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ABSTRACT

Frequency flat, fast Rayleigh fading mav b

' : JIX < constderad the most enitic isturbance
in 2 wireless communication svstem N e most entical disturbance

mul:iplkxuiw nme continuons r\':\'\n\h:‘: l‘t\:‘k\:;:‘i}t\‘;:uu‘\ \m;“\‘ick\'l a8 ‘
th}~ transmitted ‘sigx‘x.\l. In order 1o achieve an ;-g‘f{i-?sm o:‘:.\;;‘u'n;‘c l;\i\:::x;\.:\“?n};‘“ »
o.l the communication link must be carefully designed bm“d ‘0;1 xl\x\ ‘w\‘\\:r"i‘ :‘f :P:‘
tme continuous channel. Such an .1:3:::\\!:5 N \iistinc:‘;‘n\m n‘.\\;t }pm‘\'io‘u:\\\:‘:wtk:

which have used strategies dev ; S

sed strategies developed for the additive white Gaussis 18

iy ; s W ANV winle Gaussuan nese ¢w -
(AWGN) as starting points. ) o chamet

the emmor probability di\tc;‘\‘ i‘r\~¥ B ;: C ‘l"\\ U\\‘(hl influence ol‘ the dc\tp fades on

! AR sity  techniques must be used. Coded interleaved
medulation can be regarded one such strategy, where the diversity effect arises as a
r‘ea‘llt of nearby encoder output symbols being subjected to statistically independent
fading. C ?‘mml in achieving this indcpcud:m{‘ is the inter leaver, which spreads the
:e_\'mbols in time. A higher diversity order is obtained if the encoder output bits,
Enstt‘ad of symbols, are interleaved. By also using codes of lower rates, the diversity is
increased even further. The channel symbol constellaion must be expanded
accordi'ngly. The resulting system is referred to as bit-interleaved channel symbol
expansion diversity (CSED) and is the best low-complexity coded modulation scheme
presented so far for the Rayleigh fading channel.

On the fast fading channel, coding is only part of the solution, however. Here,
matched filter detectors originally developed for AWGN are unable to efficiently
handle the rapid (compared with the signaling rate) fluctuations of the received signal
power. More sophisticated solutions are needed. It is essential to make the transition
from the time continuous received signal to a discrete representation in the receiver,
without losing too much accuracy. Both an adequate number of discrete observables
and a sufficiently long observation interval are required. When this is fulfilled. error
probability curves with steeper slopes and considerably lower ermror floors than those
of matched filter based receivers are obtained. The steeper slopes are results of the
implicit diversity of the random message component in the x:ecei\‘ed signal, which is
captured when multiple discrete observables (per S}mt:ol interval) are us;d. This
effect is more pronounced the faster the fading is, theretore uncoded signaling has a
potentially better performance at fast fading than in slow fading.
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CHAPTER 1

1.1 Introduction

Juring the last decades there hae . -
During the last decades there has been a tremendous growth in communications all

over the world. Public telephone networks h

ave evolved from mostly accommodating
analogue voice <ervi . . R . . .

analogue voice services (o also becoming media for efficient data communications.
The modems of today use sophisticated technology, which is based on the knowledge

acquired at the absolute front line of science and they operate at data rates close to

ally possible. When even higher data rates are needed, most of the
communication takes pl

what is theoretic

ace over satellite links or fiber optic cables, where
transmussion at several Gbit/s is a reality. The efficient digital communication links

are the foundation on which ¢.g. ATM-networks (Asynchronous Transfer Mode) are

being built. A driving force in this development is multimedia services, which call for
highly reliable and flexible transmission rates.

This scenario stands in sharp contrast with existing cellular systems, which are based

on technology distant from recent scientific achievements. These systems provide
only low-speed data communication at error rates that are far from acceptable in e.g. a
wireless ATM connection. For future networks to appear transparent to the user in the
sense that the same level of service will be provided regardless the medium of

transmission, the mobile communications must become considerably more efficient.

To reach this point, transmission techniques must be improved and it seems likely that
wireless communications will develop in the same way as data communication over
voice grade telephone lines and ultimately approach the theoretical limits. Such a
development provides tremendous challenges for manufacturers as well as researchers
in many fields. The special problems associated with the wireless channel can be

summarized in two words; multipath propagation.
1.2 Motivation

Propagation of the radio waves over multiple paths between the mobile user and the

base station is commonly encountered in cellular systems. The multiple paths, which
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terreceiver or of the environment.

ceived signal in fading is modeled by a Ravleigh (distributed envelope and a
uniformly distributed phase, hence the name Ravleigh fading. It arises, not only in
cellular systems, but also e.g. in terrestrial long-distance radio communication and in
undenvater ACoustc communications. Another example is in mobile satellite systems.

The cellular systems of today, e.g. GSM, are designed more to circumvent the

problems imposed by the fading than to actually solve them. To avoid too rapid a
fluctuation of the received signal power, a sufficiently high signaling rate is chosen.
By doing so, the received signal can be regarded approximately constant over a data
symbol interval. However, the signaling rate cannot be chosen very high, since that
would instead lead to severe problems with 181, Hence the choice of transmission rate

is a compromise, which probably limits the efficiency of the system.

To achieve efficient systems operating at high frequencies in the future, knowledge of
how to deal with fading channels will be far more important than when e.g. the GSM
system was developed. Current proposals for systems operating at these frequencies
are again designed to av oid fast fading by the use of very high symbol rates.
However., the lesson learned from the history of the modem development for
telephone lines tells us that even the most difficult problems are worth solving in the

effort towards achieving the potential performance of the channel.

1.3 Objective

An overall aim of this dissertation can be summarized as:

Find an efficient digital communication link for the time continuous Rayleigh fading
channel. Efficiency is loosely defined as good detection performance at a reasonably

low complexity. To achieve this, cach part of the system must be carefully designed

1Y)
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mformation

The dissertation describes a step-wise development of a system based on this model.
The results obtained and presented there, shall be regarded equally important as those
presented for the whole system. Knowledge gained and the techniques developed for

those parts are tied together to a communication link for the time continuous Rayleigh

channel.

1.4 Organization of Dissertation

Chapter 3 treats the problem of transmission of a single symbol. The focus is on how

1o deal with the time continuous channel.

Chapter 4 treats sequence detection of uncoded signaling on the Rayleigh fading
channel. The optimal detector for a system based on the discretization strategies is
derived. In most cases it is prohibitively complex; therefore a simplified suboptimal
detector is proposed. Lower as well as (approximate) upper bounds on the error
probability for the optimal detector are developed. Those are compared with extensive
simulations of the performance of the simplified detector. A main result here is that
the simplified detector can be designed to perform close to the optimal one. The
derivation of the optimal detector resembles, but while they treat systems based on
sampling a more general class of systems are dealt with here. The algorithm derived

here is, after some minor modifications, used in the receiver front end.
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Design  of coded modulation is the subject of chapter 5. The concept of CSED
(Channel Symbol Expansion Diversity) is developed. It is based on bitwise
interleaving, but it significantly outperforms the scheme. The reason is that CSED
enables a further increase of the effective diversity. Except for very slow fading, it
provides an inaccurate representation of the fading process. The reason for using it

here is that it is widely employed in papers dealing with code design for the Rayleigh
channel.

In chapter 6, the results are combined into an efficient coded modulation scheme to
be operated on the time continuous Rayleigh fading channel. As in chapter 5, a
receiver front end producing soft outputs is derived . A comparison between a systems
that is carefully designed for use in Rayleigh fading and a scheme originally
developed for AWGN reveals a tremendous difference in performance. It is both the
code design and the way the transition between continuous and discrete time is made
that gives this difference. The overall system in chapter 6 as well as those in chapters
3 and 4 is found to be rather robust against non- perfect knowledge of channel

parameters. This is a desirable property for practical systems, where estimation of
those parameters must be made.

Here idealizations made in order keep the problem at a manageable level. Firstly, no
distortion and disturbances except the Rayleigh fading and the additive noise are
assumed. Those assumptions are unrealistic, since e.g. a perfectly linear power
amplifier in the transmitter is required. Another objection is that in a communication
system there are other users giving rise to co channel interference. Secondly, perfect
knowledge of the first and second order statistics of the fading process is assumed,
except for a few cases where robustness is considered. In a real system estimation of
the channel parameters must be carried out, which inevitably leads to estimation
errors. Thirdly, the common assumptions of perfect symbol synchronization and

perfect knowledge of the carrier frequency in the receiver are made.
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CHAPTER 2

Review of Literature survey

2.1 Historical notes
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2.2 Overview Rayleigh fading channel
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CHAPTER 2
REVIEW OF LITRATURE SURVEY

2.1 Historical notes

Scientific work in the area of communication in Rayleigh fading has historically very
much been driven by technological demands. The first driving force was the
development of military long-distance tropo scatter communication during the fifties
and sixties. To reach beyond the horizon, clouds of particles in the troposphere were
used as reflectors for the radio waves. The differences in path length between the
scattered waves here give rise to Rayleigh fading. Not only the troposphere was used
for this purpose, but also the ionosphere.. To create an artificial medium for
reflection, a huge amount of very thin and short copper wires acting as electrical

dipoles were placed in a belt surrounding the world.

An interesting observation is that many of the leading researchers were employed by
industrial companies and that their basic researches were meant as foundations for
product development. Even though very much work was performed in the area of
detection, the resulting systems were not reliable enough for some computer
communications applications. This was the main force behind the introduction of
coding theory to signaling on the Rayleigh channel and it led to development of

communication equipment.

During the 70’s there seems to have been a drop of the interest in fading channel
communications, but in the mid 80’s there was a large increase of scientific activities
in the area. Contributions range all the way from coding strategies to sequence
detection techniques and some of the results constitute scientific milestones in the
area. Successful techniques developed for the additive white Gaussian noise (AWGN)
channel during the late 60s and 70°s like the Viterbi algorithm and trellis coded
modulation (TCM) were adapted for use on the Rayleigh fading channel during this

period.
2.2 Overview Ravleigh fading channel

Over the last 50 years a tremendous amount of work has been presented about

communication over the Rayleigh fading channel. It seems that much of the research

5
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has used techniques developed for the additive white Gaussian noise channel as

starting points. Those strategies have then been adapted to the Rayleigh channel, or

rather to some model of the channel. This has in many cases put unnecessary
restrictions on the system design and has led to rather poor performances.
Considerably less works use the Rayleigh fading channel itself as a starting point.

The aim is to give an overview of some of the scientific work presented about
communication over the Rayleigh fading channel. The focus here is on landmark
papers especially in the areas of coding and detection and more detailed references
will be given later in the Dissertation. As mentioned above, there are three main
effects caused by the fading. Those are the deep fades of the signal power, time
varying distortion and inter symbol interference. Even though the cause of them is the
same, different strategies are required to deal with each of the impairments. To handle
the first one, i.e. the deep fades, diversity techniques are needed. The principle is that
a certain information bit shall reach the receiver via different paths. The paths can e.g.
be different antennae (space diversity), different frequencies (frequency diversity),
different times (time diversity) or combinations thereof. When one of the paths is in a

deep fade, the other ones may not, giving a higher resistance against the fades than if

only a single path was used.

A fair amount of research has been made on different diversity techniques and
especially how to combine the diversity paths in the receiver. Now consider time
diversity, which is of great interest. The simplest way to achieve this is to transmit the
same information bit at several sufficiently spaced times, i.e. to use what is usually
referred to as repetition coding. This is a rather inefficient type of code for the AWGN
channel, but it gives a relatively good performance in comparison with simple codes
developed for AWGN on the Rayleigh channel. While the information bits associated
with a destroyed code word cannot be recovered, there is a high probability that at

least one of the repetitions in the repetition code is not destroyed by a fade.

Early works considered mostly the problem of detection of a single symbol, but as a
result of the revolution, sequence detection on the Rayleigh fading channel was

proposed.
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CHAPTER 3
Single Symbol Signaling

3.1 Fading Channel Characteristics

The degree of distortion of the received signal in a mobile communication system
generally varies in time. A coarse, but technically relevant characterization of this is
obtained by making a distinction between long-term and short-term effects. Long-
term effects are e.g. successive attenuation of the received signal as the mobile travels
from the base-station (i.e. the other end of the link) or shadowing by buildings, trees
or other obstacles. The long-term variations are very slow compared with the
transmission rate and can often be considered constant, when the focus is on design
or analysis of coding and detection strategies. That is the case in this, Dissertation

The short-term variations, Characterization of the short-term effects is the topic of this

chapter.

In a mobile radio system, reflections in e.g. buildings or cars lead to a situation where
several incoming paths of transmission are superimposed at the receiver. This gives in
general rise to both Rayleigh fading and inter symbol interference. The Rayleigh
fading is a result of superposition of incoming waves of comparable strengths, but
with different carrier phases. This gives a spatial interference pattern. Sometimes
there is a direct path, which is considerably stronger than the reflected rays. The
received signal is now a combination of that direct component and a Rayleigh fading

part. This situation is often referred to as Ricean fading.

3.2 Single Symbol Signaling

As a first basic step towards the design of efficient communication schemes for the
Rayleigh fading channel, transmission of a single symbol is studied. This is important
in order to gain an understanding of how to deal with the time continuous received
signal. In AWGN (Additive White Gaussian Noise), a transition to a discrete
representation is made easily without loss of generality by introduction of a finite
dimensional signal space description of the received signal. This is useful both for

purposes of design and analysis. For instance it leads straightforwardly to the optimal
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detector, which can be based on matched filters. What makes the transition from the
time continuous signal to a discrete model so simple in AWGN is that the message
waveforms can be regarded deterministic. This is in contrast to signaling on the
Rayleigh fading channel, where it is appropriate to consider the message components
of the received signal being Gaussian random processes. As a result, the detection
problem on the Rayleigh fading channel becomes fundamentally different from that in
AWGN. It can be generalized to: Detection of continuous time Gaussian random
message processes in Gaussian noise. A common assumption, made here as well, is

that the second order statistics are perfectly known to the receiver.

More recently, research has been performed mostly under the slow fading assumption,
where the time variation of the fading process is assumed to be negligible over a
symbol interval. In such cases matched filter detectors developed for AWGN are
expected to give good performances . Sometimes such detectors are for some reason
even used in fast fading. One example of this can be found, where a matched filter
detector not only is used but also is erroneously claimed to be optimal on the fast
fading channel. Simulation results indicate a potential performance improvement to
be achieved by the use of multiple discrete observables per symbol interval. Still no
thorough investigations of the discretization problem have been performed and the

theoretical side of the problem is barely mentioned.

As in the publications contain very limited principal performance analyses. Only a
few special channels for which analytical expressions on the error probabilities can be
found are treated. An attempt to analyze the performance of DPSK on the frequency
flat Rayleigh fading channel is made. The system model used there is incorrect,
however, since the receiver noise is band limited while the message components of

the received signal have infinite bandwidth.

This makes the results in the paper unreliable. Still the approach to the performance

analysis is interesting.

This chapter presents and analyzes a broad class of low complexity single symbol
detectors for the frequency flat Rayleigh fading channel. The detectors are developed

with the above detection problem as a starting point. Contrary to the optimal detector,

8
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a discretization of the received signal precedes the actual detection. This leads to a
loss of information on the Rayleigh channel and makes the class of detectors
suboptimal, The detector class is very general and comprises most of the solutions as

apecial - canes, but also several illlctcalin;g easily implemented detectors. Error

probabilitics are computed numerically with high precision.

The focus s on investigation of different discretization strategies and thorough
explanations of effects like error floors and implicit diversity are provided.
Comparisons between matched filter detectors and more sophisticated solutions are

also made, It is found that detectors only slightly more complex than those based on
matched filters give far better performances,

3.3 Summary

As an initial step towards an efficient digital communication system for the time
continuous frequency flat Rayleigh fading channel, detection of a single symbol was
treated, The problem was formulated as choosing between M times continuous
Gaussian zero mean random processes, the message processes, in additive white
Gaussian noise, The first and second order statistics were assumed to be known to the
receiver, A broad class of receivers was introduced. They consist of a front end,
which produces a finite number of discrete observables of the received signal. Given
those, an ML decision is made. It was found to be useful to view the discrete
observables as a vector in a receiver signal space of finite dimensionality. Here it is
important that contrary to the signal space representation for the AWGN channel, this

representation can only be an approximate description of the received signal.

For such receivers, several properties were investigated using numerical symbol error
probability calculations. The focus was on how the discretization in the receiver
affects the error probabilitics. Simple discretization methods were found to give
excellent performances provided the number of observables was large enough and the
observation interval was sufficiently long. Two effects were noticed when increasing
the number of -~ observables or the length of the observation interval. Firstly the level
of the error floor (when such existed) was lowered and secondly there was an implicit

diversity. The latter is a result of the received signal being a random process and leads
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to successively steeper error probability curves as the average signal to noise ratio
increases. These results form the basis for most of the chapters to follow.

In many papers about detection on the fast fading channel, matched filters are used
believing this is the optimal solution. In some other papers the discrete time channel
model stemming from the use of matched filters in the slow fading case is uncritically
employed also for fast fading. Clearly, a discrete time model does not reflect the
choice of modulator waveforms and is for that reason practically useless. Also, since
the matched filter receiver creates a receiver space of minimum (for the Gaussian
channel) dimensionality, the use of such a receiver results in low implicit diversity
and high error floor. Its performance becomes worse as the bandwidth of the fading
process increases and it was found that for normalized fading bandwidths above

fn=0.01, the losses compared to detectors using a larger number of observables were
high.

It was also observed that signaling at large fading bandwidths gives lower error
probabilities than signaling at small fn, provided a sufficiently good detector is used.
Thus rather surprisingly, making T larger by using pulses with longer duration will
give a better performance on the Rayleigh channel. By a moderately increased
detector complexity (compared to a matched filter detector), fast fading is mnot
destructive, rather it improves the performance. The implicit diversity is the reason for
this.

The concept of a sufficient statistic is central in detection theory. It is hard to actually
find a definition of that terminology, but it is used for a function of the received
signal which without loss of optimality is easier to use in a receiver than the received
signal itself. On the Gaussian channel it is well known that the outputs of matched
filters sampled once every symbol interval is a sufficient statistic. Definition of the
term sufficient statistic is given, it does not make sense to use it for anything but for

the time continuous received signal.

