 i
L1 ! 2794 2907 2975 ¢ 299 !
D120 ! 2887 © 295 29m | 2998 :
I 130 { 2048 0 298 299% ¢ 3000 - |
140 ! 2981 . 299 | 3000 | 3000 |
I150 . 2904 12999 ¢ 300 3000 |
1 160 i 299§ 3000 3000 - 3000
170 ! 4 C3000 3000 0 3000 3000 :
| 180 3000 3000 3000 3000 |
| 190 0 3 3000 3000 . 3000 3000 !
[ 200 3000 | 3000 3000 3000 300
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Figure 7.3 Comparison of cutoff rate Rg of 8-PSK with coherent
detection and 8-CPFSK with sub-optimum coherent
detection on an AWGN channel.
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Table 7.4 Cutoff rate Rp of 16-CPFSK with sub-optimum

coherent detection on an AWGN channel.

Ro

(dB)  n=1/4 h=2/7 w=1/3 h=3/8 h=2/5 h=3/7 h=1/2 !

1.0 2613 2763 2789 813 2856
20 3.020 3197 3225 3295
30 3.380 3.363 3588 3.647
40 3.652 3.809  3.827 3864
50 3.821 3935 3944 3962 |
6.0 3.924 3.983 | 3.987 3992 |
70 39712 3.997 3.998 3.999
80 3.991 4.000 4000 4.000
9.0 3.998 4.000 . 4.000 4,000
10.0 3998 . 4000 4000  4.000 . 4.000 4000 |
1.0 © 4000 © 4.000 - 4000 © 4000 :© 4.000 4.000
;120 4000 4000 4000 - 4.000 ¢ 4.000 4000 |

130 . 4000 | 4000 © 4000 : 4000 © 4000 - 4000 | 4.000

140 4000 4000 i 4000 4000 | 4000 4.000

150 © 4000 | 4000 4000 4000 | 4000 © 4000 4.000
1160 4000 - 4000 4000 4000 . 4000 | 4.000 . 4.000
i 4000 4000 4000 4000 4000 4000 - 4.000
180 4000 4000 4000 4000 4000 4000 4000
‘ 4000 4000 4000 4000 4000  4.000 ;
200 4000 4000 4000 4000 4000 4000 4000

g

=5
=

&
s
&
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Comparison of cutoff rate Rgp of 16-PSK with coherent
detection and 16-CPFSK with sub-optimum coherent
detection on an AWGN channel.



suboptimnm coherent detection of 8-CPFSK and 16-CPFSK are inferior to their
PSK connterparts when approximately h < 1/4 aund h < 1/8. respectively. More
exact modulation index figures are of no practical valne because CPFSK signalling

schemes are al implemented with small rational modulation indexes it < 1/2.

The chaunel cutoff rates for coherent detection of PSK and suboptimum co-
herent detection of CPFSK for mobile satellite channels is computed next. For
mobile satellite channels Ry(PSK) is computed using (7 12) and Ry(CPFSK) us-
iug (7.20). In a recent study [2] Ry values have been obtained for both coherent
and noncoherent. suhoptimum detection of CPM on Rician and Rayleigh fading
channels. Our results are in exact agreement with the results of [2].

Experiments have shown that for low angles of elevation to the geosynchronous
satellite (such as the Canadian mobile satellite channel, where the angle of clevation
is less than about twenty degrees) the Rician fading model is described by a Rician
factor (A7) of less than 20 dB. However, a more conservative cstimate for A at
low elevation angles has been 10 dB [31]. In the presence of an unshadowed direct
path between the satellite and the mobile, the channel could be modelled as Rician
distributed with A = 20 dB. When K < 0 dB, the fading in the mobile satellite
chaunel is Rayleigh distributed. Since a Rayleigh fading channel is too hostile for

colierent demodulation cutoff rates are computed for Rician factors ranging from 0

to 20 dB ding to light- or hadowing in the line-of-sighf

Numerical values of Ry for coherently detected M-PSK signals and suboptimum
coherent detected M-CPFSK signals with modulation index h = 1/M on K=0dB,
5 dB. 10 dB and 20 dB Rician fading channels are given in Tables 7.5-7.7. Fig.
7.5 illustrates the cutoff rate Ry versus E,/Np for suboptimum coherent detection
of M-CPFSK with h = 1/M compared with Ry for coherent detection of M-
PSK. The thick line shows Ry for h = 1/M, M-CPFSK, whereas, the thin line
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Table 7.5 Cutoff rate of 4-PSK, and h=1/4, 4-CPFSK with
suboptimum coherent detection on Rician
fading channels.

