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Abstract

Turbo Codes are a class of high-performance error-correcting codes and they were the first
practical codes to achieve performance close to Shannon limit. Turbo codes are used in both 3G
and 4G mobile communication networks, WiMAX, and (deep space) satellite communications
as well as other applications where designers seek to achieve reliable information transfer over
the bandwidth or latency constrained communication links in the presence of data-corrupting
noise. In this thesis, we examine the basic principles behind channel coding and Turbo Coding
and the essential parts of Turbo encoding and decoding algorithms which are used in several
applications. Furthermore, we examine how the size of the interleaver, for both block and
pseudorandom interleavers, affects the overall performance of the code.
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Chapter 1

Introduction

In telecommunication field, channel coding is a technique used for controlling errors in data
transmission over unreliable or noisy channels. The central idea is that the sender encodes the
message in a properly designed, redundant way by using a channel encoder which implements
an error correction code. The redundant bits which are added to each message provide the code
with the capability of combating the channel noise and, hence, allow the receiver to detect a
limited number of errors that may occur during transmission.

1.1 General Informations

A common diagram of the general structure of a digital telecommunication system is :
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Figure 1.1: Digital Telecommunication System

The role of channel encoder is to protect the bits which are transmitted over a channel from
noise, distortion and interference. Generally, the channel encoder transforms the input sequence
x, which is called information sequence, into a discrete, alternative encoded sequence c possessing
redundancy, whose role is to provide immunity from the various channel impairments. This
encoded output sequence, c, is called codeword. In most instances, c is also a binary sequence,
although in some applications nonbinary codes can be used. As it is mentioned before, the
goal of the design and the implementation of channel encoders/decoders is to combat the noisy
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8 CHAPTER 1. INTRODUCTION

environments in which codewords are transmitted. Hence, the redundancy provided by the
channel encoder is introduced in a structured way, precisely to provide error control capability.

On the other hand, the role of the channel decoder is to recover the initial input to the channel
encoder from the channel output in spite of the presence of noise, distortion and interference
in the received codeword. That is, channel decoder transforms either the received sequence r
or the estimated codeword ¢ into a binary sequence X, which is called estimated information
sequence. Ideally, X will be a replica of the transmitted information sequence x, although the
noise may cause some decoding errors. The pair of channel encoder and decoder forms a (n,k)
channel code, where k and n correspond to the length of the input and the output vectors of
the channel encoder, respectively .

A well-defined channel coding schema has the following properties : it is easy to decode, it
has large minimum distance d,,;,, and the number of codewords at distance d,;, from any other
codeword is small.

A class of both channel encoder and decoder are Turbo Codes. Turbo Codes, that were first
published in 1993 from Berrou, Glavieux and Thitimajshima, are a class of high-performance
error-correcting codes and they were the first practical codes to closely approach the channel
capacity. Turbo codes are used in both 3G and 4G mobile communication networks, WiMAX,
and in (deep space) satellite communications as well as other application where designers seek to
achieve reliable information transfer over the bandwidth or latency constrained communication
links in the presence of data-corrupting noise.

The performance of a coded communication system is measured by its probability of decoding
errors, which is called error probability, and its coding gain over the uncoded system that
transmits information sequences at the same rate. Typically, the best code designs contain a
large amount of structure, either algebraic or topological, as is the case with most convolutional
codes, which can be represented using trellis or tree diagrams. The structure is a key component
of the code design, since it can be used to guarantee good minimum distance properties for the
code and since particular decoding methods are based on this structure. In fact, one can say
generally that the more structure a code contains, the easier it is to decode; however, structure
does not always result in the best distance properties for a code, and most highly structured
code designs usually fall far short of achieving the performance promised by Shannon. Turbo
coding succeeds in achieving a randomlike code design with enough structure to allow for an
efficient iterative decoding method. Because of this feature, these codes have exceptionally good
performance, particularly at moderate BERs and for large block lengths. In fact, for essentially
any code rate and information block lengths greater than about 10* bits, Turbo Codes alongside
with iterative decoding schemes can achieve BERs as low as 1075 at SNRs within 1 dB of the
Shannon limit, that is, the value of % for which the code rate equals channel capacity.