10
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CHAPTER 4

Sequence Detection

Single symbol signaling on the time continuous Rayleigh fading channel was treated.
How the transition from the received signal to a discrete representation in the receiver
is made was found to be crucial to the performance. Both an increased number of

observables and an extension of the observation interval led to large performance
improvements.

In this chapter detection of a sequence of uncoded symbols, instead of a single
symbol, is considered. There are several reasons for doing this. First of all, in a
practical communication system sequences and not only single symbols are
transmitted. Extension of the observation interval beyond the symbol interval
immediately involves other symbols in the decision. Sequence detection is one way of
dealing with this, symbol-bysymbol MAP (Maximum A Posteriori) detection is
another . Secondly, the fading randomly changes the phase of the transmitted signal,
so that it becomes unknown to the receiver. One strategy to handle this is to insert
reference symbols that are known to the receiver among the channel symbols.

Sequence detection can be employed to utilize the additional information supplied by

the reference symbols.

The covariance of the fading process is assumed to be known to the receiver. That is
in contrast to, where perfect knowledge of the fading process itself is assumed, giving
a detection problem only slightly different from sequence detection on the AWGN

channel.

The estimator computes an MMSE (Minimum Mean Square Error) estimate of the
fading in a certain symbol interval by using previous symbol decisions. The decision

rule is then adapted depending on this estimate.

The most general receiver structure for fading channels was proposed by Morley and
Snyder, By using the generalized likelihood ratio formula given by Kailath, a receiver

operating directly on the time continuous received signal is obtained. In its most
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general form, it evaluates the (penetalized) log Hikelihood for ench posaible uymbol
sequence. By also applying a stale space description ol the pecelved procent, i
recursive detector combining Kalman (ilter with the Viterb algorithim s oblnined
The complexity of - receiver is now highly dependent on the lenpth of the correlation
in the fading process. This fenpth determines both the number of staten and how many

symbol intervals of the received signal is needed in the recuslye computiation,

The main difference is that this detector works on samples of the recelved procent,
One Kalman filter per sequence alternative is suggested in the peneral cane (Including,
frequency selective fading). That solution is also proposed, but only for slow [ading,
The main contribution s the detector structure obtained for CPM (€ ‘ontinuous Phase
Modulation on the frequency flat Rayleigh fading, channel, When the fading process i
assumed to have a finitely long correlation, that detector can he implcmmllul by a sel
of lincar predictors combined with the Viterbi algorithm, Linear predictors require
considerably less computations than Kalman filters; therefore this receiver is much

less complex than the general receiver.

Several authors have expanded upon the results; instead of CPM all band limited
signals are allowed. To lower the average complexity, sequential detection is used

instead of the VA.

An interesting and elegant approach was taken by a linear transformation of the
received discrete process; a sequence of independent Gaussian random variables i
obtained. That sequence is the innovations process  of the received signal, and it
directly leads to a recursive detector for general fading channels. The predictor based
detector can be shown to be a special case of this receiver, obtained for the frequency

flat channel.

A problem encountered when signaling on the Rayleigh fading channel is the random
phase introduced in the received signal by the fading process. It makes it impossible
to separate the signs of the fading process from those of the symbol sequence and
results in that two sequences having symbols of opposite signs in all symbol intervals
cannot be distinguished from cach other. The methods always lead to an increased

bandwidth. The most common method of dealing with the random phase in the

12
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recelved slgnal s ditferentinl encoding, By doing this, the phase difference hetween
quccessive symbols and not the phase itsell is information bearing, therefore no
external reference signals are needed, This in e implics that the bandwidth is nol
expanded by this strategy. The drawback is, however, an approximately doubled errot
probability (for MPSK). This can be a serious problem on the Rayleiph fading
channel, where the error probabilities are not decreasing as fast as on the AWGN

channel (with increasing SNR ),

The traditional way of exploiting the reference information supplied by the pilot
symbols s 1o estimate the fading process. The fading is measured at the known
symbol intervals and interpolation is used to obtain estimates of the fading process
during the other symbol intervals, These estimates are  then employed in a
conventional detector for the AWGN channel. This is a heuristic approach and such
systems are suboptimal in terms of minimum error probability. Another strategy is to
include the different a priori probabilitics induced by the pilot symbols in the
detection problem, i.e. to formulate it as MAP sequence detection (or MAP symbol

detection ). Now the detector giving minimum probability of error can be derived.

True union bounds on the error probabilities for the block-based detector are
evaluated  for slowly fading time-dispersive channels when differential encoding is
used. Even though the block-structure implies that only a limited number of pairwise
crror proh:lhililics are needed, only small blocks can be considered. The reason is that
the number of pairwise error probabilities is exponentially increasing with the block-

length, and hence the computational complexity soon becomes prohibitively large.

Here MAP sequence detection for the time continuous frequency flat Rayleigh fading
channel is treated. A transition from continuous time to a discrete representation is
made in the same general way, the treatment here may be regarded a generalization of
the works, where the discretization problem is barely mentioned. Another difference
is that both causal and anti-causal detectors are derived here, while the above works
only treat the causal casc. The reason for allowing the detectors to be anti-causal is to
enable use of the forward (in time) correlation of the fading process. This could lead

to further performance improvements.

13
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The detector derived here is well suited for discretization schemes, which produce a

vector of discrete observables at the engd of each symbol interval instead of a

continuous stream of samples . Starting with manipulation of the likelihood function

a recelver structure  is obtained. With the optimal detector as a starting point,

efficient suboptimal detectors are devised. These detectors are based on the least
constrained breadth first MAP sequence detector (MAP under complexity constraint) .
This is in contrast to, where the Viterbi algorithm is used , where further constraints
are imposed. Both lower and upper bounds on the error probability of the optimal
detector are derived. While the derivation of the upper bound bare , the lower bound

has not previously been derived. Extensive computer simulations are also presented

together with the bounds to illustrate various aspects of the detectors.

Input‘ ] fiy  n(t)

data .. | R}
— Modulator 7 Discreti- » Detector ——*

5 yi(t) nt) | zation
L

Figure 4.1 System model.

4.1 System description

The communication system in figure 4.1 conveys one of Mk sequences of k uncoded
equally likely M-ary modulator symbols from time O to kT. Such a sequence will
henceforth be referred to as the message. This is a difference compared , where a

single symbol was called a message. Let the vector
s : N
sf(i):[sl(z),sz(z),...,sk(z)] . 16[1,2,...,1\1*] (4.1

denote message i, where Sk(i) is the modulator symbol to be transmitted in the time

interval (k- )T <t <kT.

The corresponding time continuous signal is Si(t). Discretization in the receiver front

end yields the random vector of
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observables R; =(r" .rf ... r7\7 « T 7

‘ : P 5 ) .Wherer, =(r, ,..... r, v)© contains the N observ-
ables obtained in the A:th symbol intery

k . .
al. R| has dimension kN and can be expressed
as

R} =Y/ (i)+N! (4.2)

X rkos k .
where ¥ () and Ny are the discrete counterparts’ of y,(r) and n(7) over the interval

0 <1t < kT . Conditio ~ T : " ..
' Tled a certain message s, (i), the observables in R; are jointly
complex Gaussian with zero mean and density function

v ofls*@i))=——1  _—(e1)'(ctnr) et ,
RIS( 1| 1 ) Ekv‘Cf(i)‘e ) (“4.3)
The conditional covariance matrix is
Ci() = E[Rf (rR})" |Sf(i)] = E[Y,*(i) (¥ @) ]+ oI 4.4

where L is the identity matrix. It is in some cases possible to separate the message and

fading dependence in the covariance matrix according to
CH(i) = S5 (i) - Cef - (85 ()" + N, 1. (4.5)

where CF, is the covariance associated with the fading process and Sk, (i) is an Nk
by Nk diagonal matrix with entries Sn(i) depending only on the message i. This
situation arises either when rectangular modulator waveforms are transmitted and
discretization is performed or when sampling is used for arbitrary modulator [
waveforms. In the latter case, Sn(i) (n=1, 2, ..., kN) are just samples of si(t) and Cf, is
based on samples of the fading process. The first case, however, is slightly more

complicated. The l:th observable in the j:th symbol interval can be written

T

iT
T = J si(t)-f(,r)-(o,(f—(j—l)T)dt“' j7l(t)'¢1(f—(j—1)T)df=
(G-OT ot

T T (4.6)
=a;(i): j f() @ (r=(j—DDdr + Jn(t)-%(r—(j—l)T)d:,

Gt =S

(o)t is one of N orthonormal functions of the ON-set @y, used for discretization . In
eq. (4.6) it is possible to move the message dependence outside the integral, since
rectangular modulator waveforms are assumed, i.e. Si (1) = a; (i) The entry of the

covariance matrix corresponding to Tj and 73, then becomes
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C].l,m.n == E[r]‘l ) rm,n ] =

T m
= n,(i)a,,,(i) j JIC’ ()P, (= (j = 1HT)p, (v — (m—1)T)dudv + Noo(j.lom.n)-

(J=-HT m=-HT
(4.7)
5(j,l:m,n) is equal to one only when j=m and I=n and zero otherwise. The

corresponding element of the covariance matrix Cfy k , which now depends only on

the fading process is

T mT

Crjgmm = j jC,(“J')(P,(N—(j—l)T)(p,,(v—(m—l)T)(lmlv : (4.8)
(G-DT (m-1HT

The message components in eq. (4.7) are a;(i) and () respectively, therefore
Sa) = () for n=jN+1, ..., (j+1)N. This property, i.c. the possibility to
decompose the covariance matrix according to eq. (4.5), is important for the rest of
the Dissertation. Its utility lies in that it enables a significant complexity reduction of

the detectors derived of the receiver front end developed .

The above notation is given on a per symbol interval basis and is suitable when
discretization by ON-sets is employed. The reason is that a vector of observables are
r, and is produced and passed to the detector at the end of each symbol interval.
When sampling is used, on the other hand, the observables are presented to the

detector one by one. A per observable notation is therefore also desired. Let
R = i 4.9
1 = rx,u’i,zv---nrl,fvarz,n---v"k,la---’rk,l (4.9)

be the random vector containing the Nk-+l “first” observables and

L et ero) el

pris(@FsE () = prorEe| e (4.10)

be the conditional density function. Cjk'l(i) is the corresponding covariance matrix.

Whenever this alternative notation is used in the following, it will be explicitly
indicated. The notation will be used for the arguments of the probability density

functions in eq. (4.3) and (4.10) as for the random vectors themselves. Again, this is
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not mathematically strict notation, but it will be used in order to simplify the

prcscmmion.

4.2 Problem statement

Even when uncoded signaling is used on the Rayleigh fading channel, sequence
detection is desired. The purpose is to achieve a good performance by exploiting the
correlation in the fading process over more than one symbol interval. Another reason
for using sequence detection is to optimally (in the sense of minimum probability of

sequence error) deal with the additional information supplied when pilot symbol
assisted modulation (PSAM) is used.

When pilot symbols are inserted in the transmitted symbol stream, the apriori symbol
probabilities are no longer constant. Because of this, MAP, instead of ML sequence

detection should be performed. The decision rule for the MAP sequence detector is:

Find the message maximizing the decision function,

P(sf@RI), iefu2....M*]. (4.11)

Contrary to the approaches where only the case d=0 is dealt with, anti-causal (d>0)
detectors are allowed here. The main reason for taking this new approach is that the
forward (in time) correlation of the fading process can be exploited. Another reason is
that the MAP symbol by symbol detector is casily developed as an extension of the
MAP sequence detector obtained by this approach.

4.3 The optimal detector

The statistical properties of the received signal is in general dependent on the entire
message , therefore the optimal detector must evaluate eq. (4.11) for each of the M¥
possible messages. The decision function for the i:th message (eq. (4.11)) is

proportional to

P(st (RE™) o= P(s} (0)p(R}™

sk (1)) C(@12)

A way to recursively compute this is desired. This is achieved by dealing with the

discrete time innovations process of R'f“‘ instead of the received vector itself. One
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(eoiditic mal) Imnovations process for each possible message is needed, since the
. Al e T e . . .
atetieal propetties of the received signal is message dependent. Those are computed
Py linear manstormations of the recei

eived vector and can be viewed as whitening
\ N A 3 -
prerations ol the received sequence, This leads straightforwardly to a way of

\ . oy ”
e vompuiation of (4.12). Even though an elegant detector structure is

vated, the more straightforward will be followed and extended here. The reason for

TS presenta more traditional derivation, where manipulation of the likelihood
faetion le ads 1o a fe astble K‘NCU\\I’ structure.

1O avhiove a recursive computation of the decision function, let first 2 (i) denote the
toganthm of eq (4.12). 1t ean be expressed as

O, = h\g(!‘(s: (i\\p(R: \s,‘ (i\)) + log(p(R“"

el

s:(i).R;))= T () +A, (1) (4.13)

Nae ihat when d=0, Q, (1) = 1, (1) . Now [, (i) can be written

U ‘\‘}1(3‘(‘:‘A‘U‘\‘)v‘(R,'"lc““‘(i)))Jr-log([’(sk (i))p(r,'Rf".sf(i))) = S
Ui @)+ y,0).

Abviously (1) can be recursively computed from ey (D) and it will therefore be

reforrad 10 as the path metric of message i at time k.

The second term in eq. (4.13), . Ax())  can be expanded and written

5 TTal onsiiid kel ko K+ s »
ot S TP eleaRE sl @19
.,ucm ()=t

L4 contrast to the path metrie, Ax(i) is not directly needed in the next symbol interval
aod does not contribute to the recursion. Instead it is merely used in order to find the

wost probable symbol sequence at time k.

Lis recognized thatitisa Gaussian density function

X NEUTORTE _'*-:;;ﬁ:”
An R R N Hz(mlk -S4 U))=n : {4.16)

1=1 T le(')
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onditional) Inovanons process for eac
(com Process for each possible message 18 needed, sinee the

statistical properties of the received signal is message dependent, Those are computed
by linear transformations of the received vector and can be viewed as whitening
\\pcl;llia‘ns of the received sequence. This leads Sll.li}ihl“\‘\\\\\l'\“\' o A wav ol
recursive: computation of (4.12). Even though an elegant detector structure s
obtained, the more straightfonward will be followed and extended here. The reason for
this is 10 present a more traditional derivation, where manipulation of the Likelihood

function leads to a feasible detector structure.
To achieve a recursive computation of the decision function, let first 2 (1) denote the
logarithm of eq. (. 12). It can be expressed as
Y (D) = loel P (N nfR et (; . ‘ .. :
Q0= 1\‘.—(f (st () (Rfls:m“r log(;'(ki,f}s:m.l{:ﬂ = T+ AL (D

Note that when d=0, Q, () = U, (). Now [, () can be written

L= 1012(}’(5:"\1'\‘;'“{:"'H“m)) + log(}‘(.\‘. )plr RS (i\)) -
=0+, 0

CREY

Obviously (i) can be recursively computed from , _, (1) and it will therefore be
referred to as the path metric of message 1 at time K.

The second term in eq. (4.13), . (1)  can be expanded and written

d .
A=l S T1Peatelrea RIS irsil )| @1s)
sy () 1=

In contrast to the path metric, Ag(1)  is not directly needed in the next symbol interval
and does not contribute to the recursion. Instead it is merely used in order to find the

most probable symbol sequence at time K.

it is recognized that it is a Gaussian density function

2
]’).:‘.“a au ’!
N -

1 T

T 9 (4.16)
TOr () (

-

I=1

p(l‘k ‘Rf—l.sf (i)): ﬁ p(r“‘Rf'!_l ,Sf U‘)):
=1

Rl
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This was originally derived for a detector operating on samples of the received signal,

therefore the alternative per observable notation is employed

Instead of exploiting the above property, which suggests a detector based on a set of

finear predictors for each symbol sequence, the same starting point for computation of

p(r [RYT ST 1y o
will be taken. By application of Bayes theorem , the likelihood

function [5] can be written

k-1,
ci ) et w R ol ® )

P(Tk \R’f_l 55 (f)) "5 \C" (.)\
Ickg

The derivations in principle finish with this expression and the resulting detector
must compute the quadratic forms in the exponent for each of the M¥ possible
messages. To proceed further, note that since the conditional covariance matrices are
symmetric and positive definite they can either be diagonalized or triangularized in
order to simplify the computation of the exponent in eq. (4.17)- Here the latter will be

employed, where Cholesky factorization enables the decomposition of the condi

| VS k-1,
tional covariance matrices to products of lower (Le, (). Le; ")) and upper

triangular matrices according to
RY:
€)= Ler () (Lt ) (*.18)

and

CF )= L 0 (Let ) - (4.19)

The reason for choosing triangularization instead of diagonalization is that it leads to

less operations on the vector of observables. In both cases the vector is pre-multiplied
by some atrix (( Lci () jnthe triangular case). When this matrix is triangular, half

the number of computations is needed compared with the case when diagonalization

is used.

Now let . & (i) denote the exponent in eq. (4.17) it can be written
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"ftu)=—

Lo (), =1 () (L) 'Rf“)“' (4-20)
where ||| is the (complex vector) norm and
Lo -(La®) =C,0)-c,6)-(C0) (e, () =Z,0).  *2D)

The N by (k-1)N matrix 1, (i) is the lower left submatrix of the lower triangular matr®

L ().

The N by (k-1)N matrix [;(i) is the lower left submatrix of the lower triangular
matrix , Li(i). Note that even though Cholesky factorization is a rather complex
operation to. be implemented in a digital receiver, that is no large problem here. The

reason is that it can be made in advance for the specific channel in use.
: e O W :
() =la()- (L) Ry (4.22)
After subtraction from 7, the new vector is passed through another filter bank,

containing N FIR filters with tap-weights being the elements in the rows of Lee (D71,

(i) is then obtained as the norm of the N-dimensional vector at the filter bank

output.

