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Abstract

In the last few years, much work has been done in the coding field and turbo codes have
since taken the centre stage in research problems in communications. These codes have been
proved to closely approach the Shannon limit and the iterative concept, applied in the

decoding, has been applied to other components of the communication receiver.

Global access to communications has been included in the new communication standards.
Satellite communications operating in the Ka — Band is necessary to implement such
standards. Low Earth Orbit (LEO) satellites constellations are the only systems that can be
utilised to achieve global communications and have the major advantage of low propagation
time when compared to the other satellite systems. The propagation environment between a
satellite and a mobile user is very fragile and therefore powerful forward error correction
codes, such as turbo codes, are of necessity. Doppler effects are more severe in the Ka —
Band especially if the satellite is in the LEO. Interleaving is normally used to mitigate the

effects of correlation but the channel remains partially interleaved or correlated.

Applications of turbo codes performance in different fading environments have been
considered in the literature. However, there is still a gap in the analysis with many analytic

models derived only for the Additive White Gaussian Noise (AWGN) channel case.

This thesis aims at presenting the performance of turbo codes in the correlated and
uncorrelated satellite fading channel. Turbo codes are known to give very good performance
results in AWGN channels, especially for very large input message length codes or
interleaver sizes. It can be shown that good performance of the turbo codes can be achieved
with small interleaver sizes in a satellite channel. An average analytical bound based on the
conventional union bound is derived to characterize the turbo code performance. The
Gaussian approximation method is used to get an expression for the performance of the
Direct Sequence Code Division Multiple Access (DS — CDMA) system performance.
Gaussian quadratures are utilised to evaluate these expressions. Simulation and analytical
results are presented to show the performance of the turbo codes and the performance of the
turbo coded DS - CDMA satellite system. The bit error rate is considered as the performance

metric.
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Chapter 1

Introduction

The drive for global communications triggered a shift in the perception of terrestrial and
satellite communication networks. Previously, these networks were considered to compete
but at present, they are considered to complement each other, [1], [2]. Satellite personal
communication is suitable for rural, maritime and aeronautical environments where there is a
few number of users and the development of a terrestrial network infrastructure would be
costly or impossible whilst terrestrial networks are suitable for densely populated areas with

a multitude of users, [1], [3], [4].

Satellite Personal Communication Networks (SPCNs) are considered to provide an
umbrella cell structure for terrestrial networks, extend services available in terrestrial
networks, and assist in minimising call blocking or dropping inherent in terrestrial networks
in densely populated areas [1], [5], [6]. SPCNs promises to offer ubiquitous and seamless
services even to the mobile user [1]. However, there are major drawbacks in satellite
systems, some of which are the limited power resource in the satellite, the large propagation

time and the bad propagation environments.

1.1 Satellite Personal Communications

Since the mid-1960s, satellites have been used to provide telecommunication services and

mobile satellite services have been used since the early 1980s [7].

Initially, geostationary satellites (GEO) were used to provide aeronautical, land-mobile
and personal communication services and up until recently, satellite personal communication
services, which utilise the non-geostationary satellites, were launched [7], [8]. It is possible
to receive a telephone call anywhere on earth using a hand-held mobile receiver through the
introduction of these services. The satellites can either be in the medium earth orbit (MEO)

or the low earth orbit (LEO).

A major phase in the evolution of mobile satellite communications with proposals of non-
geostationary satellite systems was realised at the start of the 1990s [7]. The main ain of the
satellite personal communication networks is to provide voice and low data-rate services

using hand-held phones via satellites in either LEO or MEO orbits.



Iridium satellite system was the first SPCN to enter into commercial service in 1998 after
the system was proposed by Motorola in 1990 [7]. In its design, the system comprised of 77
satellites in its constellation, however, it was later reduced to 66 satellites. A world wide
network of gateways connects the system to the terrestrial network. Calls can be routed
through inter-satellite links. A satellite in the system can transmit up to 48 spot beams and
this number is greatly reduced as a satellite approaches the poles in order to reduce inter-
satellite interference. This system utilises Quadrature Phase Shift Keying (QPSK) to
modulate the signals with Frequency Division Multiple Access/ Time Division Multiple
Access (FDMA/TDMA) for multiple access. Iridium gateways and inter-satellite link operate
in the Ka-band whilst mobile transmission links operate in the S-band. The major setback for

this system was the lack of available hand-sets [7].

Globalstar was launched by Loral Space and Communications and Qualcomm in the year
2000 to provide coverage to the areas between 70° latitudes North and South of the Equator.
There are 48 transparent (no routing of signals in the satellite) satellites in the constellation
and each satellites utilises 16 spot beams. Similarly to Iridium, The system is connected to
the terrestrial network through gateways on the earth surface, however, Globalstar utilises
more gateways than Iridium because of lack of inter-satellite links [7]. Gateway links operate
in the C-band whilst mobile transmission links operate in the S-band. The system employs

QPSK to modulate signals and code division multiple access for multiple access.

Iridium and Globalstar are two of the major LEO satellite systems that have been
implemented. Other carly proposals for LEO satellite system included Teledesic and

SkyBridge [9].

LEO satellites have the advantage of providing global communications at a little
propagation delay and less power requirements for the mobile unit and the satellite [10]. The
small footprint and high speeds are a disadvantage to LEO satellites and that leads to
frequent handoffs as satellites enter and leave the field of view [9]. They also suffer from
large Doppler Effect [11]. The Doppler Effect does not only arise from the mobility of the
user but also from the motion of the satellite. In addition, a large number of satellites are
necessary for global communications and anytime anywhere services for the LEO

constellation.



MEO satellites have the advantage of fewer satellites in the constellation than LEO. They
also suffer from Doppler Effect and there is a higher signal propagation delay than LEO.

GEO satellites on the other hand are stationary. Three of them can provide global
coverage excluding the poles. They however suffer from the very large propagation delay

and high transmit power required for the mobile and the satellite.

1.2 Satellite Frequency Transmission Bands

Substantial work has been done covering the services that can be offered by land mobile
satellite systems, and also the most suitable frequency bands to be allocated for them. The
Ka-band seems to be the most suitable frequency band for next generation satellite
communications [4], [12]. This is a result of the overcrowding of the lower frequency bands
namely, L-, S-, C-, and Ku-bands [4], [13]. In addition, the wide bandwidth of the Ka-band
allows the use of high data rate traffic and therefore is suitable for broadband multimedia

services [9].

However, the Ka-band is affected by the hostile propagation environment which is more
severe than in the other lower bands [11], [4]. The propagation environment suffers from,
shadowing, and faster multipath fading. The mobile user’s environment, and the atmospheric
effects affect the transmission on this band [4]. Doppler effects are more severe in Ka-band
as well [11]. The common frequency bands that are used in satellite communications are the
L, S, C and Ka band which are is the ranges: 390-1550 MHz, 1550-3900 MHz, 3900 MHz
and 17250-36000 MHz respectively [7].

1.3 Forward Error Correction Coding

High performing forward error correction codes can be used to counter the power
bottleneck in satellite communications [11]. Forward error correction codes detect and
correct bit errors through the addition and use of parity or redundant bits [14]. There are a
number of good forward error correction codes available today, for example, turbo codes,
Low Density Parity Check (LDPC) codes and convolutional codes. Turbo codes are
considered in this thesis. The highlights of major developments in turbo coding are presented
below, [15]:

- 1948: Shannon introduced the absolute limits in communications.
3



- 1962: LDPC codes were introduced with iterative decoding by Gallager.

- 1966: Forney introduced concatenated codes.

- Reed-Solomon codes with Viterbi decoding were introduced before turbo coding.
- 1993: Introduction of turbo codes.

- 1995: Turbo equalisation.

- 1997: The turbo principle concept is developed and recognised.

- 2001: LDPC codes performance within 0.0045dB of Shannon limit.

Since their introduction in 1993 [16], turbo codes research became a popular field in
digital communications research and turbo codes have since been proposed for and applied to
low power applications such as in satellites and deep space probes [1], [17], [18]. Turbo
codes have been used in a number of systems including; data storage systems, wireline and

optical communications, and satellite and space communications [19], [20].

The early LEO satellite systems utilised QPSK for modulation [7]. Multiple access
techniques have included FDMA, TDMA and CDMA. However, other modulation schemes
such as, Binary Phase Shift Keying, offset QPSK, n/4 shifted QPSK and octaphase shift
keying (8PSK) can be used to serve the objectives of operations in LEO satellite channels

[21]. Globalstar and Iridium employ convolutional encoding with Viterbi decoding [21].

Early work on concatenated codes with interleaving in the LEO satellite system includes
[8]. In [8], it was concluded that channel state sensing concatenated coding was efficient in

terms of throughput and average delay. This work considers turbo coding.

1.4 Turbo Codes

Turbo codes were introduced to the coding community in 1993 as near Shannon limit
error correcting codes [16]. They have been shown to achieve low bit error rates (BER) at
signal to noise ratios (SNR) that are close to the Shannon Limit. The discovery of these codes
opened a new research field in communications [22]. Turbo coding involves parallel
concatenation of two Recursive Systematic Convolutional (RSC) encoders separated by an
interleaver [16]. Over the years, turbo codes have been proved to achieve near Shannon limit

performance in the additive white Gaussian noise (AWGN) channel with low complexity
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iterative decoding. Furthermore, they have shown good performance in fading channels. For
example, in [16], [23], and [24], the performance of the turbo code is presented in an
AWGN channel, in [25], [26] and [27] the performance of turbo codes over various fading
channels is shown to improve the system performance and in [28] he performance of turbo

codes in fading and burst channels is presented.

Turbo codes bit error rate performance is divided into three regions namely: the
nonconvergence region, the waterfall region and the error floor region [29]. The waterfall
region is before the channel cut-off rate and the error floor region is after the channel cut-off
rate. The significance of the error floor region is that, the turbo code performance tends to
require more iterations to show a slight improvement and therefore turbo codes are not
suitable at high SNRs [29]. It is known that the major disadvantage of turbo codes is their

long decoding latency [30].

The key components of turbo codes are, soft output algorithm, feedback, iterative
decoding, extrinsic information transmission, parallel concatenation and non uniform
interleaving [31]. Extrinsic information is the soft information that is derived by each

component decoder that is passed to the other component decoder [32].

Parallel-concatenated convolutional turbo codes are the main types of turbo codes.
However, different classes of constituent encoders, increasing the number of encoders and
changing the concatenations can be used to produce reasonable results [33]. It is therefore
possible to achieve serial turbo codes [34], multiple turbo codes [35], [30] and arbitrary
combinations of constituent codes and concatenation [33], [36]. The has also been a massive
interest in the design of the code interleavers for optimal performance. Low Density Parity
Check (LDPC) codes are classified as turbo like codes. They were discovered by Gallager in
the early 60°’s [37] and rediscovered by Mackay and Neal [38] . The introduction of turbo
codes and the iterative turbo decoding revived research in LDPC codes. This lead to LDPC
Codes that perform at 0.0045dB from the Shannon limit [39].

In this work, we consider parallel concatenated turbo codes. Such codes are perceived to
be the relevant codes for satellite applications simply because they were proved to perform
better than their serial counterparts at low signal to noise ratio (SNR) [27]. Satellite

applications are considered to be power constrained applications.



1.5 Bounding Techniques

In addition to simulation, the performance of codes can be analysed using theoretical
upper bounds [14]. Theoretical upper bounds on the probability of error of turbo codes have
already been developed especially for the AWGN channel. Some of these theoretical bounds
have also been extended to the fading channels. Some are based on the union bounding
technique, assumption of maximum likelihood decoding and a probabilistic interleaver called
the uniform interleaver [24], [30], [40], [41]. Unfortunately, using the union bound makes
these bounds diverge below the cut-off rate. The use of the uniform interleaver allows the
evaluation of the weight enumeration function of the individual component codes and
eventually the conditional weight enumeration function of the turbo code [30]. Other bounds
on turbo codes includes the tangential sphere bound [42], [43], [44] and the Duman and
Salehi bound [45].

1.6 Contribution of the Thesis

The contributions of this thesis are:

e Performance evaluation of turbo codes in Ka — band correlated and

uncorrelated LEO satellite channels with short input message lengths.

e Performance evaluation of a turbo coded Ka — band LEO satellite Direct
Sequence Code Division Multiple Access (DS — CDMA) system with short input

message lengths.

e Application of the union bounding technique to analyse the performance of

turbo codes and the turbo coded LEO satellite system.