Another important feature of turbo codes is their basic structure. They are composed of two
or more simple constituent codes along with a pseudorandom interleaver. Because the interleaver
is part of the code design, a complete maximum likelihood decoder for the entire code would
be prohibitively complex; however, because more than one code is used, it is possible to employ
simple SISO decoders for each constituent code in an iterative fashion, in which the soft-output
values of one decoder are passed to the other, and vice versa, until the final decoding estimate
is obtained. This simple, suboptimum, iterative decoding approach almost always converges to
the maximum likelihood solution.

In summary, turbo coding consists of two fundamental ideas: a code design that produces
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a code with randomlike properties, and a decoder design that makes use of soft-output values
and iterative decoding.

Although, turbo codes suffer from two disadvantages: a large decoding delay, owing to the
large block lengths and many iterations of decoding procedure which are required for near-
capacity performance, and significantly weakened performance at BERs below 107> owing to
the fact that the codes have a relatively poor minimum distance, which manifests itself at very
low BERs. This phenomenon is called error floor and it is due to unusual weight distribution of
turbo codes. The large delay appears to make turbo codes unsuitable for real-time applications
such as voice transmission and packet communication in high speed networks. It is possible,
though, to trade delay for performance in such a way that turbo codes may be useful in some
real-time applications involving block lengths on the order of a few thousands, or even a few
hundred bits. Interleavers can be designed to improve the minimum distance of the code, thus,
lowering the error floor. Also, an outer code, or a second layer of concatenation, can be used
with turbo code to correct many of the errors caused by the small minimum distance, at a cost
of small decrease in overall rate.

1.2 Basic Terms

1.2.1 Mathematical Notation

Throughout the analysis of channel coding, the following mathematical notation will be used.
Let F5 be the set with only two elements in it, 0 and 1. In this field, the arithmetic operations
are defined as :

0+0=0 0+1=1 140=1 141=0

0x0=0 0x1=0 1x0=0 1x1=1

Let F3 denotes the vector space of n-tuples and F3' denotes the vector space of k-tuples of
elements of Fj, respectively. For an (nk) binary code and a telecommunication system as
shown in figure (1.1), the input of channel encoder z € F4 and the output of channel encoder
c € F¥. A channel encoder adds redundancy to the information sequence by assigning to each
message of k bits, a longer message of n bits which is called codeword. Hence, an (n,k) binary
code is a set of 2¥ distinct points in Fy.

1.2.2 Codeword

A code with input vectors of length k and output vectors of length n constitutes a (n,k) code.
For a (n,k) code, the set of all possible codewords is defined as the set of n-length vectors which
are produced by the encoder for every input vector x € ]-"é“ . Each codeword of a binary code has
length of n. Thus, generally, there are 2" possible codewords. But, only a part of them forms
the codeword set of the code. The input x of the encoder is a k-length vector, that is, there are
2% possible input vectors. Additionally, a codewords should match to exactly one input vector
x. Hence, only a part of 2F discrete vectors from the total 2" vectors which constitute the vector
space F4 are the acceptable codewords of a (n,k) code. That is, the set of codewords of a (n,k)
code forms a subspace of the vector space F3'.
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1.2.3 Linear Code

A code is called linear, if any linear combination of two (or more) codewords is, also, a codeword.
That is, if  and y are codewords, then

z=ar+by Va,beR (1.1)

is also a codeword. Hence, for a linear code, the all-zero vector is always part of its codeword
set, since z =z + (—1)xx=a—a=0.