T

SRR

lfk("‘r!‘]

Rl—l -1

1

1, (- (L)

Ty

Figure 4.2 Computation of eq. (4.20).
The likelihood function in eq. (4.17) can be expressed as

1 (e x (O Ex (M —nx () )
k=1 ko) o — — ———— ) )
p(rk\Rl 151 (1))— ”N "Zk(i)lc (4‘23)
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This equation and eq. (4.16) look very similar, but the important difference. Here a
vector of observables, 7 is treated, whereas eq. (4.16) deals with only one observable
at a time. Even though this approach leads to a slightly more complex solution (€9
(4.20)), due to the multiplication by L, (i)~ it is still attractive. The reason is that
itis well suited for discretization schemes which outputs a vector of observables
instead of a sequence of single observables. When such a vector is fed to the detector

at the end of the k:th symbol interval, only subtraction of u_(i) k O and multiplication

by Lex (i)~*, are required to obtain the N-dimensional vector for which the norm is
computed. All other computations can be made in advance during the symbol interval.

Consequently, this gives a small decision delay.

Both this approach and the algorithms perform differcnt operations for cach of the M*
possible messages S;'(i), therefore the number of different filter banks is
exponentially increasing in time. In many cases, however, this can be avoided. This is

because the message dependence can be factored out of the covariance matrix
C' (=810 €t (S10)" + NI =810 (€t + NSt si) ) (st0)”
(424
Whenever (S! (iN* S} (7) is independent of the message §! (i) eq (4.24) can be written
Cf(i):SI(i\-.\l:-(S:(f))' (.25)

where M{(i) , now is independent of Sf(i) . Thisis recognized and exploited but
only for constant envelope signals. Note, however, that factorization according 10 eq.
(4.25) is possible in more general cases. When sampling is used (at the Nyquist

frequency of the band limited noisc process), it is achieved for modulator symbols

with equal energies, equal pulse shapes and no inter symbol interference. For

discretization by eq. (3.3), 2 further requirement is that rectangular  modulator

waveforms must be used.

Consider again eq. (4.23). Here M,"(i) is in fact the conditional covariance matrix of

Sk@)™* Rf- and is therefore positive definite, symmetric and real valued. The
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computation of & (i) can then be simplified in very much the same way as above- The

only difference is that the Cholesky factorizations according to equations (4.18).

(4.19) and (4.21) are now applied to the matrices M}, MF ' and  Zmp- (the latter

matrix i defined similar ways as Z.(i) in eq. (4.21)). By letting Liii

-1 . . . ]
Lt and Ly denote the corresponding lower triangular matrices, - £,(i) becomes

oo (G2 52— (i) (s R €420

)

(Sn”))'lrl >
—t
——— Precompr| | i
T 1 Haws (D)
(St—t(ﬂ)" Rz-x
Memory ' !
— s
u, )
1 5. Tl
J— 2 T~ _f\ 23 132 . -
Ty ¥ L o7 —»
1 U an i > 1)
(S,) r, ___[_'\___] ’
—» 5,

Figure 4.3 Computation of eq. (4.26). The operator “:” performs concatenation of

vectors.
The determinants in eq. (4.17) can not in general be disregarded. When, however, the

conditional covariance matrix can be factored according to eq. (4.25), the determinant

of the conditional covariance matrix can be written

EV .
icr | = [st |-z |81 @) [ =P TTIS, Of - .27
J=1

There are probably more modulations giving this independence. The exact conditions

are presently not known exactly.

4.4 Optimal Detector
The operation of the MAP sequence detector can now be summarized. At time k, the

MAP detector performs an exhaustive search among the M¥ candidate sequences 1o
find the symbol sequence maximizing

22
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Y (i) — : : &
Q=T+ A, (D (2=
The path metric I, (1) is compurted recursively according to

C =T (H+7,0) (4.2

and shall therefore be stored uatil the next symbol nterval. The metric incrament at

me K is

X1, o
74 () = log(P(s,(N))+ 10g(-————\C‘ w{]+ E D). (+.30

\C:\i)‘

i i > . . -
The second tem i &q. (4.28) only contributes to the decision and not to the revursion
It can be written

. d \Cf*“‘u‘\\
Ar@=tog| ¥ TTPGralN oo™ (431
au sty I=t \Cl (_))\

where the sequences S k+d(j) all have the messages SK(i) in common . The term e
plays a central role in the equations above. It can be computed according to eq. (+20)
and be realized by linear filtering of the received vector (figure 4.2). Since a unique
set of filters is required for each possible message, the number of filters frows
exponentially in time. In many cases, however, only one set of filters is required and .
. &(i) can be computed from eq. (4.26) and be realized as in figure 4.3, In those cases
the determinants of the covariance matrices are also independent of the symbol
sequence and eq. (4.30) and (4.31) simplifies accordingly. Even when the metnc
computation can be performed according to eq. (4.26) the complexity i sull

prohibitivc. There are three main reasons for this:

i The number of sequences that must be evaluated at time X is MSand i
therefore exponentially increasing in time.

ii. The sizes of the matrices in €q. (4.20) and (4.26) are proportional to the time
index k.

1il. The number of sequences required in the evaluation of eq. (+.31) 18 M<® el

exponentially increasing in the delay d.

Thus, except for very short messages, some form of complexity reduction is required
in order to obtain realizable detectors. The price for this is a suboptimal detector,

having a deteriorated performance.
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All of the complexity problems mentioned above have 10 be dealt with. Starting with

1me This
was obvious, where it was found that extension of the cbhservation interval in the

he second one (ii). note that the comrelation of the fading decreases with

receiver beyond a certain length gave negligible performance gains Because of this
ccems reasonable 10 truncate the time dependence in the detector. The resalt of such
truncation is that only the bel (b is the truncation length) most fecent symbol
ctervals are taken into account in the computations. Truncation implies
approximations in the previously derived equations: therefore some performance lose
shall be anticipated. This loss, however, should become smaller when b is increased.

After the truncation, cquations (4.28) and (4.29) remain the same, while (4.30) and

(4.31) become
7oty =log{Pls,i11))+ M]‘g,(h 4 12)
€ .t
and

s =t Caai-at s

‘ ‘ icidan
Aty = Y Ilraaoun —1 g Va5

All covariance matrices are replaced by their truncated counterparts and those in cq.
(4.32) and (4.33) now have the dimensions Nb by Nb and N(b+l) by N(b+l)
; respectively. The expressions for {(1) n g (4.20) and (4.26) are also changed ©

Gi=jLat” {1 oLt @) R (439)

5.(:‘)=-¥L.."-((S.u'.v)"‘r.-lm (Lupt) (Sa0) REY 439

As above, these equations lead 10 filter realizations (figures 4.2 and 4.3). The main
difference is now that the matrices L) . LeaTs (D7 and b ((Lmg_3)) ™" both
have dimensions N by Nb instead of N by N(k-1) and thus filter banks with N FIR-
filters of length Nb are needed. The number of filter banks required for computation
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of eq: (4.34) is also lowered, since there are only M i, instead of Me i P”“ih]c
messages over the truncated interval.  If the detector is robust against non-perfect
Knowledge of the covariance matrices, the same set of filters can be used overa range
of real channels. This reduces the number of filter banks needed to be stored in the

R

receiver or the rate at which the filter coefficients must be recomputed as the channel

varies.

The truncation of the time dependence in the detector practically becomes equivalent

{0 the assumption of finite correlation in the fading process, which is made in all
derivations of realizable sequence detectors .

The first complexity problem, i.c. the exponential increase of the number of

sequences to be evaluated has been dealt with in several related ways.

It is shown that complexity constrained breadth first MAP sequence detection is
achieved by at every symbol interval choosing the B symbol sequences having the
Jargest a posteriori probabilities. That is exactly what is done in the SA(B)-algorithm
(M-algorithm). Even though e.g. RSSD schemes also achieve complexity constrained
MAP sequence detection, this is under further structural constraints. The result is that
at a given complexity in terms of number of survivors, RSSD (or any other reduced
complexity strategy) cannot give a lower error probability than the SA(B)-algorithm.
This assumes breadth first search. When the channel memory is truncated as
described above, the a posteriori probabilities can only be approximated. If, however,
the truncation length b is chosen sufficiently large, accurate approximate expressions
will be obtained. For that reason the SA(B)-algorithm is expected to give a good

performance also when the channel is truncated.

As pointed out above (iii), there is also an exponential increase in the number of terms
required to evaluate Ay (i). Thus some complexity reduction may be needed when d

is large. Again this is achieved by application of the SA(B)-algorithm to select the B

sequences to be used in the computation of eq. (4.33).
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Figure 4.4 Operation of DA(B, [3)

I'his algorithm, which uses the SA(B) twice will be referred to as the DA(B, B), where
DA means Detection Algorithm. Its operation can be illustrated as in figure 4.4. At
time k only BM, of a total of M¥ candidate sequences (possible messages) are
evaluated. Those candidates are obtained by extending the B available sequences, i.e.
the survivors, at time k-1 by the M possibly transmitted symbols in interval k. If d=0,
B survivors are chosen based on the path metrics. If, however, d>0 a tree with M d
branches grows from each candidate up to time k+d. In each such tree, the same
algorithm (i.c. the SA(B)) is employed to select the B best equences to be used in the
computation of . Ay (i). The selection of those sequences is based on the path metrics

e 0) where 1=1, ..., d and the j:th symbol sequence coincides with message i up to

time k.

Asymptotically, at high ——, the expression for Ay (i). (ie. eq. (4.33)), will be

strongly dominated by only one sequence. This gives the simple approximate equation

a S il o _
. iN)+logi 7 . T ok+1(I) |- -36
Ar () sél}}\(ﬁ) E;log(P(Sk-a-}(J) lciif_z,(ﬂl + )
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which 18 even further simplified when the determinants are independent of j (s¢¢ eq-

(4.2 27))

d
Ak (i) = nu‘xx}\[? 100(1"(‘&,“‘]“),\ +I(J\,] \_;__:T\
1

The main utility of this expression is that no exponentials need to be computed. This

makes pmctical realization considerably easier.

A problem OCCuTS for tree-based sequence detection algorithms (like DA(B, B)) on the
Rayleigh fading channel. The metric increments during a deep fade are almost

identical for all sequences. This is because the message ¢ ceived

component of the rec

signal is very small; therefore the corresponding observables contain mostly noise.

Since the metric increments over one symbol interval in m.nt.nl is much smaller than

that distance, only the best of those sequences will survive .

Here, the solution to this problem is not to allow survivors to trace the same symbol

sequence. Instead they are forced to diverge over the most recent symbol intervals.

4.6 Complexity of the DA(B. B)-algorithm

Here the complexity in terms of the number of multiplications per symbol interval is
addressed. The complexity in the initialization (i.e. Cholesky factorizations) of the
filter banks used in eq. (4.34) or (4.36) are not accounted for. The reason for this is
that those are performed either in advance or only when there is a change of channel

statistics and are thus not important for the delay of the algorithm.

The different parameters of the DA(B, B)-algorithm affect the complexity in several
ways. Consider first computation of . £, (i) according to eq. (4.35). Initially, 4MN
multiplications are needed to compute S ()~! .1y for the M channel symbols. After
this, eq. (4.35) can be divided in calculations that must be performed after reception
of 1, and those that can be made in advance. The multiplication by Lm -1 and the
computation of the squared norm belong to the first category and are essential for the
decision delay of the algorithm. Those operations require 2N 243N multiplications.
The other operations given by €q- (4.35) can be computed prior to the reception of 7y.

There 4bN2multiplications are needed.
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for DA(B, 0), this leads to a total number of 2BN? (M+2b)+ MN(3B+4)

multiplications out of which 2BMN*+MN(3B+4) must be performed when 7y has
peen received.

Notably, the truncation length b does only affect the computations that can be made in
advance. Another interesting observation is the quadratic dependence on the number
of observables, N. For DA(B, 8) computation of eq. (4.36) or (4.37) requires a total
number of 2BBdM(M+2b) N + dM (3MBB+4)N multiplications. Even though it is

possible 1o decrease this number by reuse of previously computed quantities, 8>0
gives a significantly larger complexity than 8=0.

When MPSK signaling is used there is little need for storage, since only one set of
filters is required (provided eq. (4.25) holds). For modulation formats having more
than one energy level in the constellation, on the other hand, MZsets of filters are

required. For instance for 16QAM, this gives 3b 3b sets, which soon becomes t00
many for reasonable implementation cost.

4.7 The problem of the random phase induced by the fading

The fading process randomly changes the phase of the transmitted signal. The change
is time continuous and its rate of variation is determined by the fading bandwidth. It
makes it impossible to separate the signs of the fading process from those of the
message. This results in that messages having opposite signs, but equal magnitudes in
all channel symbol intervals will give the same metric values. One way to circumvent
this problem is of course to avoid antipodal signaling and use orthogonal signals
instead. That will however lead to a waste of power, at least on the AWGN channel.
Instead there are essentially three other solutions available: reference information in
the form of pilot tones or pilot symbols can be transmitted or differential encoding can
be employed. The word pilot here means that a reference signal, which is known to
the receiver is transmitted together with the channel symbols. The reference signals
can either be regularly spaced symbols (pilot symbols) or a single tone (pilot tone) . In
both cases a larger bandwidth is required to convey a certain amount of information.

For differential encoding, on the other hand, no external reference is needed and thus
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..pmn;nl expansion s avoided, Here the foows i on PSAM but difforentinl encoding I

Als0 dealt with,

1.6 Pilotsymbols

when pilol symbols are used, known symboly are perdodically (petiod 1% hes "1
channel symbols are both preceded and succeeded by a pilol symbol) innerted i the
dati streanm. Often those symbols are chosen from a pieudo randon sequence in order
o avoid changing the spectial properties of the modulation scheme, ‘The bandwldth

|c(|uiIC(| fo transmit at a certain information rate is, however, ine aned by o faetot

P

Most often, the pilot symbols have been used together with an interpolation scheme in
order to estimate the fading, process between the pilot symbols. By quch a stratepy the
noisy values of the facing process at the pilot symbol intervals are [ist extracted, For
modulation without memory this is straiphtforward, since the (ransmitted waveform in
a pilot symbol interval only corresponds to the pilot symbol itsell, In e CPM-
schemes on the other hand, the transmitted sipnals are dependent upon previously
(ransmitted symbols. In those cases the pilot symbols are used to periodically force
the modulator 1o a predetermined phase state where an estimate of the fading can be

obtained.

Based on several such fading values, an interpolation is performed, done by Wicener
filters, but suboptimal strategics like low-pass filtering or simple interpolation
schemes are often employed. The detectors then use these estimales to compensate
for the fading distortion and they can be viewed as detectors for a time varying
AWGN channel. The measured values of the fading process are regarded as samples.
Hence the Nyquist frequency puts limit on the pilot symbol spacing. It is
demonstrated that optimal interpolation gives a drastically deteriorated performance

when that limit is exceeded, i.e. when 20> 1/,

Here, the pilot symbols are not separately taken care of. Instead they are a part of the
decision function for the MAP sequence detector in ¢q. Since the pilot symbols are
not used for interpolation, the Nyquist theorem does no longer put a limit on the pilot
symbol spacing.
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49 ])ifferential encodin

Wwhen differential encoding is used, the phase difference instead of the phase itself is
the information bearing part of the signal. For instance for binary differential PSK the
Jata bit 1 M2y correspond to a phase shift of 180 degrees, while the phase remains
unchanged when bit value 0 occurs. By this strategy no explicit phase reference is
needed, therefore the required bandwidth is not altered. The main disadvantage iS that
for MPSK signals the bit error rate is approximately doubled (with coherent detection)
when differential encoding is introduced. The reason for this is that an incorrectly
Jecoded channel symbol usually gives two bit errors. This difference in error

probability is not very important on the AWGN-channel since it corresponds to 2

small loss in power.

Differential detection, where the phase difference between consecutive matched filter
outputs is extracted, is one way to detect differentially encoded MPSK signals . Better
performance, however, can be achieved by so called multiple symbol differential

detection or more generally ML sequence detection . The DA(B, B) can be used here.

4.10 Performance evaluation

To evaluate the error probabilities of the detectors introduced above, both simulations
and numerical bounds are desired. Here lower and upper bounds on the bit error
probability of MAP sequence detection is presented. Observe that these are bounds

for the optimal detector and not for the suboptimal detectors presented above.

4.11 Lower bound

An approach to the analysis of tree based detectors is given , the optimal first symbol

detector is analyzed. That detector makes an optimal decision of which symbol S; in
a block of symbols was sent given that all previously transmitted symbols are

correctly detected. It finds the symbol value dj & (=1, 2,..., M) that maximizes

S Pl =855 0)p(RE|s = ;.51 0)
£ allsi @) 38)
o= x1) - - s

S p(sk@)p(R[sE )

all s ()
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; i ector is opti i

gince this detector is optimal in the sense of symbol error probability, it must give 2
1 symbo abili

jower or ¢qua ymbol error probability than the optimal sequence detector under the

came conditions. Its performance can therefore be used as a lower bound to the error
probabimy P(e) of the optimal MAP sequence detector

The first symbol error probability P(e) can be written

poz A= 2, Plst (i))P(c{sf M) (4.39)

all st (i)

. . k =
where the summation is over all messages and Pelsy (1) genotes the probability

of a first symbol error when message i is transmitted. In general, it is very difficult to

evaluate this expression and because of that, lower and upper bounds are considered.

The lower bound is obtained by application of a genie aided approach. For each
message in the summation in eq. (4.39), the genie supplies the receiver with some side
information. Provided an optimal detector exploiting that information is used, its error
probability must be lower or equal to the error probability of the real detector for that

specific transmitted sequence. The side information used here, is that there is only one
(instead of Mk- 1) specified competing symbol sequence S}‘(j) for each message.