1.7 Outline of the Thesis

This thesis starts by giving an overview of turbo codes and the Maximum a Posteriori
(MAP) algorithm. It will then give an overview of statistical communication channel models
and present results on the performance of turbo codes achieved through Monte Carlo
simulations. Analytical results on the performance of the turbo code and the turbo coded

satellite system are presented. The rest of the thesis is arranged as follows,



Chapter 2: preliminary overview of turbo codes and fading channels is presented. The
MAP algorithm is explained together with iterative decoding. The union bounding technique
applied to turbo codes is also presented. The preliminary overview on turbo codes is
followed by a comprehensive presentation of statistical channel models for satellite
communication. These are classified as the basic single probability density function models

and joint probability density function models for modelling satellite communications.

Chapter 3: a system model is presented using one of the statistical channel models for
satellite communication models from Chapter 2. The union bound, which is introduced in
Chapter 2, is applied to evaluate the performance of the turbo codes. Simulation and
analytical results on the performance of turbo code in an uncorrelated satellite channel are

presented.

Chapter 4: the Doppler power spectral density is considered to characterise correlated
fading. An analytical bound is presented and conclusions are drawn on the performance of
turbo codes in a correlated land mobile satellite channels. Simulation and analytical results

on the performance of the turbo code in a correlated channel are presented.

Chapter 5: a turbo coded DS — CDMA LEO satellite system is analysed and its

performance is evaluated using simulation and analytical results.

Chapter 6: this chapter concludes the work done in this thesis and considered possible

future research.



Chapter 2
Background

In this chapter, background information on turbo codes and statistical satellite channel
models is presented. The information has been broadly covered in the literature but it is
reproduced in this chapter to assist in later discussions, for example, in [24], [16], [35], [41],
[30]. Turbo coding and decoding are described first. Brief background information on
convolutional codes, turbo codes structure and the MAP algorithm is given. The MAP
algorithm is given taken from [24], which is a modification of the algorithm given in [46]. A
method for computing the analytical bound on the performance of the turbo code is presented

using the conditional weight enumerating function [41], [30].

The second part of this chapter provides a review of the different channel models that are
used in the literature to characterise the behaviour of wireless and satellite communication
channels. The important parameters of each model are specified. Generally, the user’s
propagation environment and the orbit of the satellite affect the communication link.
Statistical channel models have been developed to characterise the received signal envelope
in a satellite environment [47], [48] and [49]. They can all be represented as Rice Lognormal
fading channels with different parameters for different environments. An overview of

commonly used fading models is given.

2.1 Convolutional and Turbo Codes

Convolutional codes are the building clocks of turbo codes. Although there are different
kinds of constituent codes for turbo codes, convolutional codes are still the major players in
the field. This section starts by touching an overview of convolutional codes and then later

presents turbo codes.

2.1.1 Convolutional Codes

Convolutional encoders consist of shift registers with modulo-2 adders and they are
algebraically represented by polynomials. They can be classified as systematic and non-
systematic convolutional encoders as well as recursive and non-recursive. In systematic
convolutional encoders, the input information bits are transmitted together with the encoder

8



outputs. The encoder outputs are regarded as parity bits. Any convolutional code can be
represented as a rate (R) k/n code, whereby, » is the codeword length and & is the input
message length. A systematic convolutional encoder is made from a non-systematic
convolutional encoder by simply sending the input information with the parity information.
Figure 2.1 below shows the two types of convolutional encoders using a simple rate, R = '

convolutional encoder.

P

P2

P1j

P2;
b)
Figure 2.1: Convolutional encoders: a) A non-systematic convolutional encoder with memory m =

2 and R = /%, b) A systematic convolutional encoder with memory m = 2 and code rate R =

1
3

The generator polynomials for the convolutional codes in Figure 2.1 are G1 and G2,
where G1 is a generator polynomial for p;j output and G2 is a generator polynomial for py;
output. Convolutional codes can be represented in octal form, that is, Gl and G2 can be
represented as {7}g and {5}g respectively, which has an equivalent polynomial form:

G1=1+D+D? and G2= 1+D? and therefore pik and pak can be represented as,



pi= Z glibj-l
=0

m
2= Z g.’ibj-l
i

Q2.1

where m is the encoder memory length, which is equivalent to the number of shift
registers, b; is the input bit at a particular time j. g;; and g are the bits of the generator
polynomials G1 and G2 respectively and can take values 0 or 1. The overall generator matrix
for the code in Figure 2.1 has the form (G1, G2). The constraint length of a convolutional
encoder is equal to the memory length plus one and it represents the number of bits in the

memory of the encoder plus the current input bit.

Another way of representing convolutional encoders is to classify them as non-recursive
and recursive convolutional encoders. The convolutional encoders in Figure 2.1 are non-
recursive convolutional encoders. Of interest are the non-systematic convolutional codes and
the recursive systematic convolutional codes. A recursive systematic convolutional encoder

is shown in Figure 2.2.

Pi

Figure 2.2: A recursive systematic convolutional encoder with m = 2 and code rate R = .

Non-systematic codes have been considered for channel coding but recursive systematic
convolutional codes have been shown to perform better than them at low signal to noise

ratios [23].
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2.1.2 Feedback (Recursive) Systematic Convolutional Codes

Recursive systematic convolutional (RSC) encoders are constructed from non-recursive
systematic convolutional (NRC) encoders by taking one of the NRC output to the input
(feedback) as shown in Figure 2.2. The overall generator matrix for this code is, (1, G2/G1)
when G1 is fed back into the input. An input of Hamming weight equals to one will produce
a finite weight code sequence if and only if the input sequence is divisible by G1 [24]. The
Hamming weight of a codeword can be defined as the number of 1s in the codeword. RSC
encoders are infinite impulse response filters and they have the ability to produce high weight
codewords. They are finite state machines and can be represented by state and trellis

diagrams just like general convolutional codes. From Figure 2.1, pj can be calculated as,

) 22)
pi=bi+> g.p,,
i=0

where pj is a binary variable, which is the shift register input and m is the memory length

of the encoder.

2.1.3 Turbo Encoding

Turbo codes are linear block codes simply because of the presence of an interleaver [24]
[41]. Each block consists of the systematic information and the encoded or parity
information. The decoder is such that a component decoder decodes information from each
constituent encoder [16], [23]. An interleaver and a de - interleaver allows exchange of
information between the decoders. The information exchange is iterated between the
decoders until the reliability of the information is increased to almost 1 or until there is no
reasonable change. The magnitude of the output information is a measure of reliability whilst

the sign shows the decoded bit [32], [36].

The concept was introduced as a parallel concatenation of RSC encoders separated by an
interleaver. The main purpose of the interleaver is to make the code appear random (random
codes are optimal codes but they are impractical due to complexity [37]). Decoding of turbo
codes is possible since the interleaving pattern is known, that is, a suboptimal pseudorandom

interleaver is used. A puncturer can be used to increase the coding rate.
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2.1.3.1 Turbo Encoder
The original turbo encoder is made up of two parallel concatenated recursive systematic
convolutional encoders (RSC) [16], El and E2, as shown in Figure 2.3. The RSC encoders
need not be identical and they encode the same information bits. The second encoder encodes

an interleaved version of the information bits.

by
" E1
P1j
o
E2
Pz

Figure 2.3: The turbo decoder, code rate, R = /3. (IT denotes the interleaver)

The rate of the encoder can be increased by introducing a puncturer to systematically
remove some of the parity bits generated by the constituent encoders. For example, it may be
chosen to remove all even parity bits from the first encoder and also remove odd parity bits
from the second encoder. However, this kind of puncturing does not produce very high rates,
the maximum rate can only be '2. To obtain much higher rates, some other forms of
puncturing schemes can be considered. Puncturing affects the performance of the codes [50]
and the rate of the second encoder (E2) should be higher than that of the first one (El) for
best performance [16] and [23]. The overall rate of the turbo encoder, R, is related to the rate

of the encoders by the following expression [16] and [23],

23
1_1. 1 (2.3)

R: and R: are the rates of the first and second encoder respectively.

2.1.3.2 Interleaver

An important component of the turbo encoder is the interleaver. An interleaver takes each
incoming block of information bits and rearranges them in a random like manner prior to

encoding by the second encoder. A good interleaver improves the performance of turbo

12



codes . A pseudorandom interleaver is the best performing interleaver for turbo codes.
Though it makes the codes to appear random, it is possible to decode them because the
interleaving pattern is known. The interleaver reduces the probability that both encoders will
produce low weight output codewords. The minimum Hamming distance of a turbo code is
not fixed by the constituent RSC codes but by the interleaving function and the probability of
producing high weight codewords is improved by the combination of RSC codes and non-

uniform interleaving.

2.1.3.3 Other Features of Turbo Codes

Puncturing can be introduced to the turbo coding to improve its code rate. However, as
earlier stated, puncturing of the systematic information degrades the performance [50].
Convolutional coding is a continuous process but turbo coding is over a fixed length that is

determined by the interleaver.

Trellis termination is a way of fixing the length of a convolutional code and ending a
convolutional encoder at the all-zero state as a means of avoiding poor decoding
performance. Trellis termination allows the decoding process to have knowledge of the
starting and ending state of the decoding trellis. In non-recursive convolutional codes, this is
achieved by inserting an additional number of zeroes (equal to the memory size of the
encoder) after the input sequence. A terminating sequence depending on the sate of the
encoder can be found that can drive the RSC code to the all-zero state [18]. It is difficult to
evaluate this for a turbo code due to the presence of the interleaver [33], however, there are a
number of trellis termination methods that have been presented in the literature, some of
which are compared in [51]. In turbo codes, the major concern for trellis termination is
related to the decoding performance near the end of the sequence, the distance spectrum of
the code and not the decoding performance near the end of the trellis [51] . In [51], it was
observed that the performance of a trellis termination method highly depends on the
particular code interleaver of choice. It is further shown that the choice of the termination
method is not crucial for the code performance as long as the correct choice of interleaver is

chosen.

Trellis termination methods in turbo codes can be classified into four general categories,

namely; 1) no termination of any constituent encoder, ii) termination of only the first
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constituent encoder, iii) termination of both encoders with individual tail sequences and iv)
termination of both encoders with a single tail sequence by imposing certain interleaver
restrictions [51], [33]. In this work, zeroes equal to the constituent encoder’s memory length

are appended at the end of the input sequence.

Self terminating interleavers that can be used to terminate both encoders are still
investigated and they promise to provide a better performance than a single code termination

[52].

2.1.4 Performance of Turbo Codes

The performance of turbo codes is affected by; interleaver size, type of interleaver, code
rate and puncturing, choice of decoding algorithm, number of iterations and the encoder
termination method [33]. The larger the interleaver size, the better the performance of the
turbo code [30]. However, the code performance is not affected by the type of interleaver at
low SNR as long as the RSC encoders receive inputs that are sufficiently uncorrelated [33],

but at high SNR, the performance largely depends on the interleaver type.

2.1.4.1 Performance Analysis

Performance evaluation of coded communication is one of the oldest problems in
communications theory and has recently attracted new research due to the introduction of
turbo codes and the rediscovery of LDPC codes. A closed-form solution for the probability
of error is not possible and therefore analytical bounding techniques are essential for the
design and performance evaluation of codes. Probability bounds are a computational tool and
they are useful in proving results in statistical theory and information theory [14]. The union
upper bound, which is an inequality, is the simplest bound on the probability of error, but
since it is loose above the cut-off rate in turbo codes, several improved bounds have been

proposed.

Theoretical bounds on turbo codes have been developed. These include bounds that are
derived from the union bound, [30] and [41], and bounds developed from the Gallager
bounds, [53] and [43]. The union bound is the simplest bound but it is not tight. Gallager
bounds are tighter than those derived from the union bound, and they have been used to

derive the tightest bound on turbo codes in the AWGN channel. The tangential sphere bound
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has been shown to provide the tightest bound [54]. The generalisation of improved bounds to
the fading channel case is not straight forward and is beyond the scope of the thesis. The

union bound gives a very good estimation of the error floor and thus it is used in this thesis.