1.2.4 Rate of a Code

The rate of an (n,k) code is defined as :
R=— 1.2

where k is the number of code’s input bits at each time unit and n is the number of code’s output
bits at the same time unit. The rate of a code expresses the average number of information bits
carried by each encoded bit. For any code (n,k), n is greater to k (k < n), thus, the rate of a code
is less or almost equal to unity. When k£ < n, n — k redundant bits are added to each message
to form a codeword. These redundant bits carry no new information and their main function is
to provide the code with the capability of detecting and correcting transmission errors caused
by the channel noise or interference.

1.2.5 Hamming Distance

The Hamming distance (denoted by dy) of any two vectors x,y € Fy is defined as the number
of elements where the two vectors differ.

1.2.6 Euclidean Distance

The Euclidean distance (denoted by dg) of any two vectors x,y € ]:é“ is defined as :

(1.3)

1.2.7 Weight of a Codeword

The weight of a vector x € ]-"4‘“‘ is equal to the number of its nonzero elements. Alternatively, the
weight of a vector x can be defined as the Hamming distance of x compared with the all-zero
vector :

w(x) = dg(x,0) (1.4)
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1.2.8 Minimum Distance

The minimum distance of an (n,k) code is defined as :
Amin = n;éindH(xi,XJ) Vxi, x5 € X (1.5)
i#]
where dp(x;,%;) is the Hamming distance of the vectors x; and xj. For a linear code, the
minimum distance of its codewords can be computed as :

dmin = mindp (%3, X5) = mindg (X5 — x5, %5 = x;)
i#] 1#£] (].6)
=mindy(x,0) = minw(x), Vx # 0
X X

1.2.9 Weight Distribution

The weight distribution of a code is important for computing its error performance. We define
A; as the number of code sequences of weight i. Thus, as weight distribution of a code is defined
the set {Ap, A1,...,4;,...}. Especially, for a linear code, its weight distribution can be defined
as {Aa,.. s Ad, . +1,---}, where dp;, denotes the minimum distance of the linear code. Thus,
we can conclude that for any linear code Ay = Ay =---=A4,4,,,,-1 =0.

It is convenient to represent the weight distribution as a polynomial :

A(z) = Ag+ A1z + Ap2? + -+ A, 2" (1.7)

This polynomial is called the weight enumerator. The weight enumerator is the z-transform of
the weight distribution sequence.

1.2.10 Memoryless Channel

As memoryless channel is defined the channel in which the output r, at the n-th symbol time
depends only on the current input s,. In case of the combination of an M-ary input modulator,
the physical channel and a Q-ary output demodulator can be modeled as a discrete memoryless
channel (DMC). A DMC is completely described by a set of transition probabilities P(j]i),0 <
1t < M—-1and 0 <7 < M — 1, where i represents a modulator input symbol, j represents
a demodulator output symbol and P(j|i) is the probability of receiving j given that i was
transmitted. Thus, given the input of the channel at time n, channel’s output is statistically
independent of the outputs at other times and the likelihood function p(r|s) can be factored as

m
p(I‘|S) = p<r1a7a2> s 7Tm’817 82,45 Sm) = Hp(rl|82) (18)
=1

Memoryless channels are also called random-error channels and the codes which are designed
for those channels are called random-error correcting codes.

1.2.11 Additive White Gaussian Channel

Additive White Gaussian Channel (AWGN) is a basic model used in information theory to
mimic the effect of many random processes that occur in nature. The modifiers denote specific
characteristics :
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e Additive: because it is added to any noise that might be intrinsic to the information system

e White: refers to the idea that it has uniform power across the frequency band for the
information system.

e Gaussian: because it has a normal distribution in the time domain with an average time
domain value of zero.

AWGN model is used as a channel model in which the only impairment to communication is
the linear addition of white noise with a constant spectral density and a Gaussian distribution
of amplitude.