The conditional error probability can now be lower bounded by
P(est (1)) = Prse (T () = sT(D) (4.40)

where Pgenie() denotes the first symbol error probability of the optimal genie aided
detector. The competing sequence can be chosen to be any symbol sequence, but the
aim is to use a sequence that gives as high an error probability for the genie aided

detector as possible. Let
ke ke kr! A/
Po= (st (1)) = | Py (51 () = 51 )} (441)
J
be the maximal error probability given sl Slk(i) is transmitted. Note that this
probability in general is dependent on the transmitted sequence. The symbol error

probability of the sequence detector can now be lower bounded by
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peyz > Plst )P (sk ). (4.42)

alls{‘(i)

max { _k /..
Even though the use of P, geme(sl (”) gives the tightest possible bound it is not very

sse-ful in practice, since it involves finding the worst case competing sequence for

every 51 (i), Note, however, that any possible competing sequence will yield a lower
pound, therefore St () can be chosen with the aim of simplifying eq. (4.42) A
reasonable way to choose Sf° (j) is to pick a sequence that differs from the transmitted
one only in the first symbol interval. The differing symbol should also be chosen such

that as large an error probability is obtained. By P (stin—=si)) denote this error

probability, the lower bound becomes
k- P - .
P(e)= Zk P(s1 ('))Pglcmc (s* (i) > st () (4.43)
all sy (1)

Still all transmitted sequences must be evaluated. It is therefore tempting to reduce the
number of terms in the summation so that only one transmitted sequence Sy () for
each of the M possible first symbols is used. This would correspond to using a fixed
pairwise error probability for all transmitted sequences that share the same first
symbol. Difficulties arise here in general depends on the transmitted sequence. This is
due to the correlation in the fading process. In order to still have a lower bound, the

smallest error probabilities for each of the M symbol alternatives must be used.

Denoting these probabilities by ' Fon’(00) =1 M) (4 43) can be written

Pe)= S P(8, ) Pacmi (8, )- (4.44)
all &, \

For some signal constellations, €.g. MPSK, ' 7=.) is equal for all M symbols and

eq. (4.44) can be simplified accordingly.
Sometimes, a lower bound on the bit-, instead of the symbol error probability is

desired. That is easily obtained from eq. (4.44) by noting that a symbol error must at

least correspond to one bit error and consequently

1 1. min e
_ S )P i (O, ) (4.45)
P(e) 2 log, M Eénp( n) genie ( )
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Even though this equation looks very simple, the problems of how to evaluate the

1,min
R ahiliti . . : e ( n
Jir-wise error probabilities and finding " have not yet been treated.

grarting with the first one, those probabilities can be computed by the same technique:
There, €TTOT probabilities are computed for sequences of orthogonal symbols, where
only the midpoint symbols in the sequences are distinct. A symmetric observation
interval around those symbols is used. The sequences in eq. (4.45) have already been
pecified 10 differ only in a single (the first symbol) interval, therefore by changing
the modulator waveforms from orthogonal to antipodal the technique applies. Due 10
the infinitely long correlation in the fading process, the observation interval should
ideally be chosen from minus infinity to infinity. Fortunately, Very éood

appmximations are obtained by only using a few symbol intervals. That also

simplifies the second problem, i.e. to find e @) , since only a small number of

transmitted sequences need to be investigated.

4.12 Upper bound

The symbol error probability will in general vary in time when pilot symbols are used.
Because of this, the average error probability over all symbol intervals is desired. At

time k that probability becomes

Py L3 P = 3 A 0)P(ef )
I=1

=1 i=l

1 M ME (446)
1S3 pst) A Ust et @
k I—'—l l=1 j:l
where e; denotes the event of a symbol error at time 1. Application of union bound
gives
= A&k wo k
P(e) < EZEP(SI )Y, Psk @) - si( jre)=
I=1i=1 j=1

p+P-1m P E (@47

| ; lg+P-1 . +P-1, .

= P1 2 2 P 510+1 (’)"_}sloﬂ (]),6‘1 :
(P=1)-M""" g4 im1 j=L
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P(Sf(n—‘ﬁf(-"""') denotes the pairwise seque
: Sequence error probability, i.e. the [\l\‘l‘l‘l‘n“y
() is transmitted. Inclusion ¢

rcquircmcm that the two sequences differ

k (i) is chose ' Sk
(hat Y QR osen when § _ .
j pives the furthet

attime 1 The second step in the equation
i obtained under the assumption of o very long transmitted sequence, The average
gymbol error probability can then be computed by summation over a single pil~m
gymbol period (of length P and starting at time 1y) and the painwvise ::.x.‘qucl.u‘u errot
probﬂbili‘y changes accordingly. This is similar to {he bound] obtained for block-

1mnsmission.

If the bit- instead of the symbol error probability is desired eq. (4.47) can be written

Iyt P-1p P P

= 1

< . LhtP-1,, tP-1, o
o (P—l)-l\dp"-logol‘fl1:'5"'10“Z 2’“‘”'})(36-*1 ()= S UM)

i=1 j:]
(4.48)

where w;j,; denotes the number of bit errors that occurs at time 1 when the j:th
sequence is incorrectly chosen instead of message i. The pairwise sequence error
probability still remains to be computed. Again, the correlation in the fading process
causes problems. The reason for this is that the pairwise error probability is dependent
on the duration of the observation interval. The optimal sequence detector, derived
bases its decision on the whole received sequence (from time 1 to K), therefore a
shorter observation interval must give an upper bound to the pairwise error

probability.

Example 4.1

Consider pilot symbol assisted BPSK (rectangular modulator waveforms) with P=3,
This implies that two data symbols, preceded and succeeded by pilot symbols, are
transmitted. Let the observation interval start at time 0 and include both of the
framing pilot symbols. For symmetry reasons, the error probabilities now are the same
for each of the data symbols. The averaging with respect to the error position can then

be removed. For BPSK, the pairwise error probability is found to be practically
. td

i
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Figure 4.5 lllustration of the error probabilities in example 4.1.

(for this type of calculation) of the transmitted sequences, therefore the summation in

¢q. (4.48) can be made over any single message. The bit error probability can now be

upper bounded by
3
P((.’)SEP(Sf(I)—asf(j))—_-Pl_i.pz (4.49)
j=2

Where message 1 is assumed to have been transmitted. Figure 4.5 shows the two pair-

wise error probabilities P1 and P2 together with the union bound for N=4.
This example indicates that a good rule of thumb for obtaining an approximation to
(he union bound at high SNR on the fast Rayleigh fading channel may be to use only

symbol sequences differing over a single symbol interval.

4.13 Simulation setup

Bit error rates (BER) as functions of average signal to noise ratios for uncoded M-ary
signaling on the Rayleigh fading channel are estimated by computer simulations.

Various versions of the DA(B, B) are employed. The channel is characterized by the

s C,(u,v) =127 f(u—v))
covariance of the fading process f 0 . Now the average SNR

is defined as

35

Scanned with CamScanner



W""

E. C,00)-(P-1)-E,
/_,’,IZ—: 5 _
SNR = Ng log,(M)-P- N, (4.50)

where E, is the average received energy per bit and £ is the average transmitted

gymbol enerey: Note that the S¥Ris normalized with respect to the pilot symbol

spacing SO that E» is the energy per information bit. To simulate the fading process
haracterlled by the above covariance, the technique is employed. Two white
Gaussian noise processes are filtered by identical FIR filters to obtain the real and
;maginary parts of samples of the fading process. To get an approximation of the time

continuous channel, 16 such equally spaced samples are produced during every

symbol interval.

The discretization is performed. To approximate this, numerical integration is used.
The symbol interval is divided into 16 equally large sub-intervals and the integral is
approximated by the midpoint values (of the sub-intervals) of the received signal. One

complex sample is used to represent the fading in each sub-interval.

100 0 5 10 15 20 25
10?
B
E
R
10°
T~
Computed error probability T
B Simulated bit error rate
10 i ‘

SNR, E, [Ny, [dB]
Figure 4.6 Simulation results compared with computed error probabili-
ties for orthogonal modulator waveforms and discretization
by set 1.
To study the influences of the above approximation, simulation results for the detector
based on the decision rule in eg. (3.13) are compared to the computed error

_' probabilities from chapter 3.4.1. The orthogonal modulator waveforms in figure 3.2
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and the observation interval coincides with the

(¢ ”Scd s symbol imeryal, The punber

af

Ables is N=4 and the normalized {4 '
()f()hﬁcrv.lhlb. i ¢ wrmalized fading bandwidth is fn-0.1, The simulation

~overy close to the co - ¢ -
esults are very mputed error probabilities (figure 4.6) indicating that
ation sctup IS an accurate

(he simul approximation of the time continuous channel and

the (liscrcli'/.nli(m 3

114 Gimulation results

The aim is both to investigate various parameters of the DA(B, ) algorithm and 1o
illustrate the performance that can be achieved by using efficient detection algorithms
on the fast fading channel. The focus is on BPSK signaling, but results for OPSK,
gpSK and 16QAM are also given. Rectangular modulator waveforms are used and the

pormalized fading rate is fn=0.1, which can be characterized as being fast).

10° . 10 - ? 1
a7 )
‘M‘__. - N
10‘ ?.F"z- —
- ::;-:\".';--.
e,
B S “
E 0° v‘.h’:
R ,m;“n_
— DPSK T
o s PSAM, P=3
...... PSAM, P=5
e PSAM, P=B
10" |

R E, Ny, [08]
Figure 4.7 Binary PSAM compared with DPSK. N=4, B=12, =0, b=2.

Figure 4.7 Binary PSAM compared with DPSK. N=4, B=12, 8=0, b=2.

The use of rectangular modulator waveforms and discretization by set 1 makes it
possible to factorize the conditional covariance matrices according to eq. (4.25).
Hence the simplified computation of &.(i) (eq. (4.35)) can be employed and only one
set of filters is needed for the MPSK schemes, whereas for 160AM 3% sets are

required. The determinants in €q. (4.32) can be omitted without loss of generality
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when MPSK is used. Note that this jg

not the case for 160QAM, still the determinants
will be omitted here as well.,

S yarameter at a time is invect: .
One system parameter at a time is fvestigated, while the others are held constant. The
reason for this is 1o limit the number of investigations and diagrams. As a
complement, results for systems  with completely different combinations of

‘mmmclcrs (and consequently different complexities) are also presented. Initially only

DA(B, 0) is studied, but in the end of the chapter DA(B, B) is briefly investigated.

pilot symbol spacing, differential signaling

The error probabilities for binary pilot symbol assisted modulation and differential
encoding is displayed in figure 4.7 (N=4, B=12, 8=0 and b=2). DPSK (solid curve)
here gives significantly worse performance than PSAM (Pilot Symbol Assisted
Modulation). The reason for this is that most symbol errors result in two bit errors for
DPSK, giving an approximately doubled bit error rate. Note, however, that the
bandwidth requirements for PSAM is a factor P/(P-1) larger than for differential

encoding. Despite this, the lower error probabilities obtained for PSAM motivate its

use in the rest of the Dissertation.

23 4 5 6 7 8 9 10 11 12 13 14 15

10°
P s ol U5 /-'/:";
Y W ot s gl
B o __,.—"‘".:—‘- —‘,/"//
g 1 __.__‘“"_v,.,u y//
10° L — )
Pilot Symbol Spacing

Figure 4.8 Influence of pilot symbol spacing, P at SNR=10 dB. N=4,
B=12, =0, b=2.

38

Scanned with CamScanner



2

i“(crcsling observation is that the performance at low SNR is worse for P=8, than
AN

- p=3 and 5 whereas it gives a lower BER at high SNR . The reason is probably
or I'= >

pat the aumber of good candidate sequences becomes larger when the pilot symbol
{hi

p,‘cing is increased (at least the number possible sequences between two pilot
gpactiie :

“.m[»ols becomes larger). These candidates may be hard to distinguish at low SNR

which gives @ high error probability. Asymptotically at high SNR | on the other hand,
.“ppfo.\'imatcly the same bit error rate (as a function of transmitted energy per symbol
interval over N,) is achieved regardless the value of P. In the diagram, the BER is
plotted as a function of energy per information bit (over Ny)) and since less energy is
spent on transmission of pilot symbols when P is large, those systems perform slightly

petter.

2 3 4 5 6 7 8 9 10 11 12 13 14 15

0t ] ]

— BPSK

-——-=" QPSK

' 8PSK

= 16QAM J
B 4 L
E 10° t~—————=—p— B
S et U ISR IUOPPON SRS S Sy

S
10°

Pilot Symbol Spacing

Figure 4.9 Influence of the pilot symbol spacing at SNR=20 dB. N=4,
B=12, p=0, b=2.

In figures 4.8 and 4.9, the influence of the pilot symbol spacing on the bit error rates

is displayed for different modulation formats. At low SNR (10 dB), increasing the
spacing gives a deteriorated performance, while it is essentially unaffected at 20 dB

and P<15, For larger values of P there is a gradual deterioration of performance. This
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i contrast 10 PSAM when interpolation is employed. Those systems exhibit @
I

Cm.rcsponds to P=5. The different signaling schemes seem to be affected in very much

rformance 10ss when the pilot symbol spacing exceeds 1/(2 fn) , which here

(he same way by the distance between the pilot symbols and an overall good choice of

jilot symbol spacing at fn=0.1 seems to be P=5. Note that this will result in 0.8

”.mqnittcd bits per channel symbol.

yendence on the truncation length, b

De
The bit error rates for BPSK and PSAM at various truncation lengths are displayed
together with the lower bound in figure 4.10 (N=4, P=5, B=12, 8=0). Very good
performances are achieved for the truncation lengths b=4 and b=6, indicating that the
orror introduced by the truncation soon becomes negligible when b is increased. Note
hat the case b=6, even though the detector is suboptimal, practically gives the same

BER as the lower bound for the optimal detector.

. 0 5 10 15 20 25
10 I
Pimes..,
TS
10™ 4 o= ':;_h\
S ;
B
E 107
R
—————- b=2
102 L7777 b=4
- =6
Lower bound
ol I

S—N_i,—E_;/Nn 8 [dB]

Figure 4.10 Dependence on the truncation length for BPSK (PSAM).
N=4. P=5, B=12, p=0.

This property, i.e. ability to achieve close to optimal performance by increasing the

e for a suboptimal algorithm. These results also

support the assumption that the SA(B) (which forms the basis for DA(B, 8)) here

complexity is of course desirabl

gives a good performance compared with other reduced complexity breadth first

sequence detection algorithms. The reason for this is that the correctness of this
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elies on the aee 1 .
“,1.,.m||'“““ ' HECREEy i the approsximation obtaiped ol the
eation of the thme dependenpce
(e

. nlrndes dependenee

e A 00 Hustrates the dependence o 1, for various modulation formats a1 SVA
S A T - 0), T e ,

AN (N, M) The othier schermes (OPSK, WK and 1GOAM ) ate

Nn,-,lulv feset nllected by Incrensed trunention lengtha thinn 15K, Vor 160OAM only
- and b= nre stonulated, since the number of different filter banks is 100 tnrge (4%)
when b, For MEPSIKC on the other T only one filter bank is needed and the
(uneation fength merely wltects the complexity of the catenlations that can be made in

lll‘V“”U“)‘ I'hus, hh-u'n?tlllu, h doey "ol y‘lw " 1“,,,',._, ‘l‘.’]“./ In the receiver, which
certainly i desirable property,

l()l - ‘t ’l
1] 151 4
OriK
s BPSK
...................... R S l(l‘)f\t’d
R
10" e ———————————

Truncation Length, b

Figure 4,11 Dependence on the truncation length at SNR =25 dB. N=4,
P=5, B=12, §=0.

Dependence on the number of observables per symbol interyal, N

Figure 4.12 shows the BER for BPSK at various numbers of observables (b=2, P=5,
B=12 and B=0). N=2 and N=4 pivc pood performances, while discretization by a

matched filter (N=1) leads to significantly higher bit error rates. Note that N=]

11
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Figure 4.12 Influence of the number of observables for BPSK. B=12.
P=5.5=2, B=0.
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,‘ Figure 4.13 Dependence on the number of 0
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th the observations in chapter 3.4, i.e.

The result in figure 4.12 5 i .
I g 25 in accordance v;
mereasing the number of ahen
increasing r of observab)eg leads 1o |
. rmance. Notic ik
oo Notice also the . Aarastic improvement of the
aIVELY st
an implicit diversity here »g well, The
- The dist

- ance to the ) . .
ﬁgUTC 4.10. The reason for this i i IOW(J bound 1S lﬂrng than in

at the truncatio
» d n ¢
qufficiently long,. length used here (b=2) is not

In figure 4.13 bit error rates at SNR

. . =25 dB are shown for various modulation
formats. Discretization by

A m ) . -

\ atched filter (N=1) gives significantly worse
an when

more observables are used, Note, however, that only a small

pertQERIER RIS CoiE] by inCrcasing the number of observables beyond N=2
That is attractive from

pcrform:mcc th

ac : : : . )
omplexity point of view, since the number of observables is

the single most important parameter for both the decision delay and the total number
of multiplications in the receiver.

10.11 23 4 5 6 7 8 9 10

I —
g —— BPSK
~1 1 | | | |- QPSK
\‘\_\ N T O 8PSK
\ i S -== 16QAM
v e
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fmmm e m
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Number of Survivors, B

Figure 4.14 Influence of the number of survivors ot SNR=20 dB. N=4,

P:S, b=21 |3=0'

urvivors, B
Dependence on the number of survi et R
Fi 4.14 di bit error rates as function of the number of survivo
Yigure 4.14 displays the

5. b=2 and B=0). For all modulation schemes, only a few
p=5, b=2 ¢ =/

SNR =20 dB (N=4,
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rvivors are needed in order 10 obtain a good
, E performance. G e :
pPSK B=3, OPSK B=4, 8PSK B-7 and 16QAM B sood choices are for:

7 or 8. Th
) . - Ihe property that only a
<mall number of survivors is needed 1S similar

to what is found for the SA(B)-
algorithm. For TCM on the AWGN channel it is (

n a f t- f th n strated l]l:)t in many cascs
raction O € nNu r f . b

required to obtain MLSD-performance.

These results also indicate that it may be a waste of complexity 1o we the Viterbi

algorithm here. If e.g. a channel memory (due to the correlation) of three symbol

intervals is used, 162=256 states (and survivors) are needed for detection of 16QAM.

This obviously leads to a detector, which is drastically more complex than DA(S, 0).

even though their performances should be almost equally good.