2.1.4.2 Union Bound on Turbo Codes

The turbo code is a linear code since the constituent codes are linear and it can be viewed
as a block code [24]. The linearity property greatly facilitates the analysis since it can be
assumed, without loss of generality that the all — zero codeword was transmitted when
computing the decoding probability of error. This means that the probability of error is
independent of the transmitted codeword, that is, the probability of error is equal to the

conditional probability.

A decoding error occurs if the decoder chooses the wrong trellis path when decoding the
transmitted codeword. To compute the performance of turbo codes, Maximum Likelihood
(ML) decoding is assumed. Although, ML decoding would be too complex for turbo codes
due to the presence of the interleaver, iterative decoding algorithm offers near — ML
performance [24] with an increase in the number of iterations. This is observed to be more

true at high signal to noise ratios.

The union upper bound for ML decoding of an (», k) linear block code is given as,

Puora < i A(d)P.’d(d) (24)

d=1

where A(d)is the weight distribution of the code and Pa(d)is the Pairwise Error

Probability (PEP) for a particular channel. P, 1s called the word error probability. The PEP
is the probability that a decoder incorrectly decodes a particular codeword when another
codeword was sent. The concept of a uniform interleaver is introduced to evaluate the
distance spectrum of the turbo code and hence the performance of turbo codes. (It is not

possible to compute the distance spectrum for a fixed interleaver.)

“A uniform interleaver of length k is a probabilistic device which maps a given input
. : [k : . k
word of weight w into all distinct permutations of it with equal probability 1/ "
w w
[30].
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The uniform interleaver makes the conditional weight enumerating function of the second
code to be independent of the first code [30]. The bound that is evaluated is therefore an
average over all possible interleavers. With these assumptions, the average weight function

of a turbo code is given by [41],

k (2.5)

1

i=]

TdFﬁ{ Jp(dli)

I

k
where ( }is the number of input frames with weight i and p(d|i)is the conditional

probability that an interleaver maps any input weight of i to produce a codeword with total
weight d. p(d |i)is given by [41],

p(d|i)= po(do|i)pi(di|i)p:(d:|i) (2.6)
where pofds|i), pi(di|i)and p:(d:|i)corresponds to the conditional probability for the

systematic output, first encoder output and second decoder output respectively. p«(d:|i) is

given by [41],

l‘.\'(}’l, i, d\)

[7} 2.7
l

where # is block length of the turbo code, #(n,i,dy)is the number of codeword fragments

IZCADE

of input weight / and output weight d from the systematic or first code or second code. For
the (1,5/7)s RSC code, which is analysed in this thesis, t«(n,i,dy is given in [41].
Therefore the average bit error probability, P, of the turbo code is upper bounded by,
ok ik . (2.8)
Pe< > > —| | p(d|i)Pe(d)
deamn =1 K\
Assuming Binary Phase Shift Keying (BPSK) modulation and an AWGN channel, the

PEP is given by,Q[ %], where £ is the symbol energy and N, is the noise energy. The

0

average bit error probability is then given by,
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where E,;{.} is the conditional expectation over the conditional probability distribution

p(d i) and Q() is the Q — function.

_ 1 1272 (293-)
0=~ Ee dt

2.1.5 Turbo Decoding

Maximum likelihood decoding may be complex for turbo codes because of the interleaver
and therefore iterative decoding was adopted. Iterative decoding consists of a priori

information, extrinsic information and a posteriori information.

The turbo decoder consists of two serial concatenated decoders, D1 and D2 separated by
an interleaver that is the same as in the encoder, Figure 2.4. These decoders utilise any SISO
decoding algorithms but the second decoder, D2, may use the Viterbi decoding algorithm to
produce the hard output decision for non-iterative decoding. In this work the decoders utilise
the Maximum a Posteriori (MAP) algorithm [46] which was used and modified in [24]. D1
produces its estimate of the transmitted information (systematic information) bit based on the
received channel information and the parity bit from E1. This estimate or soft decision is
called the Logarithm of Likelihood Ratio, (LLR), associated with each particular decoded bit,
b,. The soft information of each bit is then interleaved and it then becomes a priori
information for D2. D2 uses this information and the received channel information to

calculate its output. The LLR is calculated as,

. {Pr(bﬁuyq
LLR(b)=log

Pr(b=0|Y) (2.10)

where Pr(bj¥) is the a posteriori probability (APP) of that particular bit. ¥ is the

observed information.
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Pk D1 Px2 D2

Figure 2.4: The Turbo decoder, (II — interleaver, ‘I’ — de-interleaver), u, = b;.

2.1.6 The MAP Decoding Algorithm

The MAP algorithm is the optimal decoding algorithm for decoding convolutional codes
in that it minimises the bit error rate (BER). Turbo codes consists of RSC constituent codes
and therefore the original MAP algorithm has to be modified so that it can be used for turbo
code decoding [16] and [23]. In this thesis, MAP algorithm refers to the modified MAP
algorithm for simplicity. Other types of suboptimal decoding algorithms are the Soft Output
Virtebi algorithm (SOVA), improved SOVA, Log — MAP algorithm and the Maximum —
Log — MAP algorithm. The Log — MAP algorithm is the implementation of the MAP

algorithm in the log domain [32].

In the MAP algorithm, the APP of the data bit is calculated first and then the LLR. The
LLR represents the soft output and its magnitude gives the sign of the transmitted bit whilst
the amplitude signifies the validity of the decision, that is, the sign is used to make the
decision whilst the magnitude shows the reliability of the decision. Bayes rule and Markov’s
property forms the basis for simplifying the MAP algorithm. Bayes rule can be represented
as follows,

P(AB) @11)

P(4,B)= P(B)

Bayes rule can be interpreted as: the joint probability of 4 and B, P(4,B), is equal to the
ratio of the conditional probability of 4 given B, P(A|B), to the probability of B, P(B).

Markov’s property states that future events do not depend on the previous sates or received
bits if the present state is known (the future does not depend on the past). The APP of the
decoded bit, b, is defined as,
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Pi(s)=P(b,s|Y) (2.12)

where Y =(y;, y2,..., y») is the received bits (y;, y»), (systematic , parity bits), s represents
the present state of the decoder wherese S, and S=/{s",s}. s represents is the previous
state. The LLR 1is then calculated as,
) Y P(s)
LLR(b)=log |~ —— 5 2.13)
I

§,by=-

This implies that the decoder chooses b=1if LLR(I;,) >0 else b=0. Applying Bayes

rule to (2.10), and considering the code trellis in (2.13) we have [24],

R hZ}p(s,s’,Y)
LLR(b)="""———
(b) > plssiY) (2.14)

s.hy=-1

The following probability functions are defined in order to evaluate p (5,5, ¥ ),

oj-i1(s’)= P(S',Yj-l)
Bi(s)=P(Y;+1]s) (2.15)

Yi(s's)=P(Y,s| s’)
The forward state recursion metric, oy(s’) , is the probability that the trellis is in state s at
time j-/ and the received channel sequence up to this point is¥;.;. It 1s recursively

computed as,

(2.16)
ai(s) =D ai-1(s).p(s"s)

N

The reverse state recursion metric, fj(s), is the probability that given the trellis is at state
s’ at time j, the future received channel sequence will beY; . It is calculated recursively

as

b

(2.17)
Bi-1(s)=""Bis).uls"s)
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The transition metric, yi(s's), is described as the probability that given the trellis is in
state s” at time j-/, it moves to state s and the received channel sequence for the transition

isY; . y(s's) can be simplified from (2.15) and become,
1(s'5)= P(s|s)P(Y, | b) @19

where P(s|s’)=P(b) 1is called the a priori transition probability. Using (2.10),

P(s|s’) can be written as [36],

+LLR(by) LLR(b/2 .
Phi=+x1)= ]e SLLRM { -LLR(b/)] Hn
+e I+e (2.19)
= Ajexp éLLR( b,/)be

Where 4; is given by,

4=

-LLR(b))

-LLR(b1)/2
e

lte

In a similar way, P(¥;|b;) , the conditional probability for systematic convolutional codes

can be written as [36],

p(Y,by) o< exp| - -

207 20° (2.20)

() (o -bp,)}

. __(y_f+b;-’+y;j,+bjj) 23 (b,yj-bmym)
xXp 20__, .exp 03

L

= Biexp

2
g

(b.iyj b, Yy ) ]

where (v}, yp;) and (b;, b,) Where B; is given by,

b

(v5+0]+y, b))
20°

B, = exp!-

A; and B; are constants. (2.19) and (2.20) are used to calculatey;(s’s). Therefore
vi(s' s)is given by the product of the APP of the input bit, b;, that is necessary for that

transition and the conditional probability (2.20).
20



Using the above probability functions and Markov’s property p(s,s’¥ }can be simplified

to be,
p(s.s Y )=a-1(5).5i(s).0(s",s) (2.21)
Therefore,

X a-i(s)fi(s)-yi(s's) (2.22)
LLR bj — sbi=l
(by) X 15 fi(s)p(s's)

shj=-

However, this equation leads to a numerically unstable algorithm [24]. To stabilise it the

probability functions are normalized as follows,

difs)=a;(s)/ L ai(s) (2.23)

This can be simplified to

Za'j -1(s').vi(s",s) (2.24)

ai(s) = Y Yai-i(s)(s's)

R

The reverse recursion metric is redefined as,

> Bis). (s s) (2.25)
s = Bis) Y aifs) = —= :
Fioi(s) = Bis)/ S afs) SLIRTIRTE
Therefore the LLR becomes,
Y - 1(s).B(s)p(s"s) (2.26)

LLR(by =2 .
S - i(s).fils).vils", s)

s.bj=-1

and it is calculated using (2.24), (2.25) and (2.18). The MAP algorithm is carried out as
follows, as the channel values are received, (s’ s)is calculated using (2.19) and (2.20). The
a priori LLR(b;) is initially set to zero for equiprobable transmission of +1 or -1 and it is
later provided by the other component decoder in an iterative decoding scheme. o - i(s')can

also be calculated just after yi(s’s) using (2.24). After all the channel values are received,

B(s)is calculated using (2.25). Then the new LLR(I;/) is calculated for each bit according to
21



(2.26). This MAP algorithm is complex especially for hardware implementations, and the
extensive multiplications, exponentials and recursive calculations were simplified by the

introduction of the log-MAP algorithm.

2.1.7 Iterative Decoding

For systematic codes, the soft output of the information bit is given by [55],

LLR(b)= L+ LLR(b)+ Le(b) (227)

where L.(b)is the extrinsic information and LLR(b;) is the a priori information. The
turbo decoder is shown in Figure 2.4. The first decoder, D1, receives the channel sequence,

and produces its estimate of the sent bits as it’s a posterior LLR([;,) [55] (a posterior is the

output of the MAP algorithm). It computes it’s LLR(EJ) using the received versions of the

transmitted systematic bits and the parity bits generated by the first encoder, E1.

Assuming equiprobable events for +1 and -1, the a priori LLR(I;/) in the first iteration is
zero for D1. The a priori information is defined as the intrinsic information, that is, the
information provided by a source other than the received information about a bit [55]. The
second decoder, D2, receives interleaved extrinsic information from D1 with the interleaved

version of the received systematic information and the received parity bits from E2 and
calculates the a posteriorLLR(éj). FExtrinsic information is the information that is provided

by a decoder about a bit without including the bit being used to calculate it [55]. The
extrinsic information from DI is used as the a priori information in D2. The a posterior of

D2 decoder is used as the a priori information for D1 in the next iteration.

This process is repeated for a defined number of iterations or until a certain condition is

met and a hard decision is made. The fth decoder extrinsic information is given by,

Ly (b)) = LLRr (b)) ~[ Lay+ LLR (by)] (228)

After each iteration, the bit error rate of the decoded bit decreases. However, the
performance improvement tends to decrease for higher number iterations [55]. When making

the hard decision, the sign of D2 a posterior LLR is used to give the hard decision and the
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magnitude of the LLR is used as the probability of that decision. The final output of the

second decoder is calculated as [55],

LLRz(l;/) = Loy + Let (b)) + Loz (by) (2.29)

2.2 Land Mobile Satellite Channels

Land mobile satellite communications signals are mainly affected by multipath
interference and shadowing [8], [4]. Multipath interference rises from the reception of
randomly phased reflections of the transmitted signal whilst shadowing results when the
transmitted signal is partially or fully obstructed. Both these factors are environment
dependent. The received signal consists of the line of sight (LOS) component (also called the
specular component) and the diffuse component. The LOS component is the component that
arrives at the receiver through a direct path from the transmitter whilst the diffuse component

consists of a number of weak reflections with random amplitudes and phases.