En/Ng Rg (4-PSK) Rp (4-CPFSK, h=1/4)

K=0 K=5 K=10 K=20  K=0 K=5 K=10 K=

0825 0919 1016 1086 0525 0569 0610 0.640

£ 0938 1054 L177 1267 , 0614 0671 0727 0767
1054 1192 1341 1448 ¢ 0710 0782 0855 0908
1169 1328 1498 1617 | 0812 0902  099% 1060
1280 1454 1640 L760 . 0919 1028 L140 L8
1384 1568 1757 1868 ' 1029 1156 L7 L1377
1480 1666 1.847 1938 . LI39 1283 1432 1528 |
1566 1746 1910 1976 | 1247 1405 1567 1666

L1640 1809 1950 1992 | 1350 1518 L1687 1783

9 . 1708 1858 1973 L998; 146 1619 1786 1874
|

i

|
|

L

5

1759 1895 198 2000 ; 153  L705 1.863 1936
1 1805 1922 1993 2000 : L611  L775 1917 1973
12 182 1942 1997 2000 | 1679 1831 1953 191
13 ¢ 1873 1957 1998 2000 | 1737 1874 1975 1998 |
40 1898 1967 199 2000 | 1786 1907 1987  2.000
15 ¢ 1919 1975 2000 2000 | 1827 1931 1993 2000
1935 1981 2000 2000 | 1860 1949 197 2000
17 1 1948 1985 2000 2000 | 1888 1961 1998 2000

=

18 | 1959 1989 2000 2000 | 1910 L97L 199 2000
19 | 1967 191 2000 2000 | 1928 1978 2000 2000 |
0 | o197 193 200 2000 | 1942 1983 2000 2000
| 197 195 2000 2000 | 1954 1987 2000 200
2| 1965 196 2000 2000 | 1963 190 2000 200
B0l 197 2000 2000 | 1971 192 2000 2000 |
21989 197 200 2000 LOT 1% 200 2000

25 1992 1998 2000 2000 ¢ 1982 1995 2000 2000
26 | 1993 1998 2000 2000 1985 1996 2000 2000
27, 1995 199 2000 2000 ' 1.988 1997 2000 2000 |
28 0 1996 1999 2000 2000 . L991 1998 2000 2000 |
29 01997 1999 2000 2000 ¢ 1993 1998 2000 2000
30 0 1997 1999 2000 2000 : 1994 1999 2000 2000




Table 7.6 Cutoff rate of 8-PSK, and h=1/8, 8-CPFSK
with suboptimum coherent detection on
Rician fading channels.
Ry (8-PSK) Rg (8-CPFSK, h=1/8)
Ep/No

|(dB) k=0 K=5 K=10 K=20 K=0 K=5 K=10 K=20

: 1

' 1193 1332 1431 0701 0771 0841 0.891

1 1353 1519 1632 | 0807 0894 0982 1046

! 1519 1708 1831 ¢ 05920 1025  L134 1210 |

} 1.688 1398 2024 1039 1163 1292 13719

| 1.856 2083 2209 L164 1307 1453 1548 |
2021 2261 2386 1294 1454 1617 1715

! 2179 2427 2550 | 1427 1604 1780 1878
2327 2577 2697 ¢ 1562 1755 1941 2039
2460 2705 2817 | 1699 1905 2100 2198
2576 2807 2904 : 1835 2054 2256 2354
2673 2881 2958 1 1969 2198 2406 2505
2751 2932 2985 | 2098 2334 2546 2646
2813 2963 2996 § 2221 2460 2670 2770
2860 2980 2999 2335 A5TL 2774 2867
2805 2990 3.000 f 2439 2666 2855 2934 |
2921 2995 3000 | 2531 2745 2913 2973
2941 2997 3000 | 2612 2807 2951 2991