9 5 10 > ;
“f 1 15 20 25

10" e

B
E 107 S
R NG
| [ S MO N
------- N=1, b=6, B=12 \ ™
10° === N=2, b=t B=3

N=4, b=b, B=12 R

\

— Lower bound j

SNR,E, [Ny [d8]

Figure 4.15 Comparison of different detector configurations for BPSK.

B=0, P=5.

Svstem examples using DA(B, 0)

: arameter hav
So far, the influences of eachp
‘ esults are use
to find low complexity systems with good performances. The above 1 sed
in ; > )

e been studied separately. The aim now is
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4 } PRt s

- 1olines i - choices of parameters, T . R .
45 gu;delmcs in the ces of parameters, Through this sub-chapter, the pilot symbo

T tant at P= TP SRy . . 7 r -4
Spacmg is held constant at P=5. Starting with binary signaling DA(3, 0), N=2 and b=4
gives 8 performance within 1 dB of the lower bound and it seems 1o give 2 good trate

,,,,,

off between performance and complexity, The BER of this system is shown 17

i

Jiagram 4.15. In the same diagram, the BER of 2 matched filter detector (5=1) with
pA(12, 0) and b=6 is displayed. Even though s much larger number of survivor
(B=12) i used, the performance of the matched filter detector is poor. 10
performanoe is far from what is obtained if sufficiently many observables and 2 Jong
truncation Jength is used. Then a performance very close to the Jower bound is
achieved, which is illustrated by using N=4, b=6 and B=12. This suboptimal cetecior
thus seem to give almost the same performance as the MAP sequence detecton even

though the complexity of the latter is substantially larger.

10°

R
i tiabont N
10% 4 e N, b=6. B=12 . J "-.‘_:,: \
------ N=2, =4, B=4 IR
"""" N=1, b=6, B=12 N
10—4 ) \
ENR. E,[No.[dB]

Figure 4.16 Comparison of different detector configurations for QPSE.
B=0, P=5.

For QPSK, 8PSK and 16QAM (figures 4.16, 4.17, 4.18), the behavior is very much
the same. Detectors based on matched filters give poor performances, but with only 2
little increase of complexity much lower bit error rates are obtained. Both lower and

approximate upper bounds are displayed for QPSK and 8PSK..
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Figure 4.17 Comparison of differeq

B=0, P=s t detector confi gurations for SPSK.

10°

B
E
R
10" —— N=4, b=4, B=12
.......... N'—Q, b=—'1, B=8
------ N=1, b=6, B=12
10°

SNR, E, [Ny, [4B]
Figure 4.18 Comparison of different detector configurations for

16QAM. B=0, P=5.

46

Scanned with CamScanner



W

ases the bit error rates are f:
jn both € ot rates are far from the lower bounds, whereas the

y'n]
¢ bound on the error probability for MAP sequence detection and fot Lecessarily

ate upper bounds seem to be very tight, Note that this is an nppmximilfc

uppe
for the St
configurations give higher bit error rates than the bound. When, however,
ed by

1bopllmnl algorithm considered here. For that reason some of the detector
the

ameters (N, b, B) are sufficiently large the simulation results are upper bound

pﬂr
ance close

the appr
to that of the MAP sequence detector is obtained.

oximate bound. There it seems reasonable to assume that a perform

Dependence on B8
The simulations of DA(B, 0) above indicate that a very good performance can be
her an anti-

achieved with just a causal detector. For that reason it is doubtful whet

causal detector is really useful or not.

In figure 4.19 simulation results for DA(2, B) for QPSK are given (P=5, N=4 and

b=2). Equation (4.36) is used for the computation of .a (i) (the determinants are

(o]
w

10 15 20

10°

x M

10* _,___,_L_,_—-———-—/
SNR, E,/No 48]

al (DA(B, 0)) and anti-causal (DA(B )

Figure 4.19 Comparison of caus
for QPSK. P=5, N=4 b=2.
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For comparison, bit error rates for DA 0) and DA
y -, - )
the pcrformnncc of DA(2, 0) is in Mo e
proved by increasing Bland d). Ne ' at
even better results are obtained for DA(4 ; S
0) at a signifi i
‘ N » V) at a significantly lowe lexity
ately 40 times less . antly lower compiexity
(appmxnn,xlcly 4 ¢s less multiplicat <2
ations), there i
I » therefore an anti-causal detector seems
10 be a bad choice in this case, e

Dependence on the fading bandwidth

uite remarkable prope .
Aq o property for single symbol signaling was observed. Provided the
number of observables was large ¢ )
arge enough and a sufficiently long observation interval

ed, the error iliti J
was uscd, probabilities became lower as the fading bandwidth was < creased.

10 ’ 0 1
10 e
<L
S,
10-: \N"""\\
B
E
R
10”
- f=0.1
10°l | ——f=001
------ £,=0.001
ol 11
SWR.E, %o 48]
Figure 4.20 Influence of the fading bandwidth for BPSK. DA(12,0)

with N=4 and b=2. P=5.

Here the dependence on the fading bandwidth is investigated for sequence detection,
ection . Three different normalized fading bandwidths are

instead of single symbol det
used, fn=0.1, 0.01 and 0.001. Binary signaling and PSAM with P=5 are employed in

all cases. The detector is DA(12, 0) wit
w an average SNR of 1
ther fading rates. The r
fading bandwidth when fn

h N=4 and b=2. Figure 4.20 displays the

5 dB, using the high fading bandwidth

simulation results. Belo .
eason for this may be the large

is inferior to signaling at the 0
y -0.1. When, however, the

pilot symbol spacing relative the
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Figure 4.21 Influence of mismatch in the detector.
4.15 Summary

In this chapter sequ

n on the time continuous frequency flat Rayleigh

ence detectio
anti-causal M

as been treated. Contrary 10

AP-, instead of causal

fading channel b
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ML-sequence d i as i i
q etection was considered. By this pilot symbols are accounted for in 2
natural way and the correl i

ation with future values of i
alue: the fading rocess cz
exploited. The deriy p

AWGN) appro

receivers,

ation of the optimal detector followed the traditional (from
" : . i
ch of manipulation of the likelihood function and the focus was on

where dis ion is
cretization is performed. The resulting detector operates on

Hlere as well as in most of the above papers, the optimal detector was found to be too
complex, therefore a suboptimal detector (DA(B, B)) was proposed. In contrast to the

suboptimal detectors it is based on the SA(B)- (or M-) algorithm, which is known to

be the best complexity constrained breadth first ML-sequence detection algorithm .

The performances of the optimal detector as well as for DA(B, B8) were investigated.
Both a new lower bound and an approximate upper bound on the error probability of
the optimal detector were presented and used for different modulation formats. The
bounds were compared with simulation results for DA(B, 8) at fast Rayleigh fading.
Among the results was that a performance close to that of the optimal detector can be
achieved at fairly low complexity, provided sufficiently many (N=4) discrete
observables are used every symbol inferval. If on the other hand matched filtering is
used (N=1), the receiver performs far worse. Another observation was that a causal
detector could give the same performance as an anti-causal detector at a much lower
complexity. The anti-causal version of DA(B, B) will, however, form the basis for the
receiver front end, where soft instead of hard (i.e. symbol decisions) outputs are

desired.

As for the single symbol detector the sequence detector was found to be rather robust
or the si ’

inst imperfect knowledge of the statistical properties of the channel. This is a
against im

result of the implicit diversity in the fading process.
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CHAPTER 5

Coded Modulation

Coding combined with interleaving was presented as an efficient method for
achieving time diversity for digital signaling on the Rayleigh fading channel. For

transmission of more than one information bit per symbol, there are essentially two

coding strategies available:

1. Trellis coded modulation or

2. Multilevel coding .

The focus is on trellis coded modulation (TCM) and variations thereof. Contrary to,
where a time continuous channel model were employed, the discrete time model will
be used. Even though, this model was found to be appropriate for use only on slowly
fading channels it is employed. Perfect knowledge of the fading process in the
receiver is also assumed. The reason for using such a restrictive model is that it is
commonly employed, when treating coded modulation on the Rayleigh fading
channel. To enable fair comparisons, the same model should be used. Note, however,

that generalization into continuous time is the subject .

The first step towards a systematic design of good codes for the Rayleigh fading
channel was taken, where an upper bound on the error probability for TCM was
derived. Based on this bound, the main design parameter for coded interleaved
modulation on that channel was recognized as the effective diversity, which was
found to be the minimum number of distinct channel symbols along any error event.
Sometimes the effective diversity i§ also referred to as the minimum symbol
Hamming distance. The product of the non-zero Euclidean distances along such an
error event is found to be another, but less important design parameter . These
parameters are quite different from what determines the performance of TCM on the

AWGN channel. There the performance at high signal to noise ratios is mainly

dependent on the minimum Euclidean distance of the scheme. This indicates that the

codes developed for AWGN may not be the ones best suited for signaling on the

Rayleigh fading channel.
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Multiple TCM (MTCM) is suppes
M) is sugpested, Here, the number of bits jointly input to the

l'rllt'”‘"(’:l 14 ll.ICl'(t:l.'i(‘,(l and the signal set is expanded accordingly by introduction of
m”““hm““'m'.“"l signals, By this strategy, the effective diversity for trellises with
parallel transitions becomes larger. However, for trellises having no parallel
transitions only a minor improvement is achieved at the price of an increased

complexity.

No TCM schemes, developed by use of either the effective diversity order or the
v v elide: latannm . . .
product 'I uclidean distance as design criteria, were proposed. Instead, the first
systematic design using these, , By considering both the effective diversity order and
the product Euclidean distance, good codes were obtained. The improvements are
achieved mainly for trellises with 32 states or more. Other design criteria such as
Euclidean distance and error event multiplicity were considered also, giving some
further improvements. Especially for small trellises, however, no significant
differences compared to the codes devised for AWGN. The reason for this is that
those codes attain the maximal diversity orders that are achievable for symbol
interleaved TCM. For instance, for transmission of two bits per symbol encoded by an

8 state code the maximum effective diversity is only two, which is already achieved

by the code .

A significant contribution to the development of TCM for the Rayleigh fading
lizing the concept such that the diversity order could be further

channel by gener:
wcoder and channel symbol set (signal

increased given a certain convolutional er
he increased diversity order is here achieved by bit- instead of

constellation). T
oder output. In the original TCM approach, two

symbol-wise interleaving at the enc

ols which are distinct over a symbol interval increase the diversity order

ded bits associated with the coded symbols can differ
odulation (BICM) the diversity

channel symb

by only one, even though the co
n one position. By bit-interleaved coded m

in more tha
to the number of coded bit positions and the effective

order can instead increase
als the minimum Ham
bit-interleaving gives an effective diversity

diversity order now cqu ming distance of the code. For instance

for an 8 state code with 8PSK mapping,
aving. The prices to be paid by the introduction

a possibly larger delay in the
52

order 4 instead of 2 without bit-interle

of bit-interleaving are a smaller Euclidean distance and
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transmission, lin-lntcrlc:avin;’, decreases (he Euclidean ;. tance by
v o HLAnNCe CCaus

ingei e the structured
mapping imposed by the get p

artitioning in the original TCM
ay 15 due 1o that {he encoder output bipg
experience approximately independent f;

ading. Since there it an one encoder
output bit per symbol, 4 larger inter leaver ig

v needed in the bit-interle
achieve the same leve] of independence. This

g system is destroyed. The
increased de

nstead of symbols, shall

s more th

aved system to
leads to an increased delay.

Two other approaches have beep taken in order to improve the performance of TCM
on the Rayleigh fading channel.

The in-phase and the quadrature-phase of a 160AM
constellation

are mdcpcn(lcntly encoded using two 8 state rate [/2 convolution

al
encoders. This is compared to

a TCM scheme employing a single 16 st

ate code, which
output is mapped onto an 8PSK constel]

ation. It is found that the 160AM-system has
a larger diversity order, which gives a better performance, This approach was refined
and more systematically studied .It was combined with bit-interleaving, which was
found to give further performance improvements,

Coordinate-interleaving, whereby the signal space coordinates of the channel symbols

are interleaved before transmission, was used for TCM with QAM constellations. The
same strategy was repeated for MPSK modulation. This is in general less efficient e.g.
a 2-D signal space, the diversity order can increase at most by a factor of 2 for each
pair of distinct channel symbols. Using 8PSK, the order can be increased by a factor
3. One advantage, however, is that the Euclidean distance of the system is preserved

under coordinate-interleaving, giving a better performance in AWGN .

By using a larger number of encoder output bits than in  combined with bi'l-
interleaving found that the effective diversity can be further increased .To avoid
spectral expansion, the number of channel symbols in the constcllanorf is c.‘.([cn(l.cd
accordingly. Here, this approach, referred to as Channel Symbol. Expansion l)l‘vcrsuy
(CSED) is reviewed and compared to other coded modulation sch?mcs l.or'thc
Rayleigh fading channel. The maximum likelihood (ML) dclcctor' (ccrlzim rcsmcnc'ms
applied) and a suboptimal detector for such a system are derived. .l‘ he d.ctuuon
performance on the Rayleigh channel is illustrated using compultl:.rlsnmu:fmons. l.n
order to evaluate the performance in AWGN, an equivalent Euclidean distance is

derived.
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5.1 Channel Symbol Expansion Diversity (CSED)

For BICM, the diversity order is the smallest number of distinct coded bits along any

error event. It is possible to increase this number , by also increasing the number of

positions where these bits can differ. By increasing the size of the channel symbol
constellation such that channel symbols are transmitted at the same rate as before,
spectral expansion is avoided. For instance instead of using a rate 2/3 convolutional
encoder with 8PSK one can instead use a rate 2/4 convolutional encoder with 16PSK

or 16QAM. This will leave the power spectrum the same (approximately for the
latter) while increasing the diversity order.

llm(f) Y l
) Interleaver | ﬂ_—
i | Vol
c Interleaver 2 ul)
Conv.
2 Modulat
Encoder 9;1;01"’ —5,(i)
r=min =
i
= " () i)
(1 Vil
A Dt [
-~\'g,1(i)q —“k,x(i)- -vi,l(i)q
X z(i) . "k,z(i) . vs,z(i)
X}(i): }!; uk(l)'-' ; vk(t)': >
_xk,m (i)_ _u ka (i)d .v’““ (i)_

Figure 5.1 Transmitter block-diagram in a bit-interleaved CSED system.

A canonical form of the transmitter in a general bit-interleaved CSED system appears
in figure 5.1. Note that it is also possible for the encoder to have only one state (no

delay elements, memory less) such that an (n, m) block code is used.
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Figure 5.2 Transmitter iy repetition coded CSED system.

interesti i : :
An 1nteresting special case is obtained when the convolutional encoder is simply

removed. Then the same information bit is mapped onto n different channel symbols.
Thus the code is just a repetition code, where spectral expansion is avoided by the use

of larger signal constellations. This low-complexity solution for improving the
performance of uncoded signaling on
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e, |

the Rayleigh channe] ig henceforth referred to as repetition coded CSED. The
transmitter part of such a system is displayed in figure 5.2
S L.

The mapping i : .
PPINg In the ‘modulator s made, considering the output bits from the

interleaver at each symbol interval a bit pattern (

- [vk,1, vK,2,...,vk,n]), which
corresponds to a labeling on 3 point in the signal constell

ation. It seems reasonable to
choose the mapping such that neighboring channel symbols correspond to bi

. . t labels
that differ in as few bit positions as possible. By Gray coding

» @ mapping in which the
labels of nearby channel symbols differ only in a single bit position is obtained. This

choice of mapping is supported by random coding arguments given in [98]. An
example of this type of mapping is given for a 16QAM constellation in figure 5.3.
The channel symbols in the set denoted Py all correspond to Vk,1=0, i.e. the L:th bit
input to the mapping being zero. Note that this leads to different types of partitions for
different encoder output bits, which indicates that the encoder should be designed,
taking the mapping into account. This is not done here, instead a fixed mapping is

used according to figure 5.1. The result is that a certain encoder output bit always

corresponds to the same bit position in the signal constellation.

5.2 Detection

The model for the slowly independently (between symbol intervals) fading channel is

mployed here. Independence is obtained by a sufficiently large interleaver. The

discrete representation of the received signal at time k is, RER s in v £ =p,e adny
are complex Gaussian random variables representing the fading process and the noise
process respectively. The noise and fading are independent and both have independent
real and imaginary parts. Sy; is the discrete representation of the modulator symbol
corresponding to message (sequence) i at time k and the vanance .Of the c'ompl.ex
valued noise is Ny. Perfect synchronization and channel state information i.e.

knowledge of the phase @y. and envelope py of the
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Figure 5.4 Recejver block-dingram
gram,

fading process is assumed. Without loss of generality

| . the phase of the fading process
in the received signal can be set to zero (¢y,.= .

. 0 ) when perfect synchronization is
assumed. The received signal can now be written r =

r=( 8+, whete . k. . .
LTy b is Rayleigh distributed. Both the channel model and the assumption of

perfect knowledge of the fading process is unrealistic, especially at moderate and fast
fading. However, most published results on code design are presented under these

assumptions, therefore they are adopted in this chapter. In chapter 6 more realistic

assumptions will be made again.