In the Ka — Band, which is the one considered in this thesis, the mobile propagation
channel suffers from more severe shadowing and faster multipath as compared to the lower
frequency bands [4]. The high frequency of this band results in more serious Doppler effects
and therefore the multipath fading in the Ka band is much faster and the corresponding
channel correlation time is much shorter [11]. Atmospheric effects are also severe in this
band, [56] and [12]. Interleaving can be used to mitigate the Doppler effects for fast fading

channels.

In the following a review of the statistical models and joint probability density function

models that are used to characterise the satellite communication channel are presented.

2.2.1 Statistical Channel Models

After data has been collected through experimental measurements, a statistical model is
normally derived to represent or match the data. The process involves representing the data
in histograms and then fit a specific Probability Density Function (pdf). This allows further
analysis of the data using the obtained pdf and simulation. The different channel models that

have been modelled to represent data are outlined.
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2.2.1.1 Rician

The Rice pdf is used to characterise the statistical fluctuations of signals received from a
multipath fading channel with the presence of a LOS signal, for example, of a satellite
communicating with a user on the earth surface in an un-shadowed environment. The pdf of

the received signal envelope, 7, is

2, 2 (2.30)
pr)=—" epo’ o ]H"f]
O 20, Or

where, a’/2 is the mean received power of the LOS component. o, is the mean received

scattered power of the diffuse component due to multipath propagation and /,(.) is the
modified zero order Bessel function of the first kind. The ratio of the mean received power to

the scattered received power is called the Rice factor.

The Rice distribution is related to the non — central chi — square distribution. This can be
illustrated by two independent voltage phasors, x and y, where x and y are statistically

independent Gaussian random variables (r.v.s) with a zero mean and a non zero mean

respectively, but they have a common variance, a; , [7]. Therefore, » can be represented as,

R ] (2.31)

and the phase angle, o, is given by,

2.32
§= tan” [lj ( )

X

The Rice factor, ¢, can also be represented as,

&7 (2.33)
c= w7
20,

The following normalisation is normally used,

R, (2.34)

Using equation (2.32) and (2.33), a’ and ¢” can be expressed in terms of ¢ as,
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, ¢ (2.35)

a = —_ -
ct+1
> | (2.36)
2(c+l)

This is a convenient representation of a° and o, because the multipath process is easily

characterised by the choice of ¢. For example, when ¢ = 0 (i.e. &’ = 0), the Rayleigh
distribution is obtained and when ¢ is very large, the Gaussian distribution is obtained. It
further shows that the Rice distribution can be used to represent a wider range of conditions.

A histogram of the Rice generated r.v.s with different Rice factors is shown in Figure 2.5.
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Figure 2.5: Histogram showing the Rice distribution.

2.2.1.2 Rayleigh

The Rayleigh pdf is used mainly to describe or model the statistical fluctuations of signals
received from a multipath fading channel with no LOS signal. It is mainly used to model
received signals in an urban environment. In the absence of a LOS signal, the received signal
is simply a summation of all the diffuse components of the transmitted signal. The

distribution is given as,
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; (2.37)
pr) =5 epo — H
o 20,

where, r is the received signal envelop. o; is the mean received scattered power of the

diffuse component due to multipath propagation. The histogram for the Rayleigh pdf is given
in Figure 2.6.

Unlike the Rice distribution, which is related to the non — central chi — square distribution,
the Rayleigh distribution is related to the central chi — square distribution. Similarly as
before, this can be illustrated by using two independent voltage phasors, x and y, which arrive

at the receiver with random phase and amplitude. x and y are zero mean Gaussian r.v.s, each

having a zero mean and a variance, o;. Finally,  and ¢ are as represented in (2.31) and

(2.32).
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Figure 2.6: Histogram showing the Rayleigh pdf.

2.2.1.3 Lognormal

The effect of shadowing of the direct wave is characterised by the Lognormal distribution.
There is no multipath component present in this model. Shadowing arises mainly in suburban

areas due to the presence of large obstructions e.g. terrain, trees and buildings. As an
illustration, let x be a normally distributed r.v. with mean y and variance, ¢° . The received

signal envelope r.v., r, can be obtained from x by a transformation,
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x=Inr

ot (2.38)
The Lognormal distribution of » can be expressed in terms of z and o  as,
(2.39)

1 (Inr- 1)’
p(r) Uzr\/—é;exp 257

Figure 2.7 shows the histogram generated from lognormal r.v.s with different variances for a

mean of -10dB.

10000 e 148

5000

Figure 2.7: The lognormal pdf.

2.2.1.4 Nakagami - m

This distribution is also used to characterise the statistics of signals transmitted through
multipath fading channels. Here the pdf of the received signal envelope, r, can be expressed

as, [57],

m o 2.40
p(r) 2 [m] ple 9 (240

Tl o
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where, I7,) is the Gamma function, Q = E(+*) — the second moment of r (mean fading
power), and m is the fading figure. The value of m reflects the severity of fading. The fading

figure is defined as the ratio of moments and is given by,

Q° 1 (2.41)

When m=1, the Nakagami — m pdf reduces to a Rayleigh pdf, when m=1/2, it becomes a
one sided Gaussian pdf and when m — oo, the channel reduces to the AWGN channel
without fading. The parameter m can be appropriately chosen such that the Nakagami — m
pdf approximates a Rician pdf. The Nakagami — m distribution provides best fit for
modelling urban multipath channels and it could represent more severe fading than that of

Rayleigh [55]. It is given in Figure 2.8. The channel’s phase distribution is unspecified.

Another Nakagami pdf called the Nakagami — g (Hoyt) pdf is also used to model satellite
links that are subject to ionospheric scintillation. The Nakagami — » pdf is used to model
propagation paths that have a LOS component and random weaker components. » 1s related

to the Rice factor, (n2 =k).

Figure 2.8: The m-distributed pdf with Q =1, [S7].
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2.2.2 Joint Probability Distribution Channel Models

The received signal envelope can be represented as a product of independent processes,
for example multipath fading and shadowing, due to the occurrence of different processes in
practice, for example [48], [47], [58]. This has lead to the use of joint pdfs. Given two
independent processes, multipath fading, A, and shadowing, B, the received signal
amplitude, r, is given by » = AB. The pdf of the received signal conditioned on fixed
shadowing is given by the statistical channel models described in section 2.2.1 except for the
Lognormal pdf. Therefore, the pdf of the received signal through shadowed satellite channels

is recovered by averaging the statistical fading channel model over the shadowing, that is,

(2.42)

p(r)=[ p(r1B)p(B)dB
where p(B)is the pdf of the shadowing, which is normally taken to be Lognormal and

p(r| B)is the pdf of the multipath fading conditioned on the specific shadowing effect. With

A and B independent,

] (2.43)
=L [0

The joint probability has been used to form the Suzuki channel model for urban areas [58]
and the Loo’s land mobile satellite channel model [47] amongst others, whilst recent some

work is presented in [48] and [56]. Below, the different models are described.

2.2.2.1 Corazza and Vatalaro Model

This model was introduced in 1994 [48]. It is a combination of the Rice and the
Lognormal pdf, forming the Rice — Lognormal pdf to represent the statistics of the received
signal envelope. The combination of the Rician and the Lognormal models makes this model
suitable for all types of environment: rural, urban and suburban. This is achieved by simple
choosing the appropriate parameters. According to the model, the Rice factor is constant and
the average power is Lognormally distributed. This model combines the statistical model and
the empirical formulas through the use of the elevation angle [48]. The pdf of the received

signal envelope, r, is [48],
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p(r)= [ p(r|Sp(S)ds (2.44)

where, p(r|S) is a Rice pdf conditioned on a certain shadowing, S, and its pdf is,

4 }"2 ls
r|S)=2(c+1 exp|-(ctl)—-c || 2—/clec+1)|, r=20
plriS)= 2t e (e 1) e o 2 el )
where the parameters are as defined previously defined. S is Lognormal with pdf,

: 2.46)
] (InS- ) (
(S) = ———exp| -
P8 S { 2h }

(2.45)

where 4 = (In 10)/20, x and ho” are the mean and variance of the associated normal variate
respectively. Therefore, the signal envelope that meets this channel model is a product of the
two independent processes, » = RS, where R is a Rice process and S is a Lognormal process.
This channel model can be reduced to any of the usual nonselective fading models depending
on the combination of ¢ (for the LOS), i« and o (for the shadowing). Figure 2.9 shows the

histogram of the model where the mean is -10dB and the standard deviation is 2dB.
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Figure 2.9: The Rice-Lognormal histogram.
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2.2.2.2 Suzuki Model

The model has widely been used to represent statistical channels in urban areas mainly for
the terrestrial networks [58]. It is used to model heavily shadowed environment. Although it
is an old model, it can be shown that it is a special case of the Corazza — Vatalaro model
obtained by setting ¢ = 0. Therefore the received signal envelope, r, is represented by a
Rayleigh — Lognormal pdf and the histogram is given in Figure 2.10 when the mean is -10dB

and the standard deviation is 2dB.
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Figure 2.10: The Rayleigh-Lognormal histogram.

2.2.2.3 Lutz Model
The Lutz model separates between a good and a bad state [49]. A time-share between
these states determines the duration in each state and this is a function of the environment. In
the good state the received signal envelope, r, follows a Rice distribution representing a

strong LOS signal and the pdfis,
Prn(r)= c.e"“*”lu(zcﬁ ) (2.47)

where c is the Rice factor, /,(.) is the zero-order modified Bessel function. In the presence
of shadowing, it is assumed that there is no direct LOS signal [49] and therefore the Rayleigh
distribution is used to characterise the multipath fading with short-term mean received

power, r,. The conditional pdf is given by,
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; . (2.48)
pRayl (r | ro ) = —expl:-_:|
f’;} ¥

0

And the pdf of r, is

x 2

10 -(10logr, - )’ 249
P, )= exp
\/37;(;)”011/110 20°

u and o are the mean and the standard deviation in dB of the associated normal variate

respectively. The pdf of the received signal envelope, #, is,

D)= (1= A) P01+ A [ Dyt 1, Jpyo ()l (220

where A is the time-share of shadowing and the integral expression signifies total
probability. By utilising the parameters, 4, ¢, i, and ¢ the Lutz model can be fully described.
A is the most important parameter of this model [49]. Figure 2.11 shows the probability
density function of the channel in a bad and a good state. It is observed that in the bad fading
state (represented by a Suzuki distribution), the channel r.v.s are concentrated below 0.8
whilst they are concentrated about one for the good fading state (represented by a Rician
distribution). The channel values used are ¢ = 12dB, ¢ = 2dB and u = -10dB. The two state
model or Lutz model has been used in the literature, for example, in [4] where it is used to
model fading in the K - band. It has been used in this work due to its accuracy in modelling
fading in satellite communications. In this work, the fading and shadowing processes are
assumed to be mutually statistically independent for the two state channel model. Figure 2.12
shows the effect of changing 4 on the Lutz pdf when the channel values are ¢ = 12dB, ¢ =
2dB and x = -10dB. It is observed in this figure that the number of r.v.s below 1 increases as

A increases.
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Figure 2.11: A histogram showing the probability distribution of the channel in the a) good fading
state and b) the bad fading state.
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Figure 2.12: A histogram showing effects of changing A4 on the two state pdf.

2.2.2.4 Loo’s Model
Loo developed a statistical channel model for rural and urban environments. In his model,
the diffused power is assumed to remain constant and the Rice factor is lognormally

distributed. The statistical model for the L-band land mobile satellite channel is given by

[47],
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B e (2.51)
pr)= r—’%exp[_(’ﬂ—f)}o{r_{fj 1 7 ex‘l){ (Ina :/1 ) }da
o 20, Or ) aj2mo” 20

where, r is the received signal envelope, a’/2is the mean received power of the LOS
components, ¢ is the average scattered power due to multipath, ¢ and u are the standard

deviation and mean of the log-normal probability density distribution respectively. /,(.) is the
modified zeroth order Bessel function. In this model (2.51), the LOS component is

lognormally distributed under shadowing whilst the multipath is Rayleigh distributed.