Suppose that the input to the modulator consists of symbols selected from a finite and
discrete alphabet X = [xl, e, M—l] and the output of the demodulator is left unquantized.
In this case, the combination of the modulator, the physical channel and the demodulator results
is a discrete-input, continuous-output channel. The channel output is a random variable. If the
physical channel is subject only to AWGN with zero mean and one-side PSD Np, then the
channel output is a Gaussian random variable with zero mean and variance o2 = % In this
case, we obtain a discrete-input, continuous-output memoryless channel Gaussian channel. This
channel is completely characterized by a set of M conditional probability density functions,
p(ylz),Ve € {0,...,M —1}.

A special case of the AWGN channel, which was described above, is the Binary-Input AWGN
(BI-AWGN). For the BILAWGN, the code bits are mapped to the channel inputs as x; = (—1)" €
{£1} so that z; = +1 when v; = 0. The BILAWGN is completely characterized by the channel
transition probability density function p(y;|x;) given by :

o1 —(yi — x)*
p<yi’$i) - \/%0_ €xp [ 202 ] (1'9)

where o2 is the variance of the zero-mean Gaussian noise sample n; that the channel adds to
the transmitted value x;, so that y; = x; + n;

1.2.12 Binary Symmetric Channel (BSC)

At a sufficiently coarse level of detail, the modulator/demodulator system along with the additive
AWGN channel can be viewed as a solid channel. This group of the modulator, the channel,
and the detector collectively constitutes a channel which accepts bits at the input and emits bits
at the output. This end-to-end system forms a BSC channel. The BSC crossover (transition)
probability, pe, is just the uncoded BPSK bit error probability for equally likely signals given

by :
y Pe = QQ/?EO”) (1.10)

1o
Q(z) = m/ exp 2 dy,z >0 (1.11)

where

is the complementary error function of Gaussian statistics. The above equation is used in
evaluation of the error performance of a code. Both AWGN and BSC are memoryless channels.
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1.2.13 Error Correction Capability

The error correction capability of any given code is equal to :

V’”’”;_lJ (1.12)

This quantity measures the maximum number of errors which are introduced at the received
codeword and the code can detect and correct successfully. Thus, it sets the lower achievable
BER.

1.2.14 Constraint Length

As constraint length of a code we define the number of inputs (current input and previous)
which are used by the code in order to produce its codewords. The constraint length may also
be given as the number of memory elements, m, for convolutional codes or as the maximum
possible states of the encoder (typically 2).

1.2.15 Coding Gain

The coding gain is defined as the reduction in the SNR required to achieve a specific error
probability for a coded communication system compare to an uncoded system. Although, there
is a threshold, especially for low values of SNR, below which the coding gain becomes negative.
This SNR is called coding threshold.

1.2.16 Bandwidth Expansion

Two important and related parameters in any digital communication system are the speed of
the information transmission and the bandwidth of the channel. Because one encoded symbol
is transmitted every T seconds, the symbol transmission rate (baud rate) is %, In a coded
system with rate R = % < 1, k information bits correspond to the transmission of n symbols.
Thus, the information transmission rate (data rate) is equal to % bits per second. In addition
to signal modulation due to the effects of noise, most communication channels are subject to
signal distortion owing to bandwidth limitations. To minimize the effect of this distortion on the
detection process, the channel should have bandwidth W of at least % Hz. In an uncoded system
(R=1), the data rate % = 2W is therefore limited by the channel bandwidth. In a binary coded
system, with a code rate R < 1, the data rate % = 2W is reduced by the factor R compared
with an uncoded system. Comparing the data rate of an uncoded and a encoded system :

R 1 2w / W

T—2W<:>T— iz =2 @W-R (1.13)
where W' and W are the required bandwidth of the encoded and the uncoded system, respec-
tively. Due to the fact that the rate R < 1 & % > 1, the required bandwidth of the encoded
system is greater than the bandwidth of the uncoded one. Hence, to maintain the same data
rate as an uncoded system, the encoded system requires bandwidth expansion by a factor of
%. Thus, the coded system requires a larger channel bandwidth for signal transmission than
the uncoded system. This is because redundant symbols must be added to the transmitted in-

formation sequence to combat channel noise. Therefore, coding gain is achieved at the expense
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of bandwidth expansion. To overcome this problem, coding must be used in conjunction with
bandwidth-efficient multilevel modulation (M-ary modulation with M > 2).