The Maximum Likelihood (ML) detector for a bit-interleaved coded modulation
scheme becomes very complex. The reason is that output bits from the encoder at the
same symbol interval are mapped into different channel symbols together with bits
from other symbol intervals. Optimal detection in general requires (or should at least
not exclude) that all information bits of a message are jointly detected, which in most
ome prohibitively complex. To obtain a detector of reasonably low

cases bec

complexity, a simplified suboptimal receiver structure 1s imposed. A block diagram is

shown in figure 5.4. Instead of making a joint detection of all bits, the code and the

modulation/channel are treated independently in the receiver. The receiver front end

works without know

the decoder after de inter leavin

ledge of the code and produces some information to be used in
g. The decoder is just a decoder for the code and has

i i i iver is also
no information about the interleaving, mapping and channel. This receiver is

repetition coded CSED. The decode

posed by the receiver structure in

r is then just a symbol detector.

licable to ] .
i figure 5.4, the maximum

Under the constraints im . e
ved. Input to the decoder is the a posterior probabilities

ikeli i deri
likelihood receiver can be | . ‘
us soft, instead of hard (i.e. binary) inputs are

of the encoder output symbols. Th
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e uired n the decoder, By assuming ideal interleaving |
I g ideal interleaving, i.e. all encoder output bits are

alfected by independent Tading values, the optimal i _
’ W the optimal input at time k can be written

Py DRZ) = Pl (DIRZ) P, (DR Z), 1, (]2 (51
oo P(tty, 7. 5.1)

i additive metties are desired |
or i tries are desired in the decoder (e, when the Viterbi algorithm is

(~,||||)Iuyc(|)

fog (0, (DRCZ) <o (i, (DI Z) 0 1o P(y ,(O[RCZ) 1 oy 22, (D]IR.Z)
(5.2)

R containg all observables of the received signal, which are available to the receiver
and 7 contains all side information. Here, the side information is the perfect

knowledge of the envelope of the fading values (perfect synchronization is alr sady
accounted for in the channel model), i, Z=(p1,p2, p3 .. ... )T . The soft input needed
in the decoder is thus bitwise a posteriori probabilitics and the task for the receiver

front end is to produce those or approximations thercof.

Now consider the receiver front end. The interleaver at the transmitter is assumed to

make all transmitted symbols equally likely. Now the probability that the I:th bit at

lime k is zero given R and Z can be written

Z P("l’.l = OI.S". = 15‘" ) IJ(RIsk = b‘" ’ rJ)

all &, —
Z p(Rlsk =0, .Z) B
all &,
(5.3)

S p(Rlsy = 6,.2)
Y S— -
= Z [)(Rlsk = (S,,,Z)

all &

il

(v = OR.Z)

\ channel symbol in the signal constellation. The

§,(n=1, 2w M) I8 ¢

where
endent of the bit value, ther

efore it can be omitted without loss

denominator is indep
summation in the numerator is

n the second step,

of optimality. Observe that i
ose where vy =0. Note also that the

ymbols in P,
only observ

i.e. over th

performed only over s
ables of the received signal from the k:th

ideal interleaving implics that
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The optimal (in the sense that it enables ML decis;
c €CIS1

Symbol interval need to be regarded, The out

- put fro .
pumerator of €q. (5.3)) can be simplified (g m the receiver frop end (i.e. the

S p(R]s, =5,Z)= ¥

,)'” ti[[;

= ons in the decoder) soft i
thus a sum of complex Gausgiap likelihood funct; | -
i

n ons of the form (again the s
ame
notation is used for the random variable and for the argument of the d
e

ensity function)

|"k‘pr5,.|2
Pllse =8ppp)=—L = g
N, . (5.5)

t high VR | th i
i © Sum in cq. (5.4) becomes strongly dominated by the largest

exponential, therefore an asymptotically optimal detection is obtained when at least
that term is used in the soft output . When the Viterb; algorithm is employed in the

decoder, it is feasible to take the logarithm of eq. (5.4) already in the receiver front
end,

high SNR i
log 6,%’0' P(rklsk =3J, -Pk) o ‘slllél;()l {—N—olr" - Py -5”|2 } —logm-Ng.

By neglecting terms independent of §,dn the following soft output, which leads to

asymptotically (at high SNR ) optimal detection is obtained

2

o, ,(0) = 5111;%1]1‘,‘ — Px -6, )
n s}

(5.7)

Thus the receiver front end only has to find the minimum Euclidean distances

between signals from all subsets ( P} and P} 1=1,2,.,n)adjusted by the fading

envelope to the received signal at time k. Simulation results indicate that the loss due

to the use of this suboptimal soft output is negligible, also at low SR, therefore this

type of decoder will be employed in the following.

5.3 Related schemes

Atigt S e ———

As indicated, a few schemes related to bit-interleaved coded modulation have recently
1 ’

been proposed , good performance is achieved by the use of separate encoders for the
een )
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Figure 5.5 Example of a transmitter in QI-CSED.

two information bits per channel symbol is shown in figure 5.5. The same rate 1/2
code with eight states is used in cach of the quadrature components and after bitwise
interleaving the encoder outputs are mapped onto separate 4AM signal constellations
resulting in a 16QAM signal. Since the two codes have eight states each, there is a
total memory of 6 bits in the encoder. This implies that the transmitter can be viewed
as being composed of a 64 state rate 2/4 encoder, which output bits are separately
interleaved and mapped onto a 16QAM constellation. This system is nothing but a bit-
interleaved CSED scheme, where the code is restricted to contain two separate parts
corresponding to each of the input bit streams. As a result of this restriction, this
system is expected to perform worse than the best 64 state bit-interleaved CSED

scheme. This type of system will here be referred to as QI-CSED (Quadrature

Interleaved).

OI-CSED is claimed to give a lower complexity than a general CSED scheme with

the same mapping and a code having the same number of states as the individual

codes in the QI-CSED system. Ther
\risons is needed when using the Viterbi algorithm in two

¢ should be two main reasons for this. Firstly, a

lower total number of comp:

trellises instead of one. This is true since only two branches enter the same state in

¢ individual trellises in QI-CSED instead of four branches for the single
and 16QAM mapping 16 and 24 comparisons are needed to

1 symbol interval for QI-CSED and CSED respectively.

each of th
trellis. For 8 state codes

select the survivors at eacl
Even though less comparisons are needed in QI-CSED, the VA 1s applied twice
requiring e.g. two instead of one scl of survivor memories. Thus it 1s not obvious,
equiring e.g. .

which decoder is the more complex one.
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The second reason i« that

by treatin
ating 160AM a8 1wo AAM constellations
computations SIS,

ll""_'.‘,
and ¢ arisony «
I comparisons should be needed 1o obt

ain the sofy outputs, When,

‘eve Ty e 4 g
however, Gray mapping according 1o flaure
computed by eq. (5.7), that is not frue

Py and P{ (1=1.,

4 |
3 08 used and the sofy outputs are

Fhe reason is that for such mapping, the sels
v D) differ either i the in-phase (

ent ) or the Quadrature-phase (())
components (see fipure § 1y ‘
I (see figure S3). For two of the bits (I=1, 2) the O component can be

1810 Y o) ] S NN
disregarded, wher l-component is not nee

as “l o)
C ded for the other two (1=3, 4),

Another strategy related to BICM is coordinate-interleaving, As an ex

ample of this,
heme devised

the 8 state 8PSK se¢ :
(repeating the same general approach ) will be

It is base ‘ i TC
L s based on g non-interleaved TCM scheme |, where the channel
symbols are split

considered.

mto their quadrature components, which are then separately
interleaved. In order to achieve ag high a diversity order as possible, it is important
that the channel symbols have non-zero power in both quadrature components, A

rotation of the signal constellation may therefore be necessary.

M1, (Quadrature phase)

e | o

pP2e .
(In Phase)

Figure 5.6 8PSK constellation

5.4 Detection performance )
Both theoretical and simulation results of the detection performance of repetition

ded CSED as well as convolutionally encoded CSED are BEER IR COPEECTS
code ¢ L ) : .
ill also be made with other strategies of coded modulation for the Rayleigh fading
will also be -

wented as bit error rates (BER) at different
imulati sults are presented as b
channel. The simulation resu
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SNR - defined ag  Ev/N,

5.4.11

Lepetition coded CSED
A special case of the System introqy, d
ce

removed (sce figure 3.2) This is i [
. N < n -

. act a repetitj

are . n . lon 1

bit are mapped ontg different M-ar code where n copies of the same
case, where the r=

]

whole message is not necessary to achieve ML
-pha

. . | Phase and qQuadrature-phase components of the received
signal can be treated mdependently in the receiver

detection. Instead, the ip

Repetition coded CSED with QpSK.

| mapping can actually be viewed as a diversity
system with n

=2 statistically independent branches, where the total symbol energy is
equally shared among the branches.

=[] e

= k=0 2

4

o ]
\} o 2

Here SNR; denotes the average signal-to-noise ratio in each diversity branch. With en-
ergy sharing diversity this becomes,

(5.8)

where

__ S\R :
SNR» = —. (5.10)

Note again that eq. (5.8) gives the error probability of the ML decoder (no constraints)
for biorthogonal signals (e.g. QPSK) on the Rayleigh channel.

Fi 5.7 shows computed bit error probabilitics and simulated bit error rates for
Yigure 5.

different repetition coded CSED-schemes. When it comes to 8PSK (n=3) and 16QAM
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(n=4) on the other hand, there gre r

probabilities and the bit error ¢

bandwidth. Thus the comp

arsons are g little unfair f

or the CSE
tare used.

only two dimensions per ; ED schemes, where

P prove the detection performance of uncoded
signaling on the Rayleigh channel.
el 5w 5w o
l

— Simulation

" Computed error prob.

1

=1, BPSK
o =1/2,QPSK
B =13,8PSK
=104, 16QAM

Sﬁ}E/NU {dB]

Figure 5.7 Simulation results for repetition coded CSED.
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On the Gaussian channel the different schemes can be analyzed in terms of equivalent
Euclidean distances. A strategy for computing those is given and it is summarized.
For repetition coded CSED the equivalent squared and normalized (such that uncoded
QPSK has d?;,, =2.0.) Euclidean distance becomes

dZ,.  =n-d_
symbol ~ (5.11)

2 .
where d ini i :
symbor 1S the minimum distance (squared and normalized) between

neighboring points in the channel symbol constellation. In table 5.1 equivalent

Euclidean distances are given for repetition coded CSED schemes.

System d>,
r=1, BPSK 2.0
r=1/2, QPSK 2.0
r=1/3, 8PSK 0.88
r=1/4, 16QAM 0.80

Table 5.1. Minimum equivalent Euclidean distances for repetition coded CSED

Note that n=2 and QPSK mapping implies no loss of Euclidean distance compared to

n=1 and BPSK transmission, whereas the differences in Euclidean distances imply

losses in terms of SV of 3.56 dB and 3.98 dB for n=3 and n=4 respectively.

The results illustrate the differences between signaling on the Rayleigh fading
channel compared with signaling in AWGN. Mapping the same bit onto different
channel symbols and thereby reducing the equivalent Euclidean distance would be
close to stupid on the AWGN channel. The reason for this is that the additive noise

limits the performance on this channel. On the Rayleigh fading channel, especially at
high SNR _the performance is limited by the deep fades of the received signal power.

In fact, when the SNR  pecomes sufficiently high, the effect of the additive noise can

practically be disregarded. Transmission of the same bit in different signal

constellations now makes sense, even though the resistance against the additive noise
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AW ’ at diff :
GN and the Rayleigh fading ch crent design criteria should be used
anncls, g g

5.4.2 Convolutionally encoded CSF
. !‘J‘)

The conventi
onal approx
o s o 8, S proach to performance analysis of TCM
CITOT event - ‘ schemes is
) probability. On the AWGN ch s is to use upper
annel, the Euclid :
ean distance

min v g g d

SNR. Unfortuna
tely, on th 1
e Rayleigh channel there is no singl
ingle parameter

determinin
g the performance over a large ra SNR
. nge NR
affected by different parameters such as th ge of . Instead the performance is
as the diversi
product of the Eucli FSiEY OrdeR ot
idean di oth the sum and
give good indicati f distances along the error events. Sometimes not the
ions of the perfo . not even these
rmance, since what i
’ is the most im
portant parameter

may vary with the SNR
. Of course this 1
eads to difficulties wh i
en trying to analyze

the behavior of TCM on the Rayleigh channel

10 1

14

)

—— (CSEDI
_______ BICM, /=273, 8PSK [29]

e Swnbol-hneﬂe:wed TCM [88](26]

————— ngbol—lmeﬂeaved TCM [89]

SR, E, /o 98]

Figure 5.8 gjmulation results for symbol- and bit-interleaved coded

modulation on the Rayleigh fading chamnel.
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bit-interleaved schemes (except at very low " ). Simulation results for some

coded modulation schemes (all having encoders with 8 states and encoder rates

r=2/n). The decoder uses the Viterbi algorithm.

1011, 0100,
1110, 0001

111
1110, 0001,
1011, 0100

CSED1

000 000
0110, 1001, 0000, 1111, &
0011, 1100 0011, 1100 \
001 001 ~
0011, 1100, 0011, 1100,
0110, 1001 0000, 1111
010 010
0101, 1010 0110, 1001,
0000, 1111 1010, 0101
011 o1
0000, 1111 1010, 0101,
0101, 1010 0110, 1001
100 4 100
1000, D111, 1111, 0000,
1101, 0010 1100, 0011
10 10
1101, 0010, 1100, 0011,
1000, 0111 1111, 0000

110

0101, 1010,
1001, 0110

11
1001, 0110,
0101, 1010

CSED2

state.

The states are numbered by bold face digits conesponding to the information
bits Xp23, Xp1.2, Xy s The other digits are the encoder cutput bits u;;, U0, U 3,
uis The different groups ofencoderoutputh'tsaregiven:ucht.hatﬂrnpper
leftmost group at a specific state correspend to the upper transition from the

Figure 5.9 Trellis diagrams for CSED1 and CSED?2.

Figure 5.8 shows the simulated bit error rates of the bit-interleaved (r=2/3, 8 states

and 8PSK mapping). However, a convolutionally encoded CSED scheme (r=2/4, 8

states and 16QAM mapping) significantly outperforms that system. The trellis of that

code is given in figure 5.9 and the system is referred to as CSED1. The difference in

performance is due to the increased diversity order in the CSED scheme (Hamming

distance 6 compared to 4). Also, simulation results for the two best symbol-

Scanned with CamScanner
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interleaved TCM-systems (r=2/3, 8 states and 8PSK mapping) presented so far in the

literature are given (diversity order 2).

- 0 2 4 6 8 10 12 14
i
10 N S
\Q\\‘B\k\.
. N
10-2 ‘E;\_‘
“‘x»':.N
- N
-3 \;\'\
f{ 10 “;’\’Q,;:~
- ——CSED1
ween QICSED [93]
S CSED2
"""" Coordinate-Interleaved TCM [95) J
10°% | [ [ I

SR, /My [¢0)

Figure 5.10 Simulation results for CSED, QI-CSED and coordinate in-
terleaving.

Similar results for BICM are found ], 64 state codes are compared and a rate 2/4 code

with 16QAM mapping is about 1.5 dB better at interesting ***  than a rate 2/3 code
with 8PSK mapping. Transmission of 3 information bits per channel symbol is
investigated. Eight state codes of rates 3/4 and 3/5 having maximal Hamming
distances (4 and 5) with 16QAM and 32Cross mapping are compared. Again the
system with an expanded channel symbol set (rate 3/5 with 32Cross mapping)
performs significantly better. '

In figure 5.10, the above rate 2/4 code with 16QAM mapping (CSED1) is compared
to the scheme, trellis diagram in figure 5.9,. Both codes are designed by hand and the
difference between them is that the average multiplicity of the error event giving
Hamming distance 6 is lower for CSED1 than for CSED2. This difference leads to a
performance improvement, especially at moderate to large 5% . Simulation results for
the QI-CSED are also presented. It has the same Hamming distance as CSED1 and
CSED2, but its performance is clearly better than that of CSED2. CSED1 on the other

hand performs slightly better at low 3 | whereas it performs a little worse at high
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VK . 1 . . -
I the same dingenm, bt ertor ntes tor the coordinate iterlenved soheme e

alwo displayed, That system perdormas well at low % doe to s Large Puchidean

i )
ANEe / A4 5t _— .

distance (., 1.59), but looses compared with the other schemes as the *

becomes rger, The reason for this is that the effective diversity order is only 4, while
the other systems all have diversity order 6,

By using the same technique as for the repetition coded f!,’“,“

'I.‘m =, "l.’-,..u- (512)
Scheme d’
ye 213, 8PS, bitanterleaved [29] 2.34

r=214, 16QAM, hitanterleaved CSED (CSEDY) 240

re2/4, 16QAM, hit-interleaved CSED (CSED2) )40

)

213, 8PSK, symbol-interleaved [26][83] 459
re2/3, 8PSK, symbol-interleaved 1891 317
re2i4, 160AM, QI.CSED (93] 240
r=213, coordinate-interleaved 8PSK [95] 459

Table 5.2. Minimum equivalent Euclidean distanees for con
"SED.

volutionally encoded

where  dy; is the Hamming distance of the code. This formula for the equivalent
Buclidean distance is also heuristically employed . Equivalent Euclidean distances for
the 8 state schemes treated above are given in table 5.2. Note that the Euclidean
distance is not affected by symbol-interlcaving, From the table it can be concluded
that the loss in terms of SNR for the CSED-schemes compared to Ungerboeck™s

system is about 2.82 dB.

5.5 Summary

A new approach (bit-interleaved CSED) to coded modulation for the Rayleigh fading
channel was treated. A discrete (one observable per symbol interval) channel model
was employed and perfect knowledge of both the phase and the envelope of the f ading

process was assumed. By using codes with large Hamming distances, where the n bits
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output from the encoder are mapped onto ditferent M-ary channel symbols (M=2"), a
high diversity order and pood spectral properties were achieved. The optimal (ML) as

well as an asymptotically optimal ceiver for such systems were derived.

Both the theoretical and the simulation results presented above indicated that this
scheme gives significant performance enhancement compared with TCM systems on
the Ravleigh fading channel. This was achieved without sacrificing too much in
complexity and performance on the AWGN channel. The CSED scheme was also
found to outperform the best coordinate-interleaved system presented in the literature.
Besides, comparison was made with the special type of CSED system . These
schemes were found to give about the same performance at the same complexity and
bandwidth. This makes systems based on the concept of CSED in combination with
bit-interleaving, the best (in terms of detection performance) low-complexity schemes

presented so far for use on the Rayleigh fading channel.