When g is constant, that is there is no shadowing and there is a clear LOS with multipath
fading, the received signal envelope is Rician distributed. In the absence of shadowing and
no LOS component, (a = 0), the signal is Rayleigh distributed whilst in the absence of
multipath but with shadowing, the received signal is log-normal. The pdf of the received

signal phase is approximately Gaussian and is therefore given by the Gaussian distribution,

; —((p-m )-’ (2.52)
ple)= 5P =
6 N2 20

@ T ¢

where m, and 0'; are the mean and the variance of the received signal phase respectively.

As earlier stated, the model holds for L-band. However, it is also valid the for Ka — Band but
with different parameters as shown in [59]. The satellite communication channel is most
susceptible to weather conditions and most of the attenuation comes from rain [12]. Loo and

Butterworth [59] modelled the weather impairments as,

(r)= ! ex, -(r-m‘.-)" &
P e | 200

where, . and m. are the variance and mean of the weather effects. p(r)and puw(r) are

independent processes and therefore the combined signal envelope pdf according to [59] 1s,
pi(r)= p(r).p«(r) (2.54)

However, Li et al, [56], showed that this is not a proper way for modelling a joint pdf of
independent processes in a communication channel. They argue that it is not mathematically
correct and they further prove that multiplying the different pdfs as suggested in [59]
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removes the fading aspect of the received signal, this cancels the fading and further tends to
improve the signal much against of what is expected. Therefore they proposed that the joint

pdf be represented as,

p(r)= [ plr|wipu(r)dhy (2.55)

where, p(r|w) 1s the pdf of the fading conditioned on the weather effects. The signal

amplitude is a multiplication of the two independent processes, » = bw. When b and w are
independent r.v.s, then,

I r (2.56)
p(rIW)=—p(—]
wo\w
It is noted that the relationship between the rain attenuation pdf and the other satellite
models other than Loo’s model can be extended to the other channel models as fading and

rain attenuation are independent processes.

2.2.3 Fading Spectrum

The fading spectrum is specified to further characterise the fading channel. In the previous
sections, uncorrelated channels were considered, however, the fading spectrum is used to
characterise the time variation of the channels. The fading spectrum is modelled to show the
rapidity of the fading. Here, two fading spectrums, which are mainly used in the literature,
are presented, namely, the Jakes spectrum and the first — order Butterworth spectrum. The
Jakes spectrum is commonly used in modelling land mobile channels, whilst the first — order

Butterworth spectrum is used for exponentially correlated land mobile channels.

2.2.3.1 Jakes Spectrum

The Jakes power spectrum, Sg(f), is given by,

207 y (2.57)
{2 ] f <fD
SR(ﬂ = N
WS elsewhere

0

where 207 is the diffuse power in the diffuse process and 1 is the frequency variable. fp is

the maximum Doppler frequency and is given by,

35



o (2.58)

Y

fo=

where v, f;, and ¢, are the mobile receiver’s velocity, carrier frequency and propagation

speed (speed of light) respectively. The power spectral density and autocorrelation function

are Fourier transform pairs and therefore the autocorrelation function, Ru(7), is given by,
R, (t)=204J,(2nfor) (2.59)

where 7 is a time variable and J,(.) is the zero order Bessel function of the first kind. The

Jakes spectrum is commonly used in modelling land mobile channels.

2.2.3.2 Butterworth Spectrum

For channels with exponential correlation the first — order Butterworth spectrum is used. It

is given by,

207 (2.60)
f"J

wfo| 1+
192

The parameters of this spectrum are as described for the Jakes spectrum. The

Sr(f) =

autocorrelation function of this model is,

Ruu(t) = 20;exp (-2nfo|t)) (2.61)

2.3 Summary

This chapter provided a brief overview of turbo codes and the different statistical channel
models. The turbo codes have been described together with the iterative decoding algorithm.
A brief review of the performance of turbo codes has been presented and also the union
bound for turbo codes in an AWGN channel. To evaluate the union bound for turbo codes, a
uniform interleaver is used together with the assumption of ML decoding because the

evaluation of the iterative algorithm will be complex.

The Rician channel model is used to model an environment whereby the mobile user

receives a clear LOS signal from the satellite whereas the Rayleigh model is used to
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represent the diffuse components that the user receives when there is no clear LOS signal.
Shadowing is represented by the Lognormal pdf. Joint fading-shadowing distribution channel
models were also presented. These models have proved to be very useful and have been used
extensively [8], [11], [59], [60], [61], [62], [63], [64], [2], [65], [66], [67], [26] and [68]. By
choosing the appropriate parameters, the received signal envelope can be approximated for
almost all kinds of environments and propagation scenarios such as, rural, suburban and
urban environments and shadowing depth. The joint distribution models that were reviewed
are, the Rice — Lognormal, Rayleigh — Lognormal, Loo’s Model and the two state models. In
addition, two common fading spectrums were presented, the Jakes spectrum and the
Butterworth spectrum. Lutz model was used in this work since it has been evaluated for the
KA-band channel modelling and has been proved to match collected data in [4] using the

ACTS satellite.
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Chapter 3
Performance of Turbo Codes in an Uncorrelated Satellite

Channel

In this chapter, the performance of the turbo code in an uncorrelated satellite channel with
perfect channel interleaving is presented. The code performance is measured in terms of the
bit error rate at different conditions in the satellite channel for the two state channel model.

An average upper bound is also presented. Simulation and analytical results are shown.

3.1 System Model

A bit sequence is turbo coded using a turbo encoder with two identical rate = 1/2 RSC
encoders with constraint length of 3. The RSC encoders are parallel concatenated through an
interleaver. The turbo encoder produces a systematic sequence multiplexed with the parity
sequences generated by the two encoders and therefore the overall rate of the turbo encoder
is 1/3 without the tail bits. The tail bits are simply an addition of zeroes at the end of a frame
and it is assumed that the decoder knows the final state. The turbo encoder output is then
block or random interleaved by a channel interleaver. It is then finally transmitted using
antipodal binary phase shift keying (BPSK) modulation. At the receiving end, the reverse

takes place.

The received signal after match filtering and sampling is,
H(1) = px(1) +4(1) (3.1

where, p is the fading channel coefficient whose pdf is given by the two state channel
model (2.50), x(2) is the sent information signal and #(#) represents zero mean double sided

additive white Gaussian noise (AWGN). Perfect channel estimation at the receiver is
assumed. The turbo decoder is based on the MAP algorithm and consists of constituent
decoders separated by a dual decoder interleaver. These decoders exchange soft information

iteratively to reduce the probability of a bit in error.

38



3.2 Performance Analysis

Independent multipath fading and shadowing are assumed for the uncorrelated channel.
On a well designed satellite link, the contribution of thermal noise, Faraday rotation and
lonospheric scintillation is very small relative to the fading caused by shadowing and
multipath interference and it is ignored in the following [4]. Weak echoes are expected in a
satellite channel and therefore there is no much gain that can be obtained through using a
rake receiver [10]. However, a rake receiver can be used to implement satellite diversity and
seamless satellite handover. Signals from different satellites produces a pseudo — multipath
and the rake receiver can be used in the reception of these signals. Satellite diversity analysis

is beyond the scope of this work.

3.2.1 Pairwise Error Probability (PEP)

Assume, x, to be the transmitted codeword over a fading channel, x; to be the received
signal vector and that the receiver can accurately estimate the channel, i.e. the fast fading

vector p is perfectly known at the receiver [11]. The probability that the decoder incorrectly

decodes x, into a codeword x, is known as the Pairwise Error Probability (PEP). To evaluate

the PEP, perfect channel interleaving is assumed which results in an independent fading for
each code symbol [11]. Therefore, only the Hamming weight of the incorrect codeword

matters. For a single user system, the conditional PEP conditioned on p is given by [11],

[69].
) R (3.2)
Px,%,10)= Q| 2RSED g
0 h=1

where £, is the bit energy and N, is the power of the double sided AWGN. R is the code
rate, d is the maximum number of differing bit positions between x, and x,, ik is the index

of the differing bit positions and Q(.) is the Q-function. Here Craig’s formula that has been
used in[11] and [69] is used,

2 2 L2 33
Q(Z) — i f'/ e-z /(2sin Wd@ ( )
T /]
The PEP is obtained by averaging the conditional PEP (3.2) over the channel gains, p,
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For Rician fading, P, (x,,X,) is given by [11],

d

~ 2 2si 2 dey
Prie( X,.X,) = ! L"/ e exzﬂ[ e ]dfp (3.5)
T

y(- _+_ZSln.’¢ ZSing(p(] +C)+‘yc
I+c

where ¢ is the Rice factor and 7, =(2REb/N0)E[p;;] The PEP for Rayleigh
fading, P,,,(x,. X, ), is obtained by setting ¢ = 0in Py, (x,,X, ), that is,

5 d
- I g2\ 2sin’
PZRuyI (xn ’ xo == _[7' |i (p :| dgﬂ

Ty yl,+2sin'7g0 (3.5a)

For the two state channel model, the received signal envelope for the clear LOS signal

follows a Rician pdf and is given by,

2, 2 (3.6)
+
p,,(p)=%exp{—[p - Hz{pi’j
O 20, O

when there is no shadowing. However, when there is shadowing, the received signal

envelope follows a Rayleigh — Lognormal pdf. The pdf can be written as,

3.7

P, )= Py 0170900 )by, 3.7)

where,
! (3.8)

p/}\y( (p | yc ) = —exp |:- £:|
and,
) P L —— (10, - )’ (3.9)
p;;( ¢ O_Zyc\/z ln 10 20.2

The pdf of the two state channel model is given by,
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where A4 is the time-share of shadowing parameter. The PEP can then be calculated using

the PEP for the Rayleigh and Rician given above as,

P(x,.%,)= fp(p)Q[ 2R Zp,,,]d{p}

{p} ()hl

= [((-A)p, 2+ 4] b, 0120p, 60, )Q[,/zR—Zp,,,]d{p}
() No i

- I(I-A)p,,(p)Q[J ,,,Jd{p}
{o} Ny

+4 f“ j Py, (ply()Q[‘/ZR—Zp,th{p}p (. )b,

(1 A) P’Ruc (xl) ’ ’Qa ) + A E P.’Ruy/(x() 4 '%a )pYL_ (Y( )dYL (31 1)

where P,

srice( X,0X, ) 1s the Rician PEP given in (3.5) and P, ,(x,, X, )is the Rayleigh PEP
which is obtained by setting ¢ =0 in Py, (x,,x, ). The second term in (3.11) shows that the
PEP under shadowing can be evaluated by averaging P, ,(x,,X,) over y,. 7, = (2RE,/N,)

for the normalised Rician component and it is Lognormal distributed (3.9) for the Rayleigh —
Lognormal component. Equation (3.11) is simplified following the steps of [70] and the

assumption that fading and shadowing are independent similar to [11].

The average analytical bit error rate bound of the turbo code is obtained by assuming

maximum likelthood decoding and uniform interleaving. It is upper bounded by,

Ph = Z ALI'P2(xl)"£{)) (312)

dzdmin

where A4, is the error coefficient and is the average number of bit errors caused by the
transition between the all — zero codeword and codewords of weight d. d,;;, 1s the minimum

Hamming distance of the code. 4, is calculated using (2.5),
— k(K )
A(d)= 2 ; p(li)
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and P,(x,,x,) is evaluated numerically using Gaussian Quadratures, the Gauss —

Laguerre and the Gauss — Legendre quadratures, [71], [72], as follows,

P.’(xu ' '{-u ) = (1 - A) 1).’R1¢'u (x ’ ‘i ) + AF)JRQ\'I.(}g (xn ’ j”(} )

0’0

o
1 2sin’6 -dey
=(1-A)—Zw((pi) exp[ — V. ]
45 Y 4 26in0 2sin*0(1+c)y,
+c
e [ 2sin’0

13 ]
+A§;ZW’(¢/)

i=1

(10]ny,.-,u):‘l

10
w(y, ex - -
VL.+2Sin29] (Y/)agyi\/.?n']n]() p{y, 20°

The numbers of coefficients for the quadratures were fixed after observations of the

results with different values.

3.3 Results

A concatenation of two constituent RSC codes in parallel and separated by a
pseudorandom interleaver is considered. The code rate is 1/3 and the constraint length for the
constituent codes is three. The generator polynomials of the constituent codes are (1 5/7)g
and each constituent decoder utilises the MAP algorithm for simulation purposes [46].
Zeroes equal to the memory length of the encoders are padded at the end of each frame to
facilitate decoding. The number of iterations for the simulation is set to ten. A pseudorandom

interleaver 1s used in this work.