If coding and modulation are combined properly and designed as a single entity, coding gain
can be achieved without bandwidth expansion. Such combination of coding and modulation
is called coded modulation. The basic concept of coded modulation is to encode information
symbols onto an expanded modualtion signal set (relative to that needed for the uncoded modu-
lation). This signal set expansion provides the needed redundancy for the error control without
increasing the signal rate and hence without increasing the bandwidth requirement. Coding is
used to form structured signal sequences with large minimum Euclidean distance between any
two transmitted signal sequences.

Basically, coding for error control is achieved by adding properly designed redundancy to the
transmitted information sequence. The redundancy is obtained either by adding extra symbols
to the transmitted information sequences or by the channel signal-set expansion in which a
larger signal set is used for mapping transmitted information sequence into a signal sequence.
Coding by adding redundant symbols results in bandwidth expansion and is suitable for error
control in power-limited communication systems. Coding by channel signal set expansion allows
coding gain without bandwidth expansion and is suitable for error control in bandwidth-limited
communication systems.

1.2.17 Systematic Codes

For any code (n,k), the codeword c is generated by the transformation of input vector x, as
¢ = F(x) where x = [21,..., 2], and it is equals to [cica ...c,]. When the code is systematic,
the codeword c is equal to [xl e TP - pn,k]. Therefore, the codeword ¢ can be rewritten
in a more compact way as ¢ = [x p|, where x is an exact copy of code’s input vector (that is,
information sequence x) and vector p is generated by the code. Those additional bits are called
parity check bits, and the vector p is called parity check vector.

1.2.18 Hard-Decision and Soft-Decision Decoding

In figure (1.1), when binary demodulator output quantization is used (quantization levels Q = 2),
the channel decoder processes binary inputs (hard decision inputs). This type of decoding is
referred to as hard-decision decoding. Generally, the decoding algorithm which uses only the
quantized received bit values and not their reliabilities is referred to as hard-decision decoding.
Many coded digital communication systems use binary coding with hard-decision decoding owing
to the resulting simplicity of the implementation. The metric which is used in hard-decision
decoding in order to describe the channel decoding schema, is the Hamming distance. A hard
decision of a received signal results in a loss of information, which degrades the performance of
the decoder. This loss comes as result of the information loss which is being applied due to the
demodulator’s output quantization.

However, when the demodulator output is quantized to more than two levels (Q > 2) or if
it is left unquantized , the demodulator is said to make soft decisions. In this case, the channel
decoder must accept multilevel (or continuous valued inputs) and processes soft decision inputs.
This type of decoding is referred to as soft-decision decoding. Generally, a decoding algorithm
which takes into account reliability information or uses probabilistic or likelihood values rather
than quantized data is called soft-decision decoding algorithm. Although this makes the decoder
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more difficult to implement, soft-decision decoding offers significant performance improvement
compared with hard-decision decoding. As a general rule,soft-decision decoding can provide as
much as 3 dB of gain over hard-decision decoding.

1.2.19 SISO Decoder

A soft-input soft-output (SISO) decoder is a type of soft-decision decoder used with error correct-
ing codes. Soft-input refers to the fact that the incoming data may takes values to a continuous
space. Soft-output refers to the fact that each bit in the decoded output also takes a value on a
continuous space. Generally, a soft-output decoder would provide decoded values accompanied
by an associated reliability measure, or a probabilistic distribution of the decoded bits. Hence,
the soft output is used as the soft input to an outer decoder in a system using concatenated
codes, or to modify the input to a further decoding iteration such as in the decoding of turbo
codes.