It was also found that a low-complexity system referred to as repetition coded CSED
could give substantial performance improvements for uncoded signaling. All these
results indicate that the coding strategies developed for the AWGN channel are not so
well suited to the Rayleigh fading channel. For example it seems reasonable to
augment the TCM structure, found by using channel capacity arguments that almost
no coding gain was to be obtained by using convolutional encoders of rates other than
m/(m+1). However, the above results indicate that encoders of other rates (such as
r=my(m+2)) and corresponding mappings in combination with bit-interleaving could
give significant performance gains on the Rayleigh fading channel. Thus a general
model of coded modulation for the Rayleigh channel should incorporate both bit-

interleaving and CSED.
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CHAPTER 6

Coded Modulation Time Continuous Rayleigh Fading
Channel

6.1 System description
6.2 Receiver front end
6.3 Numerical results
6.3.1 Lower bound
6.3.2 Simulation results
6.4 Summary
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CHAPTER 6
Coded Modulation on Time Continuous Rayleigh Fading Channel

Bit-interleaved CSED was found to give an excellent performance on the discrete
channel. This channel is based on symbol rate sampling of a matched filter output, it
was demonstrated that, when considering time continuous channels, its use leads to
erroneous  predictions of performance as well as to systems suffering from
unnecessarily high error probabilities. The aim is now to combine the results into a

bit-interleaved CSED scheme to be employed on the time continuous Rayleigh fading
channel.

Little research has been presented in the area of combining coding, modulation and
detection on the Rayleigh channel, not even for channel models less general than the
one used here. Lately a few proposals of so called two-stage (concatenated) receivers
have been presented. There is a certain degree of ad hoc in these procedures. In the
first stage an estimate of the fading process for each symbol interval is produced. This
estimate is then de interleaved and used in the second stage, which is the decoder.
How the estimate is produced is the main difference between the strategies. The
system employs orthogonal signals, while the schemes are based on pilot symbol
assisted thodulation (PSAM). The fading is estimated by interpolation, whereas
interpolation in combination with a decision directed estimation scheme is employed.
Decision directed strategies are used. Using a decision feedback detector, preliminary
decisions of the channel symbols are made. These decisions are then used to obtain

estimates of the fading. The difference is that the predictor based detector is applied to
produce the preliminary decisions. The symbol-by-symbol MAP algorithm inherently
produces symbol a posteriori probabilities and may therefore be used in the receiver

front end.

A receiver front end producing optimal soft outputs for symbol- as well as l')it-
interleaved coded modulation on the Rayleigh fading channel is deriT/ed. By making
appropriate approximations, 2 suboptimal solution of lower .complexfty l.)ased .0“ the
DA(B, B) is obtained. The performance of this algorithm in combination with the
coded modulation schemes in chapter 5 is investigated by means of computer

:mulations. The channel model is the same , ie. a properly discretized time
simulations.
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continuous channel. An

approximate lower bound on the performance of the optim

al
concatenated detector is also derived

and compared with simulation results.

The starting point in the time continuous channel, together with the carefully designed

receiver front end makes the treatment here unique. It is also unique in the sense that
the performances of coded modulation schemes, which

are among the best found so
far for the channel used , now

are demonstrated for the time continuous case.

This makes the results here valuable as predictions of the potential error performance

for signaling on the fast Rayleigh fading channel.

6.1 System description

A model of a coded interleaved modulation system is shown in figure 6.1. Note that
contrary to, the time continuous channel model is employed. The transition from the
time continuous received signal to a discrete representation is made in the same way,

N discrete observables per symbol interval are produced. Again it is assumed that the
system

{
1 Hah Interleaver 1 v“('j:
"_“U_),.| 2 130 Taterdeaver 2 |22
xsif) |, Coav Modulator,
* Encoder Mu=2"
re=mi/n
o))
—_—m (1))
n il Interleaver n :
i
»(1)
Deinterieav. |
Deinterleav. 2 {
- Decodes lem ()
. }
!
Danfuhw.ﬂ y “ |
/ i
[
7/ [
/
1'.
N Soft output Discreti- !

generanion ZRnee ‘
!
—

Figare 6.1 Model of a system for cgddmn:duved modulation cn
continuous Rayleigh fading channel

i 1 nOiSC.
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probabilities ( P(uy j(j)|R,Z) (for the I:th en-coder output bit at time k and where j is
the message number), while for a symbol-interleaved scheme it is instead symbol-
wise aposteriori probabilities P(vy j|R),which is to be computed for every bit position
I=1,..., n and for each of the possible bit values. The problem is now to find a receiver

front end, which produces these or accurate approximations thereof at a reasonably

low complexity with a short fixed delay.

6.2 Receiver front end

The requirement of a short and fixed delay in the production of the soft outputs makes
it feasible to replace R by R1 Rf*? , where d is a delay of an integer number of

symbol intervals. The soft output for bit 1 being zero at time k can now be expressed
as

> (s @) Plves =0st ) p(RIsEE ()
k+d
P(ij =0‘Rf+")_““51 (i) — it

. Z:M( )P(sl+ (1)) p(R A l (z)

P @) pREsE o)
(MHeER

> Pl @) p(RIsE )

all 55 (1)

all sp*<

(6.13

Here Pok’j is a set which contains all sequences Sf*¢  of channel symbols where bit

1 at time k equals zero, i.e. vy j=0. Apriori message probabilities are mainly included
to allow for pilot symbol assisted modulation, but to enable an iterative soft output
generation they can easily be replaced by their estimates. The denominator is here

independent of the bit value, therefore only the numerator is needed. This gives the

soft output

P(Sic+d(z-))' (Rk+d| k+d ))_ (6.2)
an sf*d

ers’

which after deinterleaving can be used in an ML sequence detection (under the
constraint of a fixed delay d in the receiver front eﬁd). If symbol- instead of bit-
interleaving is used, symbol-wise soft outputs are required. The summation in the
numerator shall then be made over sequences containing a certain symbol (instead of

bit) at time k. A MAP symbol-by-symbol detector can also be based on eq. (6.2). In
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this case a symbol decision, and not a soft output, is desired. As a decision, the
symbol that maximizes eq. (6.2) is delivered.

Evaluation of the sums becomes prohibitively complex except for short sequences.

Some strategy for complexity reduction is therefore needed. Another problem is how

to evaluate the likelihood functions within the summation efficiently.

Starting with the second problem, note that the expression resembles the decision
function for the MAP sequence, eq. (4.12). The difference is that messages up to time
k+d instead of up to k are considered here. The strong resemblance implies that

recursive computation can be obtained , in a similar way as in eq. (4.14), the
likelihood function can be expressed

efiod) = plst ). p[REt )=

= P(sE 4 ) RE k0] Plsgg )l

= T ksd1ll) | G Yera ()

k+d-1
51

Slk+d(i),Rf+d—1 - (6.3)

This enables recursive computation through the relation I',,, (i) =T, , (1) +7,., (i)
I,,,(7) and 7,,, (i) are now named path and branch metrics respectively. The branch

metric ¥,,,(i) is computed according to eq. (4.30) giving

' C:hi—l (i* g .
7“4(1)=1ogP(sM(0)+logT+gm(z). (6.4)
Cy ()

Crucial here is the computation of ¢j,4 .which can be made using either eq. (4.20)
or (4.26) depending on the modulation format and discretization scheme. Evaluation
of these equations can be realized by linear filtering as in figures 4.2 or 4.3. In the
latter case the determinants in eq. (6.4) are independent of i and can then be omitted
without loss of optimality. Again the same complexity problem arises , when
&x+a(i) is to be computed. The problem is that the sizes of the matrices in eq. (4.20)
and (4.26) are proportional to the time index k, which leads to prohibitively large
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E—

filters as k grows large. By truncation of the time dependence , this problem is

avoided at the price of suboptimality. Eq. (6.4) now becomes

: Gl =
1ea (i) = log Ps, o (D) + log\\?:{%i%+ £, (6.5)

k+d-b

where £,,,(i) can be computed by eq (4.34) or eq. (4.35).

Consider again the first problem mentioned above, i.e. the exponential increase of the
number of terms in the summation in eq. (6.2). To avoid this that number must be
reduced, without sacrificing too much in performance. The most accurate
approximation (given a certain number of terms) is obtained when the largest terms
are used. It is thus desirable to have an algorithm that finds a certain number of large
terms in an efficient way. There is, however, little hope of finding say the . largest
ones without performing an exhaustive search over all M**4 possible sequences.

Instead a suboptimal selection strategy, which finds reasonably large terms is needed.
Here the DA(B,B), can be used.

In DA(B, 8) B survivors at time k-1 are first extended by each of the M channel
symbols up to time k. From all of the resulting BM sequences, 8 branches grow up to
time k+d giving a total of BMB sequences having large values of , ,(i). Both the

selection of survivors at time k and the soft output generation can now be based on the

branch- or path-rnetrics. The selection is made, choosing the B sequences maximizing
eq. (4.28). This requires computation of Ax-k()iaccording to eq. (4.15) or (4.31) for
each of the BM sequences available at time k. Instead of using M d sequences as
specified by those equations, an approximate expression can be computed using only
the B sequences maintained by the DA(B, B). Equation (4.31) can now be expressed
and approximated using eq. (4.14) and (4.15) according to

d . B d i
Ap=toe S TTem =tog X ™ (6.6)

auskii () p=1 ==
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The sequences S,’(‘I,d (1) are all such that they originate in one of the available BM

sequences at time k, i.e. s1 SF(i).

Now consider generation of the soft output. For approximation of eq. (6.2) the

available sequences are first divided in M groups of BB sequences having the same
symbol at time k. These groups are easily combined to the sets PO Pokj , Plkj , (1=1,..., m)
and the corresponding path metrics, Mk+q(D) are then used in the approximation of eq.

(6.2), the logarithm is taken of eq. (6.2) to obtain the soft output. The soft output for
bit 1 at time k being zero becomes

log P(si @))- p(R{“" lst (x’)) =

ansf*d iyerns !
high SNR

=log Yﬂrk"‘l‘ ==
)

,max ,{l‘h,, (l')}
aus:“(l)e}h." all sy ek

©.7)

where the approximation is good at high SNR.

6.3 Numerical results

Here an approximate lower bound on the bit error probability for concatenated
detection of interleaved coded modulation on the Rayleigh fading channel is derived.
Simulation results for systems, where soft outputs are produced according to the

above presentation are also given. This enables a comparison of some of the schemes
on the time continuous channel.

6.3.1 Lower bound

To find a lower bound on the bit error probability, the error event probability in the
decoder must first be addressed. The genie aided approach used in chapter 4.6.1 is

applied here.

Prenic (€)= 2 P(Xf (i))' FPeenie (X’f (@) —>Xf(j))- (6.8)
N all XX (i)
This is a lower bound to the error event probability of the sequence decoder. The
tightest possible bound is obtained when for each message i, the sequence j is selected
so that the pairwise error probability is maximized. Note, however, that finding the
maximizing j for each1is a complex task, therefore a simpler strategy is needed. This
can be done, since use of any specified competing sequence j, will yield a lower

bound.
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y large value of the pairwise error
event probability,

By introduction of an indicator function » Which equals one only
when message 1 has g competing sequence at the mini

- mum Hamming distance
(otherwise it is zero) eq. (6.8) can be written

Pyenic (€) = au%(i)l(xf @) P(XE 1)) Py (XE (i) — xE )- (6.9)

PalXi (=X () denotes the probability of an incorrect choice of message j, which
lies at the Hamming distance from the correct message i. Now recall that in a bit-
interleaved system, the encoder output bits at a certain time are mapped onto n
distinct channel symbols spaced far apart. Hence the channel symbols corresponding
to message i over the error event depend not only on the bits associated with the error
event, but also on other bits of message i. The concatenated receiver works without

knowledge of those other bits, therefore they can be regarded being randomly elected.

As a result the error event probability can be expressed in terms of the average
pairwise error probability

Bee(@= 31X ) (X5 0) X0 — X5 0).
all X2 (i)

<1

(6.10)

Here the overbar represents averaging with respect to all possible channel symbols
corresponding to each of the bits of message i between t1 and t2, which are distinct
from those of sequence j. Note that an average value computed over a set of events
can be lower bounded by the largest value associated with an event in the set,
provided it is multiplied by its probability of occurrence. Let Pymqy(i, j) denote the
maximal value (over all possible channel symbols) of the error event probability for
message i and sequence j (at the Hamming distance from each other). Let furthgi,r
Peymax(i, j) denote its apriori probability. The error event probability of the genie
aided decoder can now be lower bounded through

2 4 iz /. = i, ) . P, o (’-J) (()_11)
Iageuic(‘g)2 2 I(X:'; (’)) P.(“'{r1 (’)) P(EHm:\x(’ J ) H max

an X33 (i)
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N leawer ot e e BE eren protability fxobiained by multiplying eq. (6.11) by

P DHe s 0k ot Jeast i ont of m infonmation bits in the first symbol

Dot val b e @HOE OVERE et BT Beiween any tvo diverging sequences.

NOW CORRRE e PN ERS o1ren event probability between two Iessages., where the

QLEOL SVORE Statks ab time 11 amd endsat tiime £ For a moment, general sequences not

pocessatily at the Hamming distanee i each other are considered. The pairwise
STEOL EVeRE prabability can be eypressed intets of L A D and . Ay G)and ., which

ate the path welies i e deder for the messages i and j respectively. This

probability beeeies

~

Py
A A axto) - XY R =A@ >OXTO | ©12)

e

peii=t

The Dranch metties for the Lith bit at tine p ot message i and j are here denoted Apr()
App (1) respectively, The bitwise sofl information can be used as branch metrics in the

outer decoder, T simplify the computation, the optimal soft output (to be used as

branch metries) 18 approvimated acconding o eq. (0.7). This equation can be rewritten

fn a slightly ditferent way, The fntet leavers spread and reorder the bits, therefore let

bl(p) denote the time whea encodet ontput bit 1 at time  p appears at the inter leaver

== v 2R . .
output, The notation W dall be interpreted as the set of channel symbols

cottesponding to the Lih bit value at time p of message i The branch metric now

becomes
. N LN NP
A= may 11\\\‘ ti (P .\)pkf{l“m‘ ‘Is‘"'m‘ U))}=
o aly :'"“‘ et
F » e oW y
v“ “\ ‘\1\ p ‘: N l\ \ d - 5
=W \‘L{R‘” M\ {(,.ﬂ'm u\\ ‘R ‘"‘L) (0.13)
g ™ -‘
N N\ N
(R : ‘ \( ? \'m\\‘ R,

WHETE §ngy denotes the message aumber maximizing eq. (6.13). In the same way let
Fnay donotes the message aumber mavimizing eq. (6.13) tor ji,;G ) - By the use of

eq. (6. 13 an approximation of eq. (0.1 2) can be obtained

77

Scanned with CamScanner



b n |
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p=i=1

Ih n

S IV AT e

bl(p) (i rmx bl(p,—u "u)} }(’:i—f. ’U'{[ 'z ) |
p=l=1 '

AAAAA

(6.14)

A. is here a positive integer, introduced in order to limit the dimensic

c1oveies biter £ b,
i )A‘./:ll-," O Lhe

vectors and matrices. This is required to make numerical computation possible, Note

however, that due to this truncation and the approximation in eq. (6.13), only
approximate lower bound can be obtained.

Now consider again two sequences at the Hamming distance d,, from each other. For

simplicity let R, (q=1, 2, ..., d,,) denote the different vectors of (2A.+1 )N observables

in eq. (6.14). The right hand side of equation (6.14) can now be simplified 1o

dz

P (0)= 2(11‘1)3~((cq(im))°1 (€l ]R >08E

g=1

(6.15)

where
Cqﬁm) = E[Rq 'RQH‘X% (imax)]— (6.16)

This is the probability of a quadratic form in Gaussian random variables being larger

than zero, which is the basic problem dealt with in the performance evaluation The

quadratic form can be written
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(6.17)
where R:[er RT .. T

s 0
0
A= 2 2
0 0
0 C‘.(i“;'g—C‘I(J_“)"

(6.1%)

To employ the strategy in appendix A, the covariance of the vector R is needed. [f 2
sufficiently large interleaver i- nzed, the

different vectors R, (g=1. 2, . . dy) are mutu-
ally ctatiztically independent and the covariance matrix become:
Cllin) 0 0
C, =E[R-R"|Xf(:’m)]= ? C:‘:”“) 0 .
0 0 C,li)
(6.19)

6.3.2 Simulation results

The time continuous channel and discretization are simulated. Discretization is

performed using the ON-set. The decoder uses the Viterbi algorithm.

Qutput bits
Read order 1T e v?
Write IX]
order 112]3]a[t[2[3]a[1]2]3]2]1]
2(3[a1]2]3]a]1]2]3]a]1]2]
wa | 31211123 3123 e 1]2]3]
w2123 ]a]a 23 a]1]2]3]4]
put 123 e 23]aln]2]3]4]1]
" 2223 a ]2
AE 4\1\2\3\4\1\2\3\4\113\1\
a[1l2]3al1l2]3]a]1]2]3]4]
rl2(3lal|2]3[2[1]2]3]4]

Figure 6.2 Bit-interleaver with r=2, ¢=3 and n=4.

Interleaving must be used to achieve a relatively high degree of independence of the
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fading that affects nearby encoder outputs. This is crucial in obtaining the potential
diversity effect of coded modulation on the Rayleigh fading channel. Ideal
interleaving was assumed, but this is obtained only in the limit of infinitely large
interleavers, i.e. for infinitely long delay. In a practical system, the size of the
interleaver becomes a trade-off between delay and level of independence. For symbol-
wise interleaving at fast fading, where the degree of correlation decays rapidly with
time, the potential diversity effect should be attained at a low delay. Bitwise
interleaving, on the other hand, requires a sufficient spreading of encoder output bits
instead of symbols, therefore a larger interleaver may be needed to achieve the same
degree of independence. Another problem with bitwise interleaving arises when it is
used in conjunction with a fixed mapping of encoder output bits onto the channel
symbols. If separate interleavers are used as in figure 6.1, then a fixed mapping is
easily achieved. The problem is, however, that there is a possibility that different
output bits from the same or from nearby symbol intervals are mapped onto the same
channel symbol. Since interleaving is employed to avoid exactly this, using separate
interleavers is no good solution. If, on the other hand, a single inter leaver is used, the
fixed mapping is likely to be destroyed. The problem is that all bits jointly output
from the encoder now may be mapped into a single bit position (in different symbol

intervals) of the constellation.