In a typical satellite channel, the values of the Rice factor (¢) are in the range of 6 to 18dB
whilst the values of the shadowing mean (u) and the shadowing standard deviation (o) are in
the range of -7 to -16dB and 2 to 6dB respectively [4], [26]. For the simulation and analysis
examples presented below, the following values are used unless stated; ¢ = 12dB, ¢ = -10dB,
o = 2dB, the time-share of shadowing parameter (4) = 0.3, [4], [60] and the input message
length is 100 bits, since the aim is to quantify the performance for short frame length input
messages. The channel values shows that an investigation of the turbo code performance in
an environment with a larger LOS signal between the LEO satellite and a mobile user on

earth is considered
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3.3.1 Simulation Results

The first set of results shows the performance of turbo codes with changes in the channel
parameter values; ¢, u, o, and 4. These are shown in Figure 3.1 to Figure 3.4. The system
performance improves as the Rice Factor increases, as shown in Figure 3.1. However, it is
observed from the figure that there is little improvement on the code performance when the
Rice Factor is increased from 12dB to 18dB, as compared to, the Rice factor increases from
6dB to 12dB. Nonetheless, the turbo code performance improves with increasing Rice factor
as expected. This is because as the Rice factor increases, the channel fading is reduced and
the channel approaches the AWGN channel. As expected, in Figure 3.2, the performance

degrades as the time-share of shadowing, 4, increases.

—e—c=0dB

1.E+00
—a—Cc = 6dB
—a—C = 12dB
1.E-01 —x—C = 18dB
1.E-02
4
1w
o
1.E-03
1.E-04 -
1.E05 -
0 2 10 12

6
(Eb/No)dB

Figure 3.1: Simulation results showing the turbo code performance as the Rice Factor, ¢, changes.

This is caused by the dominance of the Rayleigh — Lognormal term in the channel model
symbolising increase in shadowing. The figure shows that the turbo code performance is bad

in heavily shadowed environments.

Figure 3.3 shows the turbo code performance measured against changes in the shadowing

mean, /. There is a slight improvement in the turbo code performance as y increases from -
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5dB to -15dB. A clear improvement on the turbo code performance is shown in Figure 3.4
whereby a decrease in the shadowing standard deviation, o, is proportional to an increase in
the turbo code performance improvement. In Figure 3.5, the performance improvement that

is achieved after 20 iterations when the message length is increased from 100 to 1000 bits is

observed.
1.E+00 —e—-A=03
—a—A=05
1.E-01 —a—A=07
—>—A=1
1.E-02
i
§ 1.-03
1.E-04
1.E-05
1.E-06 -
0 2 4 6 8 10 12

(Eb/No)dB

Figure 3.2: Simulation results showing the turbo code performance as the time share of

shadowing, A, changes. o = 1dB.
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Figure 3.3: Simulation results showing the turbo code performance as the shadowing mean, ,

varies.
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Figure 3.4: Simulation results showing the turbo code performance as the shadowing standard

deviation, o, varies.
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Figure 3.5: Simulation results showing the turbo code performance as the message length

changes. (Frame = message length).

3.3.2 Analytical Results

The results that are given in this section were obtained through numerical evaluation of
(3.12) with the use of the Gaussian Quadratures. The first two results show the comparison of
the numerical analytic results with simulation results. From Figure 3.6, the analytical bound
is shown and it matches closely with the simulation results. The divergence at low SNR,

which 1s normal for the union bound on turbo codes, is observed.

In Figure 3.7, the average analytical bound is compared with simulation results for
different values of the shadowing standard deviation, o . It is shown that the bound is tight
for small values of o, that is, the bound is more appropriate for a communication link that
has lower shadowing density. The tightness of the bound is questionable to actual simulation
results from a specific interleaving scheme [69] (a pseudorandom interleaver is used here).
This is due to the use of the union bound and the uniform interleaver in the analysis, and the
method of generating the channel r.v.s during simulation [69]. The assumption of ML
decoding also has an effect. The effects of these assumptions is shown in Figure 3.7 for the
simulation and the bound when ¢ = 3. Otherwise, the performance is shown to degrade as

o increases for both the simulation and analysis.
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Figure 3.6: Comparison of simulation and analytical results. ¢ = 1dB.
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Figure 3.7: Simulation and the average bound results with variation in o. (20 iterations)

The next set of results presents the performance of the code as the parameters, message

length, the shadowing parameter, 4 and the shadowing standard deviation o are varied. In

Figure 3.8, the bound shows that there is a performance improvement with increase in

message length. This is a normal result in turbo codes and codes in general. There is abrupt
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performance degradation as o changes between 2dB and 5dB. This is observed from Figure
3.9 for SNR = 10dB. It is clear, from this result, that for better performance, a power control
algorithm that will keep o below 2dB is a better option and such an algorithm can
complement the turbo code very well. Figure 3.10 shows that there is major performance
degradation as A4 increases. A sharp drop is observed between 4 = 0.05 and 0.2 and after 0.2
the bad performance stabilises. This shows that satellite communications is good for
environments with a larger un-shadowed LOS component and turbo codes performance

strongly depends on the type of environment for the mobile user location.
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Figure 3.8: Performance comparison for two different message lengths.
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Figure 3.9: The effect of change in ¢ using the analytical bound. SNR = 10dB.

1.E-01
& 1.6-02
Qa
— SNR=3dB
1.E-03 - :
0 0.2 0.4 0.6 0.8 1 1.2

Figure 3.10: The effect of changing 4. SNR = 3dB.

3.4 Summary

In this chapter, the performance of turbo codes on a two state uncorrelated satellite

channel was considered. The analytical average upper limits of the code performance are
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derived based on the union bound. It is shown that, turbo codes perform well in satellite

channels even for short input message length codes.
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Chapter 4

Performance of Turbo Codes in a Correlated Satellite Channel

This chapter presents the performance of the turbo code in a correlated satellite channel.
The system model that is used is the same as the one in Chapter 3. Correlated channels are
experienced in practice as compared to ideal or uncorrelated channels especially in LEO
satellite systems which are considered in this work. The use of a channel interleaver in
practical systems helps in mitigating the effects of the correlated channel on the transmitted
signal, but it does not make the channel appear memory less at the receiver. An average
analytical bound based on the conventional union bound is derived to evaluate the
performance of the code. The bound can be used for a wide range of channel conditions from
correlated to uncorrelated channels depending on the magnitude of the correlation being

investigated.

4.1 System Model

A bit sequence is turbo coded using a turbo encoder with two identical rate = 1/2 RSC
encoders with constraint length of 3. The RSC encoders are parallel concatenated through an
interleaver. The turbo encoder produces a systematic sequence multiplexed with the parity
sequences generated by the two encoders and therefore the overall rate of the turbo encoder
is 1/3 without the tail bits. The tail bits are simply an addition of zeroes at the end of a frame
and it is assumed that the decoder knows the final state. The turbo encoder output is then
block or random interleaved by a channel interleaver. It is then finally transmitted using
antipodal binary phase shift keying (BPSK) modulation. At the receiving end, the reverse

takes place.
The received signal after match filtering and sampling is,
()= py()+n(t) (4.1
where, p is the correlated fading channel coefficient, y(#) is the sent information signal

and #(?) represents zero mean double sided additive white Gaussian noise (AWGN). The

fading is considered to be correlated in time. Perfect channel estimation at the receiver is

assumed. The turbo decoder is based on the MAP algorithm and consists of two serial
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concatenated constituent decoders separated by a dual decoder interleaver. These decoders

exchange soft information iteratively to reduce the probability of a bit in error.

4.2 PEP in Correlated Channels

The analysis in this section is based on the bounds derived in [70] and [73]. The LOS

component of the received signal is assumed to be real with amplitude s, and the diffuse

component, s(?), has real and imaginary components, s, () ands,, (¢), that is,
5(t)=sp,()+s,.(1) 4.2)

where s, (t)and s, (?)are statistically independent Gaussian r.v.s with the same variance,

2
Ox.

Let X be the random vector X = [x,,xz,x3 ...... xzp:l consisting of a sequence of the real

and imaginary signal components of the received signal without noise observed at time,

t=1,t,,...., t ,[73], that s,

X= |:S() +SR(’(t1 )’S() +SRe(t.’ )""’S() +SRe(tp )’S[m(tl )’Slm(tl) """ Slm(tp ):| (43)

p is the number of observed real components. Then the joint pdf of X is given by the joint

Gaussian density function,

/ (4.4)

where X is the average of X, M is the autocovariance matrix, ( .)T is the matrix transpose,

M and ‘M ‘ are the matrix inverse of M and its determinant respectively. X is defined as,
X =[5).5.5,,0,0.......,0] (4.5)

and

=[] = E{(x-5)(x,-%)}] i7=1.2..2 “9)
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M is positive definite and m, = ¢°. For any other j and h=1,2,....p,

My = = E[ 50 (1)) 50 (1, )] = E[ 5, (t; )50 (1 )] 4.7)
- R, (1,-4) =% 1,1

where R, (7)and p(t) are the covariance and the normalised auto — covariance functions

respectively. These functions are associated with the channel. The Jakes spectrum is

considered in this thesis and it is a symmetrical spectra. Therefore,

Mpi = Mjpep = E|:SRe (tj ) S (t,, )jl =0 (4.8)

The simplified form of the covariance matrix is,

(L0 (49)
7o 1L

where L is a p by p square symmetric matrix with elements, /,, , equal to p ('tj - thD .

The union bound is used to obtain the average bit error probability, P, as before,

Ry ar(a) a1
d

When BPSK is considered, the average conditional PEP, P(d‘E_/.) , 1s given by,

P(d\E,-)=Q( 2}5/} @11

0

where, Q(.)is the Q — function, N, is the AWGN power and £ is the energy contained in
the d locations where a particular codeword, ¢, , differs from the all zero codeword, ¢,. E ;s
expressed as,

E =REX X'

=RE, {(so 50 (1)) 2, (1) 4 (50 50 (1)) 53 (1) F ot (50 + 55 () 52, (1, )}
(4.12)
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E, and R are the bit energy and the code rate respectively. The Q — function can be

expressed as [11],

Y . (4.13)
_ﬂfexp[?_sinng ?

The unconditional average PEP is found by averaging P(d|E, )over f (X i)

P(d_/.):j (\E) (X,)ax,

=k??“[ m¢}f

_lm —RE, X, X} (4.14)
E’ [ N, sin ¢ }/(Xi)dxjd¢

Equation (4.14) can be further simplified through comparison with the method provided in

-1
exp —l)?.MT’ I- LEQM.+I X7
2 7 N,sin"¢ / !

iz

[70] and then becomes,

A

P(dl'):_,l:~
B 2RE

‘Nosing¢Mj+I

(4.15)

P(dj.) can be further simplified by using M, and )_(j, where M and )?j are replaced

by M and X respectively, that is,

-1
expi-sio? b p 20°RE, L+I| B
A Nysin“¢ | N,sin” )
P(dj):_,Lﬁz
% ‘202135 ‘

(4.16)

d¢

bL.+1
N, sin’¢ ’

where, B=[1,1,...,],1].

P(a’j)is then substituted into (4.10) to get an expression of the average probability of

error bound. To evaluate this bound, complex arithmetic operations such as numerical
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integration, matrix inversions and determinants must be repeated for all codewords. Due to
the complexity and computational burden, the bound can be simplified using the methods
stated in [70] and [73] but this may affect the bound and further make it appear useless for
certain cases as stated. In [73], the bound is simplified through isolation and normalisation of
the terms that are contained in the matrix operations and then these terms are bounded for all
pairs of codewords. The quadratic form at the numerator of the bound is bounded to obtain a
simpler quadratic inversion and the determinant is bounded to obtain looser and simpler
bounds. The resulting expression has terms including the autocovariance matrices and these
terms are then bounded for any pair of codewords. Energy degradation factors, which reflect
the maximum energy degradation associated with the correlation between received code
symbols, are defined to simplify the evaluation of the terms with autocovariance matrices.
However, the simplified bound was shown to be useless when compared with the original

bound [73].