1.2.20 State Diagram

The state diagram is a graph that consists of nodes, representing the states of the diagram,
and directed lines, representing the state transitions. Each directed line is labeled with an
input /output pair. Given a current state, the input value shows which is the next state. Further,
given a initial state, the information sequence at the input determines the path through the state
diagram and the corresponding output sequence. For example,

Figure 1.2: State Diagram

1.2.21 Trellis Representation

A Trellis representation is created by stacking bipartite graphs to show several time steps.
These bipartite graphs are representing all possibles connections from the states at one time
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instant to the states at the next time instant. Hence, a trellis diagram corresponds to a state
diagram expanded over time. Further, a code trellis diagram can be treated as an edge-labeled
directed graph in which every path represents a codeword for block codes, or a code sequence
for convolutional codes. Generally, a trellis diagram is illustrated as :

Wi Wi

———————————

O— Xt/ g O
o 0

Figure 1.3: Trellis Diagram

where z; is the code’s input vector which produce the codeword c¢;, a; is the modulated
version of the corresponding codeword ¢; and r; denotes the received vector at the same time
unit ¢. Also, U; and W,y denote the current state in time unit ¢ and ¢ + 1, respectively. Note
that the trellis stages between time units ¢t and ¢+ 1 are exact replicas of the corresponding state
diagram.

1.2.22 Decision Rule

Let S denotes the transmitted value with prior probability P(S = s). The receiver uses the
received point R = r to make a decision about what the transmitted signal S is. The decision
rule which minimizes the probability of error is to choose § to be that value of s which maximizes
P(S = s|r), where the possible values of s are those in the signal constellation S. That is,

§ = argmax P(S = s|r) (1.14)
s€S

Using Bayes’ rule, we can rewrite the above equation as :
. P(R=r|S)P(S=5s)
§ = argmax
seS P(I‘)
since the denominator does not depend on s. This is called the maximum a posteriori (MAP)

decision rule. In the case that all the prior probabilities are equal, this rule can be simplified
to :

= argmax PR =r|S)P(S =5s) (1.15)
sE

§ = argmax P(R =r|S) (1.16)

seS
which is called the maximum likelihood (ML) decision rule.
The above decision rules minimize the codeword error probability. However, a special case of
MAP decision rule exists which minimizes the bit error probability and which is called bit-wise
MAP decision rule. This bit-wise MAP criterion is :

. PR =r|S =s;)P(S =si) _ _
§ = argmax Pir) = argmax PR =r|S)P(S =s;) (1.17)
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1.2.23 Shannon’s Noisy Channel Coding Theorem

Shannon’s noisy channel coding theorem implies that arbitrarily low decoding error probabilities
can be achieved at any transmission rate R less than the channel capacity C by using sufficiently
long block (or constraint) lengths. The channel capacity is a measure of how much information
the channel can convey. In particular, Shannon proved that randomly chosen codes, along with
maximum likelihood decoding (MLD), can provide capacity-achieving performance. He did this
by providing that the average performance of a randomly chosen ensemble of codes results in an
exponentially decreasing decoding error probability with increasing block (or constraint) length.
However, the channel coding theorem is an existence theorem but no how to construct practical
codes.

1.2.24 Channel Capacity

The capacity of a channel is defined as :

C=max I(X;Y 1.18
max 1(X:Y) (118)

where I(X;Y) is the mutual information of the channel output Y and the channel input X.
Furthermore, I(X;Y) is equal to :

I(X:Y)=H(Y) - HY|X) = H(X) — HX|Y) (1.19)

where H(Y) = E{—log, P(Y)} = —3_, P(y)logy P(y) and H(Y|X) = E{—log, P(Y[X)} =
=22y 2z P(z)P(yl|z) logy P(y|z) and which are called entropy and conditional entropy, respec-
tively. Thus, the channel capacity is the maximum mutual information between the input X and
the output Y, where the maximization is over the channel input probability distribution, or, the
amount of information that can be transmitted reliably through the channel. All the codes with
rate R < C are said to be achievable in the sense that reliable communication is achievable at
this rate. Conversely, if the rate of the code R is greater that the channel capacity C, that is
R > C, no reliable communication can be achieved.