To avoid this, a possible solution is to use a single bit-inter leaver, where some
restrictions have been put on its dimensions. By choosing the number of rows and
columns to m+1 and cn+1 respectively, where and c are integers, both problems are
solved. This is exemplified in figure 6.2 for n=4, r=2 and c=3. The input bits are
written column-wise and the output bits are read out row by row. The four bits input
at each symbol interval are denoted 1, 2, 3 and 4. They correspond to the different
encoder output bits. Note that the order of the bits when read from the inter leaver is
still the same (although different bits are grouped together), which ensures that e.g. bit

1 is always mapped into the same bit position in the constellation.

Simulation of different coded modulation strategies.
Simulatiol
all cases rate 2/3, 8 state codes

Some of the systems presented are simulated here. In

are used. The pilot symbol spacing is P=5, giving an effective information rate of 1.6

bits per symbol and the normalized fading bandwidth is again fn=0.1. Inter
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Figure 6.3 Simulation results for coded modulation systems con-
veying 1.6 bits per symbol.

leavers with 10 rows and columns (r=c=10) are found to give good performances for

both bit- and symbol-interleaved systems at this fading bandwidth. In figure 6.3 bit-

interleaved coded modulation with and without CSED is compared with symbol-
interleaved TCM. The bit-interleaved schemes are the ones and CSEDI and the
symbol-interleaved system is based on the TCM scheme. For comparison the
performance of uncoded QPSK detected by DA(12, 0) is also displayed. In all cases
the number of observables per symbol interval is N=4 and the truncation length is
b=2. The receiver front end for the coded modulation schemes is based on DA(1, 12)
with the delay d=5.. One interesting observation that was made in this process was

that an increase of B barely affected the performance, provided B was chosen

sufficiently large.

At large SNR , on the other hand, the effective
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Figure 6.4 Simulation results compared with an approximate lower
bound computed according to chapter 6.3.1.

diversity order dominates the performance and the bit-interleaved schemes perform
significantly better than the other systems. Observe that the difference in performance
between the two bit-interleaved schemes is about 2 dB, which is approximately twice

as large as in chapter 5 (figure 5.8).

Figure 6.4 shows simulation results bit-interleaved coded modulation scheme (rate
2/3 encoder, 8 states and 8PSK mapping) together with an approximate lower bound
computed as described in chapter 6.3.1. The pilot symbol spacing is here chosen to be
P=2 (the other parameters are the same as above). At low SNR the simulation results
are far from the lower bound, but the difference decreases when the SNR becomes

larger and asymptotically the two curves possibly converge.

These results indicate that the approximations made in the derivation of the receiver
front end are accurate, at least at high SNR . On the other hand, the very large
difference between the bound and the simulation results at low SNR argue that this

suboptimal receiver structure gives an unnecessarily bad performance in this region.

The receiver front end when producing
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Figure 6.5 Influence of the number of observables for CSED1 when
the receiver front end is based on DA(1, 12) and f+=0.1.
soft output for say bit I at time k being zero has to consider all M/2 symbols for which
that is the case, even though only one of them may have been transmitted. If some
information could be provided telling the receiver front end which of the M/2 symbols
is most likely to have been transmitted, the performance should be improved. A
rather high price in terms of receiver complexity and delay has to be paid, but it may
be rewarded by a good performance at low and moderate SNR . This is supported by

the results, where a good performance is obtained by iterative decoding of symbol-
interleaved TCM.

Dependence on N and on the fading bandwidth

The influence of the number of observables per symbol interval N is investigated here
for CSED1. Again the receiver front end is based on DA(B, B) and the soft outputs are
produced according to eq. (6.7). The other parameters are B=1, 8=12, b=2, d=5, P=5,

r=10 and c=10. Figure 6.5 indicates that for signaling at the normalized fading
bandwidth fn=0.1, the performance of the matched filter based receiver (N=1) is
significantly worse than for those using N=2 or 4. Note that the complexity is
quadratic in N , therefore N=2 seems to give a good tradeoff between performance

and complexity.
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Another observation is that increasing fading bandwidths actually give better error

performances for uncoded signaling, provided a sufficiently good de

(=4
1

10° - 6 8 10 12 14

\

- » \

7 it

10

— f=0.1
s 120,01

10°

SNR,E, [N, [dB]
Figure 6.6 Influence of the fading bandwidth on CSED1 when a re-
ceiver front end based on DA(1, 12) is used.

tector is used. The performance improvement for sequence detection of binary PSAM
at fn=0.1 compared with fn=0.01 occurred for SNR >15 dB. These improvements are
due to the implicit diversity, which becomes more pronounced as the fading
bandwidth increases. At average signal to noise ratios below 15 dB, on the other hand,
transmission at lower fading bandwidths gives a better performance. It is at these
signal to noise ratios the coded systems in this chapter operate, therefore performance
improvements for signaling at highet fading bandwidths do not result here. This is
illustrated in figure 6.6, where the performance of CSED1 is displayed at fn=0.1 and
0.01. PSAM with P=5 is used and the receiver front end is based on DA(1, 12). A 10
by 10 interleaver is used again and the other receiver parameters are b=2, d=5 and
N=4. Clearly, the performance at fn=0.01 is significantly better than at fn=0.1. Thus if
a sufficiently good code is used, signaling in slow fading seem to have a higher

potential performance than signaling at fast fading.

Symbol-interleaved TCM in combination with a receiver front
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Figure 6.7 Comparison of a coded modulation system designed for
the Rayleigh channel with a scheme based on strategies
developed for AWGN.

end based on matched filtering is an example from the latter category. In figure 6.7
simulation results of the TCM system used above is displayed when discretization is

made using a matched filter (N=1). Simulation results for CSED1 with discretization

to four observables per symbol interval are also presented. The receiver front end is in

both cases based on DA(B, B), the soft outputs are generated according to eq. (6.7)
d=5. A 10 by 10

=0.1. Clearly the

and the other receiver parameters are again B=1, $=12, b=2,

interleaver is used, the pilot symbol spacing is P=5 and fn

performance of the system especially designed for use on the Rayleigh fading channel

is considerably much better than that only adapted for use on this channel.

Robustness

The robustness against erroneous estimates of channel parameters was investigated

for single symbol and sequence detection respectively. Similar observations were

made in the two cases. The detectors were found to be insensitive to erroneous
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Figure 6.8 Influences on the BER of mismatches in the receiver.

estimates of the shape of the fading spectrum as well as of the signal to noise ratio.

When the estimate of the fading bandwidth was too low, however, the performance

Joss compared with the matched detector became rather large.

Pilot symbol assisted modulation with P=5 is employed. The receiver front end uses

DA(1, 12) with N=4, b=2 and d=5. It is designed for a rectangular fading spectrum
with fn=0.1. The mismatch arises since the receiver is used on channels having the U-

shaped spectrum with autocorrelation given, where the fading bandwidths are either

fn=0.05 or fn=0.15. The results largely agree with those ,but the loss when the fading

bandwidth is underestimated is even larger here.

6.4 Summary

Detection of coded interleaved modulation on the time continuous Rayleigh fading

channel was considered. A receiver front end producing the soft outputs required to
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make an optimal decision (ML criterion) in the decoder was derived. By suitable
approximations a simplified receiver front end based on the DA(B, B) was obtained.

An approximate lower bound on the performance of the optimal concatenated receiver

was also derived.

Simulations were used to evaluate some of the coded modulation schemes introduced.
The bit-interleaved systems were again found to outperform the symbol-interleaved
schemes and the use of CSED led to even larger improvements of the performance on
this channel. The difference between CSED1 and the scheme was about twice as large
(2 dB) on this channel than on the time discrete channel. This makes the system based
on CSED1 with the receiver front end presented in this chapter, the most efficient
coded modulation system presented so far for the time continuous frequency flat
Rayleigh fading channel. This “state-of-the-art” system was about 8 dB better (at
BER= 10-3) than a more conventional solution based on TCM and matched filtering
(figure 6.7). Again it was found that using a sufficiently large number of discrete
observables per symbol interval (at least two observables) in the receiver front end is
of vital importance for the performance. The receiver was found to be robust against
imperfect knowledge of the covariance of the received process. It was observed that
iterative decoding might be a way to improve the performance even further at low
SNR . This, however, affects the receiver and leads to a higher complexity and a
larger delay. It should be noted that there are some similarities between such a scheme
and multilevel coded modulation with multistage decoding . The main difference is
that while a single encoder is employed in CSED, separate encoders are used for each
of the bits in the channel symbol constellation in multilevel coded modulation. Thus
at a given cdde-complexity a better performance can always be achieved by CSED,

since that encoder is more general (less restricted) than the encoder jointly describing

the separate encoders in multilevel coded modulation.

Contrary to , it was found that the performance is no longer improved by an increase
of the fading bandwidth. The reason for this is that the introduction of coded

modulation moves the operational range of the receiver towards lower signal to noise

ratios, where the implicit diversity does not occur.
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CHAPTER 7
CONCLUSION & FUTURE SCOPE

The problem of i i
p f how to achieve efficient digital communication over the time

contln'lu%)us frec?ucncy flat Rayleigh fading channel has been treated. The basic
mo.n.\ranon behind this work is the lack of knowledge of how to communicate
?ff‘lcmntly on this channel. The problem has in fact, apart from basic studies in the
D(? s and early 60°s, been largely avoided. The reason for this is probably to find in a
.w1despread belief that efficient communication over fast fading channels is practicall
impossible. That is certainly the case if systems originally designed for AWGN arz
u.sed. Problems arise since e.g. phase-locked loops do not work satisfactorily, matched
filter detectors lead to high error floors and coded modulation schemes give

performance improvements far from those needed.

In that respect, a conclusion of this work is that communication over the fast fading
channel is indeed possible. However, it is not only possible, but a good performance
can also be achieved, provided the properties of the channel are carefully considered
in the design process. A thorough treatment of each system component with the tirﬁe
continuous frequency flat Rayleigh fading channel as a starting point, has for that

reason been the main thread through this thesis.

7.1 Conclusions and research contributions

To achieve efficient communication over the Rayleigh fading channel, a system based
on coded modulation was considered. Both the coded interleaved modulation scheme
and the transition from the time continuous channel to a discrete representation in the
receiver were found to be crucial to the system performance. By combining the
concept of CSED (devised in this thesis) with bitwise interleaving a high effective
diversity was achieved. This gives a high resistance against the deep fades of the
received signal power, which leads to a good potential performance. To actually
achieve this performance, the number of discrete observables per symbol interval was
found to be the most important parameter. By using only a few more observables than

in a matched filter based receiver, an excellent performance was achieved (far better

than the system based on matched filtering). The bit-interleaved CSED scheme
performed about 2 dB better than a system based on TCM in combination with
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bitwise interleaving . This difference is twice as large as the difference between the
schemes on a less general, but often employed time discrete channel. For this time
discrete channel bit-interleaved CSED, as a general concept for coded modulation,

was found to give the best performance among other known strategies.

The system was designed under the assumption of perfect knowledge of the statistical
properties of the channel. Despite this, it was found to be rather robust against
imperfect knowledge of the channel parameters. Estimation errors of the noise
variance and the shape of the fading spectrum led to very small performance losses,
whereas underestimation of the fading bandwidth gave a larger deterioration. This is
no large problem, however, since overestimation of the fading bandwidth led to minor
losses. Thus a practical receiver should use a biased estimate, so that a larger

bandwidth than the actual one is assumed in the receiver.

The treatment of coded modulation schemes on the time continuous channel here is
unique, therefore no comparisons with other investigations are made. Based on the
above results it seems, however, reasonable to conclude that bit-interleaved CSED
with a proper number of discrete observables enables efficient digital communication

over the time continuous Rayleigh fading channel.

To reach a system with this level of performance, each part of the communication link
was thoroughly designed and investigated. Apart from being steps in the system
development, these studies also constitute research topics in their own. The results
obtained here must be regarded equally important as those obtained for the whole
system. Some of these results and conclusions are listed below (further conclusions

are presented in the summaries of chapter 4,5 and 6).

Chapter 3: Transition from the time continuous channel to a discrete representation in

the receiver was investigated for transmission of a single symbol. A very general
class of receivers was studied. The tool is numerical error probability calculations.
The performance is highly dependent on the shapes of the modulator waveforms. This

is in contrast with signaling on the AWGN channel, where the signal space

constellation determines the performance.
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Chapter 4: Here sequence detection of uncoded signals on the time continuous
Rayleigh channel was considered. The discretization strategy was used in the
receiver. Starting with the optimal detector (MAP) a suboptimal detector of lower
complexity was obtained. This detector can be considered a generalization of the
detector . A lower bound on the error probability of the optimal detector was derived
and simulations indicated that the error probability of the suboptimal detector closely
approached this when the signal to noise ratio becomes large. Thus its performance is

close to that of the MAP sequence detector, even though its complexity is

significantly lower.

Extensive simulation results were presented. Again, the number of observables were
found to be crucial to the performance. Another observation made in chapters 3 and 4

was that the performance of the optimal receiver is improved by an increase of the
normalized fading bandwidth. This effect is a result of the implicit diversity and is
obtained provided a sufficiently good detector is used. This result also indicates that a
decrease of the symbol rate on the channel can improve the performance for uncoded

signaling. In chapter 6 it was observed that this does not hold when efficient coded

modulation schemes are used.

Chapter 5: Coded modulation for a time discrete channel model was studied. Bit-
interleaved CSED was proposed and was found to give significantly lower error
probabilities than other known low complexity strategies. The comparison with
symbol-interleaved TCM indicated that the TCM structure developed for AWGN may
be too restrictive to achieve a good performance in AWGN. A more general and less
restrictive structure should therefore include both bitwise interleaving and CSED. The

receiver front end producing soft information enabling an ML decision in the decoder

was also derived.

Chapter 6: Here coded modulation for the time continuous frequency flat Rayleigh
fading channel was treated. A new (compared with the one in chapter 5) derivation of

the receiver front end was presented. After deriving the receiver front end that enables
ML decisions in the detector, a suboptimal solution of lower complexity was

presented. It is based on the sequence detection algorithm presented in chapter 4. The
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conclusions dr: in chapte ¢ inci i
1s drawn in chapter 6 largely coincides with the general conclusions for the

entire system presented above.

7.2 Discussion

A main thre: is iq i : :
ain thread through this thesis is the starting point in the most general model of the

Rayleigh fading, i.e. the ti - inti
yleigh fading, i.c. the time continuous description. This is in contrast to the

common approach of using methods developed for the AWGN channel. These arc

often adapted to the channel through the discrete time channel model prcscmcd,

which was found to be useful only on slowly fading channels.

One example of this is the (mis) use of matched filter based detectors. Those are

actually the basis for the time discrete channel model,
at moderate or fast fading channels.

but as mentioned above they

lead to unnecessarily bad performances

Coded Modulation (TCM). Not until the main design rule
xed by the introduction of bit-interleaving a

reasing the size of the channel

Another example is Trellis
for AWGN, i.e. set-partitioning, was rela
nably good performance was achieved. By also inc

reaso
on further compared with that of TCM an even b

symbol constellati etter performance

was obtained.

urse argue that few, if any, systems will be used solely on the fast
A likely situation is that the Rayleigh chann
sign, as in this thesis, which only focus on

One can of co
Rayleigh fading channel.
ncountered only occasionally. A de
e may give a bad overall performanc
btained here cannot be accommodate

el is a worst

case €
that special cas e. However, there is no reason
whatsoever that the results o

annel model, which certainly woul

d within a more

general ch d be desired.

us received signal to a discrete representation in

e received signal onto a receiver
as a method for

The transition from the time continuo
re made using projection of th
y. Note that even though sampling,
e it fits well in such a signal s

d thus hold for sampling

the receiver was he
| space of finite dimensionalit
s used only in 2 single cas
ts about discretization, shoul

signa
pace

discretization, wa

description. The principal resul

e other strategies employed in this thesis.

as well as for th
91
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Space diversity, i.e. multiple receiver (or sometimes also transmitier) anlennme, a1
often used in communication systems. This is not considered in (his thests, bul by a
straightforward extension in the derivations it can be accommodated, The only thing
needed is a concatenation of vectors of observables obtained from cach diversity path
into a joint received vector. The observables are, as belore jointly zero mean comples

Gaussian, and for that reason all derivations in the thesis apply from this paint,

7.3 Future work

Extension of this work to include more general channels, where both timme dispersion
and a strong component are present in the received signal is an interesting topic ol
further research. Essentially the same strategy as the one used here would be

applicable.

The starting point should be in a time continuous model, probably with known
statistical properties. After derivation of the optimal detector, simplified suboptimal
solutions would almost certainly be desired. The techniques for performance analysis

should also be extended to this more general situation, Detection in presence ol time-

varying inter symbol interference is yet another situation, where methods and resulls
developed for AWGN are not directly applicable. It is shown that, unless some
structure of an unknown channel impulse response is assumed, it is impossible to
derive an ML sequence detector in AWGN. This is, however, no problem oun the

frequency selective fading channel when the receiver operates with perfect knowledge

of the second order statistics of the channel.

In chapter 6, reasons were presented for a potential performance improvement to be
achieved by the use of iterative decoding. The receiver front end developed in that
chapter would be almost directly applicable as a key component in such a decoder,
The price to be paid by the use of iterative decoding is a large delay and a high

receiver complexity. Iterative decoding is also a key component of a turbo coded

modulation system.
A completely different, but technically very interesting approach would be an eftort to

further decrease the complexity of the system in chapter 6. One approach could be o

make further approximations in the algorithm used in the receiver tront end, Another

interesting strategy would be to combine interpolation of the fading values between

t).‘
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the pilot symbols with the system devised in this thesis. The utility of such an
approach would be that expensive filter operations may be avoided, at least partly. In

any case, the results presented in this thesis, would be useful for performance

comparisons.

Another interesting issue is that of finding good upper bounds on the error
probabilities for bit-interleaved coded modulation on the time discrete as well as the
time continuous fading channel. The problem is that most of the bounds developed for

coded modulation are far from being asymptotically (at high signal to noise ratios)

tight on the Rayleigh channel.
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