In order to approximate the bound (4.16) and further reduce the computational time for

the correlated bound, the Q — function is bounded by an exponential function. That is,

(4.17)

X
2

0(x)<

e

0o |~

The PEP over a correlated Rician fading channel is then calculated using (4.12), (4.4) and
the method in [70] as,

J

1 -F
<[ 2o Sl

|

0
1 —RE X . X'

2] oo AL (o,

-1
exp —1)?.MT‘[I—{2RE” M, +1] })‘(T
2 J I N J

J
0

P(d,)= LjP(d\E,)f(Xj)dx

1
2 % (4.18)
‘ 2RE, M. +1

N sin’¢ /

again we are considering the Jakes spectrum and therefore the PEP for Rician fading can

be simplified to,
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5 -1
expl—sio? Kb B[za RE g, +1j B
NO NO

P(d )=
) 26°RE

L (4.19)

0

The Gauss - Laguerre quadrature is used to evaluate the PEP bound for the Rayleigh —
Lognormal channel. The Rayleigh PEP is obtained by setting the Rice factor to zero and the
overall PEP is evaluated as in (3.11). Therefore, the Rayleigh PEP is given by,

1 (4.20)
PRa.v/(d.i): 2 2RE
95y, +1‘
0
Then the overall PEP is given by,
2 g (4.21)
exp{-s(;’az ljf” B[Za RE, L +[] BT}
Pg(x(,,i,,):(l-A) 0 2 0
20°RE, L+l
0
S 1 10 101y, - i)’
+AZ ; W(’Y,.)#exp ¥, _Q
i=I | 20" RE, [+ o'yN2mIni0 20
J

0

For ideally interleaved channels, L, becomes an identity matrix and this simpliﬁesP(d/.) .

The determinant simplifies to

20°RE, | . |_(20°RE, Y’ (4.22)
N, sin’ ¢ ! N,sin’ ¢
and the product,
: - J (4.23)
B L.R?)Lj +1| BB =——+ L
N,sin” ¢ 20°RE, Tl
N,sin’ ¢

Therefore the PEP will reduce to,
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L,,/ Sln ¢ d; o _ S(;’O.Z}/dj ¢ (424)
sin’ ¢+20°y P 207y +sin’ ¢

where y =

This bound is a function of the Hamming distance between the received codeword and the

all zero codeword.

4.3 Channel Interleaving

The bound can be evaluated for different channel correlation levels. Interleaving
randomises code symbols and therefore reduces correlation. The derived bound can be used
to investigate the depth of interleaving as in [70]. Viewing from an error performance
standpoint, interleaving to a depth / has the same effect as increasing the symbol duration to

IT,, and this is true for any stationary flat fading channel when block interleaving is

concerned, [70] and [73]. Therefore, the elements of the L matrix become p([‘tj -th’) to

accommodate the interleaving effect, and hence, partial interleaving effects can be taken into

consideration.

4.4 Results

The results on the performance of the turbo code in a correlated satellite channel are
discussed in this section. The simulator presented in [74] is used to generate the correlated

fading r.v.s with appropriate modifications to generate the Rician fading r.v.s.

To evaluate the average analytical bound, it is assumed that bit errors occur only in
consecutive or adjacent bits in a received codeword. This assumption may make the bound
look useless but it helps in evaluating the performance with the computing power that is
availlable. It may be considered to be the worst case under correlation. With this assumption,
the auto covariance matrix is evaluated only once for each codeword weight, instead of for
each different non-zero bit positions. Therefore, the assumption reduces the computation

whilst giving an idea of the turbo codes behaviour.

It is noted that as more terms are added the covariance matrix is increased and adding

more terms does not greatly improve the bound. Therefore, for reasonable computational
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time and approximate bound, only terms with Hamming weight up to ten were considered in

the calculations.

Again, an environment with a larger LOS signal compared to a shadowed signal is
considered. The common values of the satellite channel are ¢ = 5dB, 4 = -10dB, o = 2dB,
fDT = 0.2 and 4 = 0.3. These values are used in the results presented in this section except

where clearly stated. The message length is set to 100 unless otherwise specified.

Figure 4.1 shows the comparison of the performance of the turbo code in a correlated and
an uncorrelated satellite channel. The degradation caused by the correlated channel is easily
noticeable for fDT = 0.01 (fDT is the normalised Doppler Effect — a multiplication of the
Doppler frequency and the sampling rate and it is a measure of the fade rate, 0 <fDT < 1). A
good channel interleaver can improve the performance to approximate that of an uncorrelated
channel. From the figure, it is shown that at BER = 102, the difference between the code

performance in the correlated and the uncorrelated channel is about 3dB.
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—»— Uncorreleted

1.E-01
1.E-02
x
w
@
1.E-03
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Figure 4.1: Performance comparison in a correlated and an uncorrelated channel. fDT = 0.01 and

c=12dB.

Figure 4.2 - Figure 4.5 shows the comparison of the average bound with simulation

results. In Figure 4.2, it is shown that as fDT increases, the bound tightens. This means that
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the bound is well suited to estimate the code performance in lightly correlated scenarios. In
Figure 4.3, it is shown that the average bound is less sensitive to variations in x, whilst in
Figure 4.4, it is observed that the bound is good for low values of c. It is also observed that
for large values of ¢, the bound is useful at large SNR values. The bound loosens with
increases in A as shown in Figure 4.5. Overall, the bound seems useful in estimating the

turbo code performance in a correlated satellite channel.

Figure 4.6 to Figure 4.8 shows the analytical performance for the correlated channel.
Figure 4.6 shows that good performance can be noticed for fDT = 1. That is, a channel
interleaver that will keep fDT approximately equal to 1 is desirable. Over — interleaving does
not significantly improve the performance of the turbo code whilst values of fDT that are less
than 0.01 shows the worst performance of the code. Figure 4.7 and Figure 4.8 shows the

performance of the code as the interleaver depth increased when SNR is kept at 10dB.

In Figure 4.7, it is observed that as the channel interleaver depth is increased, the code
performance improves because the interleaver mitigates the effects of correlation. However,
Figure 4.8 shows that there is a state whereby the code performance is not improved by the
increase in channel interleaver size, and again, this shows over — interleaving may not
improve the performance as much as might be anticipated. For example, from Figure 4.8, it is
observed that an interleaver with interleaving depth of 30 can enhance the code performance
in a shorter receiver processing time, and the performance is not much different from that of

an interleaver of interleaving depth 40.
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Figure 4.2: Simulation and analytical results for a) fDT = 0.2 and b) fDT = 0.05.
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Figure 4.3: Simulation and analytical results a) p = -5 and b) p = -15.
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4.5 Summary

An average performance bound that can be applied to a wide range of satellite channel
conditions was presented. It is used to show the performance of turbo codes in a correlated
two state satellite channel model. The bound was evaluated only for the case whereby errors
occur in adjacent bits of the received codeword. The bound gives an insight on the behaviour
of the turbo code in different correlated channel conditions. It is shown to be useful at lower
SNR values. The turbo code performs poorly in a correlated channel but as expected a good
channel interleaver can be used to improve the performance. Channel over — interleaving is

shown to provide minimal performance improvements.
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Chapter 5
Performance of a Turbo Coded Satellite DS — CDMA System

In this chapter, a turbo coded DS — CDMA satellite system model is developed.
Simulation and analytical results on the performance of the system are presented. The two
state satellite channel model is considered. As stated in [10], a rake receiver can be used
together with satellite diversity to improve a DS — CDMA satellite system performance. That
is, a number of satellites are visible to a user at any given time. Simulation results are

presented to show the improvement gained by the use of satellite diversity.

5.1 System Model

A general communication system is shown in Figure 5.1. Each of the K user’s information
bits are turbo encoded, channel interleaved and multiplied by a DS — CDMA modulator. It is
the BPSK modulated and the sum of all the K users is transmitted. The transmitted signal
goes through a multiplicative fading channel (satellite channel) with AWGN. At the receiver,
the opposite of the transmitter side takes place, that is, the signal is demodulated, de —
interleaved and decoded for a specific user of interest. In this case, the user of interest is user
| and therefore, the received BPSK demodulator signal is correlated with a spreading code

sequence of user 1, that is, there is no multiuser detection..

A multi - satellite system (satellite diversity system) is considered as shown in Figure 5.2.
The system consists of L LEO satellites serving as base stations with § spot beams and
transparent transponders. K mobile terminals (users) are on the earth surface and
communicate with the satellites. The satellites are assumed to utilise highly directional
antennas and therefore the spot beams are assumed not to intersect. Asynchronous
transmission is considered. From the satellites, the users’ signals are transmitted to the earth
stations where they can be routed to other networks or satellites depending on the location of
the recipient. The mobile — to — satellite link (uplink) is considered in the interference

analysis.
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5.1.1 Transmitter Model

The transmitter model is shown in Figure 5.1 a). For a single user single satellite system,

the turbo encoded BPSK modulated DS-CDMA transmitted signal, s,(?), is given by,

s,(t) =~ 2Pb(t)c(t)cos(w.1)

(5.1)

where P, b(t), c(t), and w. are the signal power, turbo coded binary data sequence,

binary spreading pseudorandom sequence and carrier frequency respectively.

User 1 Turbo Channel DS-CDMA BPSK
Data  — i Encoder | Interleaver ¥ Modulator —» Modulator

User K Turbo Channel DS-CDMA BPSK

Data — Encoder [ Interleaver [ Modulator Modulator
a) The transmitter model.
Transmitted Received
Signal Signal
Fading AWGN
Channel

b) The fading satellite channel model

User 1 Channel Match Filter
Received +— Turbo [ l«—— Received

De-interleaver Signal

Data

¢) The receiver model

Figure 5.1: The DS - CDMA system model with a mobile satellite channel.
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Considering a multi-user environment, the kth user’s transmitted signal is given by,
spu(t) = 2B b* (1)c* () cos(w.t) (5.2)

where P, b*(t) and c*(?) are the signal power, binary data sequence and binary spreading

pseudorandom sequence of the kth user respectively. It is assumed that all users transmit at

the same power, P.

Satellite 2 .
Satellite 1 = A\ Satellite 3
0> - A\
= A e ,
/ gt 4 D “2 &=
;ﬁg =7

@, Cell of interest
PST
PLM > = — ESs = Earth Stations
Gateway
i PSTN = Public Switched Telecommunication Network
N Station

PLMN = Public Land Mobile Network

Figure 5.2: A multi — satellite system with each satellite having multiple spot beams.

5.1.2 Receiver Model

For asynchronous users, the received signal is given by [60], [65],

r(t) = ”(f)+\/TEiZL:p/[‘bk (t—t,k)c" (t—z," )cos(a)ct+(p,k) G

k=1 1=1

I 3 S A (1) (12t )eos (1)

K=K+ i=1

where n(t) is the AWGN with two — sided power spectral density No/2, P, is the

transmitter signal power and pfis fading parameter at the /th path and kth user
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respectively. pf can represent either correlated or uncorrelated fading. ¢* (¢) is the spreading

sequence of the kth user generated at a rate //Tc, and b"* (¢)is the binary information data for
the kth user generated at a rate //7Th. Tc and 7h are the chip duration and bit duration

respectively. Therefore, the processing gain, N, is given by N = Th/Tc. 1/ and ¢ are the time

delay and carrier phase respectively. B is the spot beam isolation coefficient and it

represent the effect of spot beam antenna patterns. It also accounts for the Multiple Access

Interference (MAL) that the /th satellite illuminating user & imposes on the desired user.

These coefficients are assumed to be the same for all the satellites, i.e. B =" and also

p' =1 for the user of interest [60].

Using a coherent BPSK receiver, and assuming that the receiver locks on each path, the
Maximum Ratio Combined (MRC) received signal from an L — finger Rake receiver , for a

specific user of interest, user 1, is,

! b

=1

=1 ! b
DN N ENED ) G O P CRr P o)
=1 " b

cos(a) t+(p, a’t

0158 Sttt

k=K+1 =1

c’(t—r, ).cos(co,tﬂo, )dt

;{X +V,+,} 5.4)

where,

X, = \/ﬁ{p/}-’ bri

67



cos ((/)/A - (pll)

k k 1
; :J;Tp;im (1)
b k =1

+b51}1k (T/A "y )

|2
w= [\ Zpintel -t Jeos(e.+ g )i
P N T

X), Viand 7, represent the desired user’s signal, the MAI and the AWGN components. 5",
and b, represent the previous binary information data bit and the current information bit

respectively for the kth user. R, (z) and R, (z) are cross correlation coefficients of the

spreading codes and are given by,
R, (t)= L’c' (r-7)c*(r)dt

R, (0)= -[Th ¢ (t-7)c" (¢)dr

5.2 Performance Analysis

The analytic expression of the bit error rate (BER) of the system is derived in this section.
The Gaussian approximation method is used to approximate the MAI in the system and then

the union bound is applied for the performance of the turbo — coded system.