i 2955 2999 3000 1 2681 2855 2973 2998
2.966 299 3.000 2740 2892 298  3.000
2974 3000 3000 i 2789 2919 2993 3000 |
2980 3000 3000 . 2829 2939 2997 3000 |
2984 3.000 3000 | 2863 2954 2998  3.000
2988 3000 3000 | 28%0 2965 2999 3000 |
2990 3000 3000 | 2912 2974 3000 3000 i
2993 3000 3000 | 2929 2980 3000 3000 |
2994 3000 3000 i 2944 2984 3000 3000 |
2995 3000 3000 | 2955 2988 3000  3.000
2 3000 3000 ¢ 2964 2991 3000 3.000

i 2997 3000 3000 ' 2971 2993 3000  3.000

“ 2998 3.000 3.000 2977 2994 3000  3.000
2998 3000 3000 ¢ 2982 2995  3.000

3000 |
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Figure 7.5 Comparison of cutoff rate bounds for suboptimum
coherent detection of CPFSK and coherent PS¥ on
mobile satellite channels.

21



‘h=1116, 16-CPFSK

Ro
i
=114, 4CPESK {
1.0+ i
i
o 3 6 9 12 15 18 20 20 27 30
Ep/Ng (dB)
40
=2008
a8 h=1116, 16-CPESK
16PSK !
" / i
‘h=118, 8-CPFSK
Rg i

=114, 4-CPFSK

i
o 3 6 9 12 15 1w 2 2 2 X
Ep/Ng (dB)

Figure 75 (Contd.) Comparison of cutoff rate bounds for
suboptimum coherent detection of CPFSK and

coherent PSK on mobile satellite channels.
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shows Ry for \[-PSK. For all three modulations. namely 4-CPFSK. 8-CPFSK.
and 16-CPFSK. when h = 1/M. the cutoff rates are smaller than cutoff rates for
the corresponding M-PSK signals. Therefore, under the mobile satellite channel
conditions also suboptimum coberent detection of M-CPFSK with h = 1/} has less
coding potential and hence would be less effective than coherent M-PSK signalling.

The M-CPFSK signal would normally be precoded with a rate r = (m — 1)/m
trellis code, where M = 2™, and in the case of 4-CPFSK the code rate is r = 1/2
and the system wonld be required to transmit on average 1 bit/signalling interval
or 1 bit/T. The cutoff rate of h = 1/4, 4-CPFSK signals is equal to 1 bit/T at
EyN

CPFSK siguals the required information rate would be 2 bit/T and on Rician fading

5 dB with K=0 dB. and E;/Ny=3 B with A'=10 dB. In the case of 8-

channels with A'=0 dB this is achieved at E,/.Vp ~ 10 dB. For average shadowed
channels with =10 dB the required Ej/Ny is 7.5 dB. For h = 1/16, 16-CPFSK
signals, 3 bit/T can be achicved on K'=10 dB Rician fading channcls at E/No ~ 12
dB.

In Fig. 7.6 we have piotted Ity versus E,/No with modulation index k(< 1/2)
as a parameter for 4-CPFSK with suboptimum coherent phase detection on mobile

satellite channels. For all E,/Np values and K values, 4-PSK has a larger channel

cutoff rate than 4-CPFSK. This was true for subopti coherent phase d
of 1-CPFSK on AWGN channels as well. Therefore, on the basis of channel cutoff
rate, suboptimum coherent phase detection of 4-CPFSK at any modulation index
(h < 1/2) is inferior to coherently detected 4-PSK on mobile satellite channels.