5.2.1 BER Calculation Using the Gaussian Approximation Method
The decision statistic,U’, may be modelled as a Gaussian r.v. whereby X; is deterministic
and ¥; and #, are assumed to be zero mean Gaussian r.v.s [75]. That 1s, the AWGN and MAI

components are assumed to be zero mean Gaussian r.v.s. Defining Z; as the total noise and

interference term, 1.e. Z, =V, + 5, U’ can be expressed as

U'=Xi+2Z (5.5)

U’ is a Gaussian r.v. with a mean that is equal to the mean of X;, and a variance that is

equal to the variance of Z;. The mean of X}, (X, ), is given by,
14
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2 (5.6)

and the varniance of Z,, 0'; , is evaluated as,
02 =var(V, ) +var(y, )

All the K users are transmitting at the same power and therefore, the variance of

_[?Hf \/Z_R ¢ (t— r,")ck (t—r,")c’ (t- r,’)cos(a)ctw%o,k )cos(w(\tﬂ-gq’)
is [75],

2
L(k-ne
6N

¢

Therefore the variance of Z is,

) 2 2 (5.7)
, Iy 2 G = Nor 27,

U%:—6N(.PIL E] SRR H\/ ] e

- P,{p/}zy{(x-m y ﬂk}%{p;}f

3N(? k=K+1

~ v

where y = E[{p," }7} . For the two state channel model, E[{plk}g} in is given by,

E[{p/"}z}:(]—A)+Aexp(2h,u+2h"a_f) ©8)

where normalised Rician and Rayleigh fading is assumed.

Therefore for a single path, the output SNR of the MRC receiver is given by,

20, (5.9

PA

where Ej is the symbol energy and,
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(5.10)

p=2[f]§[y(:([<—1)+ i ﬂ*}+%}

k=K~+/

5.2.2 BER Performance Bound

The PEP is evaluated by calculating the total variance of the interference and then,

E d . (511)
P(x,x,)= Ip(p)Q[,PRO_?Zp,;, d{p}
{p} z k=l

where af is the total variance, that is, the sum of the AWGN and the MAI variances, and

given in equation (5.7). ik is the index of the differing bit positions and d is the maximum
number of differing bit positions between the received codeword and the transmitted
codeword. R and E} are the code rate and the bit energy, respectively. Similarly as shown for

the turbo code performance before, the PEP is given by,

PoAx, %, )= (1 A) Py (%, %, )+ A [ Py x,.%, )p.(1)dly (5.12)

where P,

2Rice

(x,.x,) and P, (x, x,)are the Rician PEP and the Rayleigh PEP. The PEP

is essentially evaluated in a similar way as in Chapter 3 and Chapter 4 where o] takes the
place of N,. A bound for satellite diversity can be developed in a similar manner. This is

essentially true for both correlated and uncorrelated channels since correlation only affects
the autocorrelation matrix in the correlated PEP bound. The general expression for the

probability of error is given in (3.12).

5.3 Results

The turbo code considered consists of two (1,5/7)g constituent RSC codes separated by a
pseudorandom interleaver. The channel values are, 4 = 0.3, 6 = 2dB, u = -10dB, ¢ = 12dB,
the message length is 100, and N = 127 unless specified. The number of iterations is set at
ten. Define OCI, the other cell interference factor, as the ratio of the MAI from other cell
other than the cells where the user of interest is located to the MAI rising from the cell of

interest. Therefore,
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This helps in reducing the number of users in the simulation and also leads to an easier
way of calculating the bound. OCT is more critical in satellite CDMA networks and it is
much larger than in terrestrial cellular networks [76]. For terrestrial networks, OCI = 0.44,
whilst in satellite networks it is larger that (.5 and can be as high as /.79 [76]. This
corresponds to the uplink communication and the situation is different for the downlink
communication. In satellite systems, the spot beam antenna characteristics determines the
interference power and in [76] it was shown that OC/ can be reduced by increasing the spot
beam isolation coefficient, which can be achieved by increasing the antenna diameter or
reducing the number of spot beams. OC/ in LEO satellite system is much larger than OCI in
MEO satellite system [76].

5.3.1 Simulation Results

In Figure 5.3, it is shown that, for a multi — user scenario, it is shown that the system
performance improves as the processing gain, N, is increased in Figure 5.3. thie is because
the load in the system is reduced with increase in N. In a multi — user scenario whereby the
other cell interference or inter-cell interference is considered, Figure 5.4, it is shown that the
performance degrades as the other cell interference factor increases. The importance of this

factor in satellite system has been proved in [76].

Figure 5.5 and Figure 5.6 shows the performance of the system as the number of users
increases in an uncorrelated channel. Figure 5.5 shows the system performance for different
SNR values. From the figure, it is shown that the BER is higher than 107 after 100 users
enter into the system for SNR = 5dB and it is higher than 107 after about 175 users for SNR
= 10dB which is almost double of the former. Again, in Figure 5.6, the system performance
is shown as o changes. In Figure 5.7, diversity is considered. It is shown that diversity
improves the system performance. Here, the channel random variables are independent
identical random variables for both satellites. This is done in order to show the gain achieved
through diversity. Other cases can be evaluated whereby different channel values are
considered and the result is expected to be an improvement in the system performance due to

the diversity.
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Figure 5.8 show the performance of the turbo coded DS — CDMA system when a single
cell and single satellite is considered. It is shown that the performance of the system is
improved when the message length is increased even in the correlated channel. The
degradation in system performance due to correlation is observed in Figure 5.9 where DT =

0.01 and the processing gain is 127.

1.E+00 —e—N=232
—=—N=64
o1 —a—N=127
s —»—N =255
1.E-02 -
[
]
@
1.E-03
1.E-04
1.E-05 - :
0 2 4 6 8 10 12
(Eb/No)dB

Figure 5.3: Simulation results showing the turbo-coded system performance of a multi-user single
satellite system as the processing gain, N, changes in an uncorrelated channel. There are 50 users

in the system and only one spot beam is considered.
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Figure 5.4: Simulation results showing the turbo-coded system performance of a multi-user single
satellite system as the other cell interference factor, OC/, changes in an uncorrelated channel.

There are 10 users in a cell / spot beam.
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Figure 5.5: Simulation results showing the turbo-coded system performance of a single satellite

and single spot beam satellite system as the number of users increase for different values of the

signal to noise ratio, SNR, in an uncorrelated channel.
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Figure 5.6: Simulation results showing the performance of a single satellite and single spot beam

satellite system as the shadowing standard deviation, o, changes in an uncorrelated channel.
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Figure 5.7: Simulation results showing the performance of the system with diversity consideration

in an uncorrelated channel.

74



1.E+00 —a— Frame = 1000

—&— Frame = 100

1.E01

BER

1.E-02

1.E03 -

w
o
o
)
~
©

(Eb/No)dB

Figure 5.8: Simulation results showing the turbo — coded system performance of a single satellite
system as the frame length changes in a correlated channel. fDT = 0.01 and there are 10 users in

the system. (Frame = message length).
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Figure 5.9: Performance comparison of the turbo-coded system performance in correlated and

uncorrelated satellite channels. fDT = 0.01 and there are 10 users.

5.3.2 Analytical Results

In Figure 5.10, the bound is compared with simulation results for a system with 10 users

in the spot beam of interest and the overall interference from users in other spot beams to be
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half of the interference from the users of the spot beam of interest (OCI = 0.5). The
processing gain is 127. In this figure, the simulation results are shown to agree with the

average analytic bound for the uncorrelated channel.

Figure 5.11 shows the effects of increase in the number of users. For the single user case,
the bound is evaluated without the other cell interference. As with the simulations, the system
performance degrades as the number of users increase. In Figure 5.12, the bound is evaluated
for different values of OCI and it is observed that the system performance degrades as OCI
increases. A clear representation of the system performance for different OC/ is shown in
Figure 5.13 with the increase in the number of users. As the number of users increases in the

system, the performance differences are larger for the different OCI.

Correlation results for the average bound are shown in Figure 5.14 and Figure 5.15.
Figure 5.14 shows that the bound loosens as the number of users increase in the system and

loosens as A4 increases as shown in Figure 5.15.

1.E+00 ——— Simulation

1 E'01 4 4 AnralySiS

1.E-02

-

.E-03

-

.E-04 A

BER
/

.E-05 N

-

.E-06 ~

1.E-07 T~

1.E-08 TTe—
1.E-09 -

(Eb/No)dB

Figure 5.10: Simulation and the average bound results in an uncorrelated channel. 4 = 0.1, o =

1dB, s =-10dB and ¢ = 12dB. The other cell interference factor, OC/, is 0.5.
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Figure 5.11: The average bound for a multi-user system in an uncorrelated channel. OCI = 0.5.
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Figure 5.12: The average bound for different OCI in an uncorrelated channel.
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Figure 5.13: Performance of a single multiple spot beam satellite system as the number of users

increases for different OCI in an uncorrelated channel.
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Figure 5.14: Simulation and analysis results for: a) 10 users and b) 30 users. 4 = 0.2.
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Figure 5.15: Simulation and analytic results with 4 = 0.3 and 10 users in the system.

5.4 Summary

The performance of the turbo coded DS — CDMA system on a satellite communication
channel was evaluated in this chapter. The two state channel model was being investigated.
The analytical average upper bound was derived based on the union bounding technique and
the Gaussian approximation method. It has been shown that turbo codes perform well in
uncorrelated or fully interleaved satellite channels. Simulation and analytical results were
presented to indicate achievable performance under different conditions of the system and the
communication channel. Analytical results on the correlated channel show that the bound is

more suitable for analysing the system performance in a few users scenario.
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Chapter 6

Conclusion and Future Work

In this thesis, the performance of turbo codes and a turbo coded DS — CDMA system has
been shown in a satellite channel. The performance of the code has been shown through
Monte Carlo simulations and analysis for both correlated and uncorrelated channels. The
simulations were carried out in a model simulator developed in C++ for the purposes of
evaluation, and the numerical analysis was also carried out in C++ using the codes given in
[77]. It is shown that substantial coding gain is obtained through the use of turbo codes even
for short input message lengths codes in the satellite channel. The analytical bounds show
considerable tightness to simulation results for the satellite channel and they can be used to
analyse the performance of the code in different channel conditions. They can also be used in

the development of turbo codes for future satellite applications.
Future work:

e In this work, only a single constituent code was analysed without any
information showing its superiority over other codes in the system or
environment. Therefore, finding and designing the optimal constituent codes for
the turbo code in the two state channel is an important step. Again, an adaptive

system can be designed that would be fit for the fragile environment.

e A simple union bound was applied for the analysis in this work, tighter
performance bounds for the turbo code and the system may be derived. This
would help in achieving more accurate analytical results that would remove the

need for simulations results.

e In Chapter 5 of this work, the analysis is carried out for a single satellite
system. Since diversity is a necessary characteristic of LEO satellite systems, the
performance analysis of a multi — satellite system may be carried out in future
work. This would greatly reduce the time required to obtain simulation results and

thus better analysis can be achieved in a shorter time.

® The channel interleaver plays a major role in communications. This is

shown in the results by the gain that is obtained through the assumption of perfect
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channel interleaving and also in partial interleaving scenarios. Therefore, a
channel interleaver design for the turbo coded satellite system may be developed
to enhance the performance of the whole system. The challenge is to design a
good adaptive channel interleaver that would adapt to the fast changing
environment in land mobile satellite communications. The effect of such an

interleaver may not be realisable due to the large propagation time.

e  With the advance in multi-user wireless communications, a multi-user
detector can be designed to improve the system performance. This would help in

the further reduction of the required power for the system.

e Uncorrelated shadowing was assumed, however, consideration of
correlated shadowing may give further insights on the system performance.
Correlated shadowing is realised in some cases of practical systems. Ways of
improving the performance of the turbo coded system under such conditions may

be investigated.

e A comparison of the performance of the turbo codes and convolutional

codes in this channel may be investigated in future work.
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