In Fig. 7.7 channel cutoff rates for suboptimum coherent detection of 8-CPFSK
on mobile satellite channels with K'=0, 5, 10 and 20 dB are plotted against E;/No
for several small modulation indexes. For small K values (K=0 dB and K=5

dB) the cutoff rates for 8-PSK and h = 1/4 8-CPFSK are almost equal. For
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Figure 7.6 Channel cutoff rate Rg vS Ep/Ng for suboptimum
coherent detection of 4-CPFSK on mobile
satellite channel.
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Figure 7.6 (Contd.) Channel cutoff rate Rg vS Ep/Ng for

suboptimum coherent detection of 4-CPFSK on
mobile satellite channels.
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Figure 7.7 (Contd.) Channel cutoff rate Rg vS Ep/Ng for
suboptimum coherent detection of 8-CPFSK on
mobile satellite channels.
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Rician fading channels with K'=10 dB and 20 dB. h = 1/4, 8-CPFSK has a larger
cutoff rate than 8-PSK beyond about E, /Ny

.5 dB and E}/No=2 dB. respectively.
Smaller modulation indexes result in smaller Ro values than 8-PSK at every K.
However. 8-CPFSK schemes with modulation indexes larger than » = /4 have a
better coding potential than 8-PSK.

Ry values for suboptimum coherent detection of 16-CPFSK signals on Rician
fading channels are illustrated in Fig. 7.8. For almost all channel conditions of
interest. 16-CPFSK with h = 1/8 outperforms coherent 16-PSK. This was also

true on AWGN channels. CPFSK schemes with modnlation indexes larger than

h = 1/8 achieve larger cutoff rates than 16-PSK. This is more pronounced in
channels with higher A" values. For example, on Rician fading channels with K'=10
dB. the channel cutoff rate of suboptimum detected 16-CPFSK with h = 1/2 can
be as much as 1.1 bit/T more than 16-PSK at £,/Ny=6 dB.

Summarizing the results for mobile satellite channels it can be concluded that
on the basis of channel cutoff rate, suboptimum coherent detection of 4-CPFSK
is inferior to 4-PSK in both light- and average-fading conditions for all rational
h < 1/2. Suboptimum coherent detection of 8-CPFSK with 1/4 < & < 1/2 outper-
forms coherently detected 8-PSK, and 16-CPFSK with 1/8 < k < 1/2 has better
coding potential than 16-PSK for average signal-to-noise ratios.

It is important to note that the channel cutoff rates calculated in this section

are upper bounds to the actual cutoff rate of the channel. This is because of the

iptions we made ding the infinitely i i channel as well as the ideal
receiver. Nevertheless, these channel cutoff rate bounds provide nseful inforwation
about the relative performance under different channel conditions and with different
trellis modulation codes.

For analytical purposes, we have assumed that the depth of interleaving is infi-
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Figure 7.8 Channel cutoff rate Rg vS Ep/Ng for suboptimum
coherent detection of 16-CPFSK on mobile
satellite channels.
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nite. But. in practice, the depth of interleaving must be finite. Symbol interleaving

delay to the received signal. For

and ing introduces an
digitized speech transmission it is well known that a delay of more than about
60 s cannot be tolerated. If the depth of interleaving cannot exceed the max-
imum fade duration in a mobile communication chanuel the system performance
would degrade because the Viterbi algorithm is sensitive te burst errors. The sys-

tem designer shonld select a snitable depth of interleaving so that the delay is not

perceivable. yeu sufficient to combat the fading. But, if only data is to be traus-
mitted then adequate interleaving could be provided. Considering the 60 ms delay

restriction that has to be adhered to in voice transmission it seems interleaving is

not snitable for voice transmission in the mobile satcllite channel. Therefore, the
wain application of the CPFSK trellis modulation codes considered in this study

would be for data transmission.
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7.5 Conclusions

Performance of suboptimum coherent detection of CPFSK trellis modulation codes
on mobile satellite channels was considered in this chapter. The channel was as-
sumed to be Rician distributed with a steady line-of-sight component. and the
receivers were assumed to be ideal. Instead of the error probability criterion. the
channel cutoff rate 1 was used as the performance measure. Upper bounds on Ry
were calculated for coherent detection of PSK signals and suboptimum coherent
detection of CPFSK signals on AWGN channels and Rician fading channels. It was
found that for both these channels suboptimum coherent detection of 4-CPFSK is
inferior to 4-PSK in terms of Ry. But, suboptimum coherent detection of 8-CPFSK
with & > 1/4 and 16-CPFSK with & > 1/8 offered better coding potential than
coberent 8-PSK and 16-PSK. respectively. This makes suboptimaum cohorent, de-
tection of 8-CPFSK aud 16-CPFSK more attractive alternatives to PSK signals on

mobile satellite channels.
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Chapter 8

Summary and Conclusions

The main coutributions of this research can be summarized as follows:

A simplified, time-invariant finite-st trellis representation is introduced for

CPFSK signals. According to the traditional finite-state trellis representation the
unmber of phase states is equal to ¢ if p is even and 2¢ if p is odd. where the
modulation index ki = p/q. with p and ¢ relatively prime positive integers, By
assuming that the lowest tone of the CPFSK signal goes through an integer multiple
of eyeles during a signalling interval, we have shown that the nnmber of trellis phase
states can always be made cqual to g, irrespective of whether p is odd or even.

Based on the simplified finite-state trellis ion, a matrix

is formulated for CPFSK signals, which is applicable to any M-CPFSK signal
with B < 1/M. A state transition matrix can be defined for any CPFSK trellis
modulation code when there are no parallel branches in the trellis, When k < 1/M,
CPFSK signals do not have any parallel branches in the trellis. The state transition
matrix indicates the presence or the absence of transitions between states in the
trellis. The combination of state transition matrix and state location matrix defined
at the end of every signalling interval gives rise to a matrix description for CPFSK
signals. The matrix approach can be used o simplify trellis search procedures that

cowpute minimum distance and other trellis parameters,
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One of the goals of this research was to find w

vs of improving the error perfor-
wance of CPFSK signals. The fixed-h biuary nonlinear CPFSK signalling scheme

introduced here can be considered as an improvement of the general CPFSK

-

uals without resorting to multi-h type signalling, The,

differ from general CPFSK
signals iu that all transitions of general CPFSK are not allowed in hinary nonlinear

CPFSK. thereby decreasing the connectivity of the trellis and delaying the merg-

ing of path-pai Numerical results indicate that. for a given complexi

v binary

nonlinear CPFSK schemes ¢an be designed so that they achieve larger minimum
squared Euclidean distances and memory lengths than general binacy CPFSK sig-
nals. A systematic method for the construction of hinary nonlinear CPFSK trellis
modulation codes that achieve the maximnm memory length allowed by the num-
ber of states is given. The coding gains of these binary nonlinear schemes ou the
AWGN channel ranged from 0.3 dB to 2.2 dB compared with MSK signalling. ‘They
lacked the important property of rotational invariance, which would have enabled
quick resynchronisation of signals after signal fades.

Suboptimum coherent phase detection and trellis decoding technique for CPFSK
is a detection technique that has been directly adopted from PSK. The implemen-
tation of this receiver is simpler than that of the correlation receiver. The receiver
has the added advantage that it can be used on interleaved channels. However, it is
suboptimum because the inherent memory of CPFSK is unexploited. The perfor-
mance of this receiver was studied on carrier phase offset channels. Using the well
known Chernoff bounding technique, an equivalent distance that takes phase offsets
into account was derived. It was found that this distance cannot be used for large
phase offset values because, then error events with locally decreasing miniumm dis-
tances oceur. Based on a code search subject to a set of heuristic design rales. the

optimum self-transparent 4-CPFSK and 8-CPFSK trellis modulation codes were
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found for the carrier phase offset channel. It was found that for A < 1/M the best

codes were identical with those found in the literaure for AWGN channels. except
when the memory length of the trellis code was one. Also. 8-CPFSK trellis modu-
lation cordes were found to he more sensitive to carrier phase offsets than 4-CPFSK
trellis modulation corles.

Another goal of our research was to find how effective was the suboptimum
coherent detection of CPFSK trellis modulation codes on mobile satellite channels.
The mobile satellite channel was modelled as a Rician distributed fading channel
with a steady line-of-sight component and the receiver was assumed to be ideal.
fustead of the error probablity eriterion, the chanunel cut off rate, Ry, was used as
the performance measure. Bounds on Ry were caleulated for coherent detection
of PSK signals and suboptimum coherent detection of CPFSK signals on AWGN
channels and Rician fading channels. It was found that for both these channels.
in terms of Ry, suboptimum coherent detection of 4-CPFSK is inferior to coherent
detection of 4-PSK signals. But. for average signal-to-noise ratios. suboptimum
colierent detection of 8-CPFSK with h > 1/4 and 16-CPFSK with h > 1/8 offered
better coding potential than coherent 8-PSK and 16-PSK. respectively. This makes
suboptimum coherent 8-CPFSK and 16-CPFSK more attractive alternatives to
PSK signals on mobile satellite channels. The study was limited to & < 1/2.
However, CPFSK signals have good spectral properties only in this range of h and
hence is the region of interest for practical implementation,

A natural extension of this study would be to simulate the CPFSK trellis modu-
lation codes in actual chanuel conditions to estimate the error performance. Critical
parameters such as interleaving depth and channel model could then be selected to
more acenrately reflect. the actual conditions. Instead of the Viterbi algorithm, one

could use a suboptimum decoding algorithm, such as the “Lalgorithm, to decode
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in both Gan

ian and non-Gau

ian channels. We have mentioned

that the spectra of binary nonlinear CPFSK would be close to the corresponding
M-ary CPFSK signals. This could be verified by computing the spectra of nonlin-
car CPFSK by using a snitable method available in the literature. The performance

on baudlimited chanuels. as well as the effects of co-chaunel and adjacent chanuel

interference could also be studied. Tn coherent phase detection of CPFSK signals,

the acenracy of the sampling instants is importaut hecanse errors in sawpling wonld

cause performance degradation. An investigation of the elfect of sampling errors on
the performance of CPFSK trellis modulation codes on both the AWGN channel

and non-Gaussian channels is also recommended.
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APPENDIX
Minimum Euclidean distance for CPFSK signals

Consider an .M-ary signal set consisting of M finite energy signals s,(t), sa(t). ss(t)

. sy(t). One waveform from the set of W waveforms is transmitted every
T seconds in relation to the data symbol and depending on the symbols in the
preceding time intervals. The well known geometric interpretation of signals [14]
allows representation of the above signals as linear combinations of .V (V < M)
orthonormal basis functions. This can be seen as an NV-dimensional coordinate
representation of a signal set, and is known as the signal space. The distance
between two signal points in the signal space is the same as the Euclidean distance
between those two points.

For CPFSK signals the incremental squared Euclidean distance betweea any
two signals s,(t) and /() is defined as

Dne), 01 2 [ loa(t) = shtOP (A1)
nt
where
$alt) = /2B, /T cos (21 fot + Thant/T + ¢a), T <t<(n+1)T,
and
§\(t) = 2B, /T cos (2 fot + whalt/T + ¢), nT <t<(n+ 1T

6, and ¢/, are the phase angles (reckoned in modulo-27) of the two signals $n(t)
and s',(t) at ¢ = nT as shown in Fig. A.1. From Equation (A.1) we have

(n+1)T (n+1)T (n+1)T
il sﬁ(z)d:+[r s',?(:).u-/" 25, (t)s()dt.
£

InT

D¥sn, 90 = |

nT
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t=nT t=(n+1)T

Figure A.1 Two signal paths of the CPFSK trellis.
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The abave equation reduces to

D¥(an. ) = 2E, T (e,

Substituting for s,(t) and s),(t) we get

(n+ 11T
D¥(sp, 5,) = 2B, - 2 j,.r [REL]T cos (27 fot + thant/T +6,) x
V/2E,/T cos (27 fot + wha,t/T + o,)dt,
(n+1)T
=2F, - 2E,/T / o {eosleh(a - a)U/T + 0, = 6] +
cos (47 fot + Th(a, +a))t/T + d. + o) }dt.
Assuming fo >> 1/T,
(n+1)T

D¥(sn, 8,) = 2E, — 2E,/T / b coslrh(an = )t/T + o = st + ¢

where ¢ — 0 as fy — 0.

D¥(sn, 8) = 2B, {1 = sin[wh(an — a)/2)/[rh(an — ;) /2] x
cos [wh(an = ah)/2+ b — #h]} +
Therefore the incremental squared Euclidean distance between any two signals sn(t)
and s),(t) is given by

. (h(aq —af) —a
D(on, ) 2641 = ‘{‘;‘—l—l' (Rhlon ) g .
o
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