1.2.25 Error Floor

The error floor is a phenomenon encountered in modern iterated graph-based error correcting
codes like Turbo Codes. As a result of this phenomenon, there is a region in high SNRs, which
is called the error floor region, in which the performance of the code flattens. This performance
floor is an outcome of the error correction capability of the code and, thus, it depends on the
minimum distance of the code.

1.3 Typical Operation of Turbo Codes

The following remarks are related to the typical operation of Turbo Codes :

e To achieve performance close to the Shannon limit, the information block length and, as
a result, the size of the interleaver K, is chosen to be very large, usually at least several
thousand bits.
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The best performance at moderate BERs down to about 107 is achieved with short con-
straint length constituent encoders, typically v=4 or less.

The constituent codes are normally generated by the same encoder, but this is not nec-
essary for good performance. In fact, some asymmetric code designs have been shown to
give very good performance

Recursive constituent codes, generated by systematic recursive (feedback) encoders, give
much better performance than nonrecursive constituent codes.

Bits can be punctured from the parity sequences to produce higher code rates.

Bits can also be punctured from the information sequence to produce partially systematic
or nonsystematic turbo codes

Because only the ordering of the bits is changed by the interleaver, the sequence that enters
the second encoder has the same weight as the sequence that enters the first encoder.

The interleaver is an integral part of the overall encoder, and thus the state complexity of
turbo codes is extremely large, making trellis-based ML or MAP decoding impossible

Suboptimum iterative decoding, which employs individual SISO decoders for each of the
constituent codes in an iterative manner, typically, achieves performance within a few
tenths of a decibel of overall ML or MAP decoding. The best performance is obtained
when the BCJR, or any MAP, algorithm is used as the SISO decoder for each constituent
code.

Because the MAP decoder uses a forward-backward algorithm, the information is arranged
in blocks. Thus, the first constituent encoder is terminated by appending v bits to return
to the 0 state. Because the interleaver reorders the input sequence, the second encoder
will not normally return to the O state, but this has little effect on the performance for
large block lengths. If desired, though, modifications can be made to ensure termination
of both encoders.

Block codes can be also used as constituent codes in turbo encoders

Decoding can be stopped, and final decoding estimate declared, after some fixed number of
iterations (usually on the order of 10-20) or based on a stopping criterion that is designed
to detect when the estimate is reliable with very high probability
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Basic Structure

A turbo encoder refers to the concatenation of two or more (n,k) recursive systematic convolu-
tional encoders separated by interleavers. On the other hand, a turbo decoder consists of two (or
more) soft-in/soft-out (SISO) convolutional decoders separated by interleavers which iteratively
feed probabilistic information (soft information) back and forth to each other in a manner that
is reminiscent of the turbo engine. This probabilistic information is called extrinsic information
and it is updated at each iteration. Because the interleaver is part of the code design, a complete
maximum likelihood decoder P(x|r) for the entire codeword is prohibitively complex. Thus, we
use a different approach than maximum likelihood decoder, which is called bit-wise maximum
likelihood decoder P(X; = z|r). This decoder approach is suboptimal but it almost always
converges to the maximum likelihood solution. Turbo Codes with more than two encoders and
decoders are called multiple turbo codes.

There are several classes of Turbo Codes, like Parallel Concatenated Convolutional Code
(PCCC) and Serial Concatenated Convolutional Code (SCCC). The first class of Turbo Codes
was based on the Parallel Concatenated Convolutional Code and was introduced by Claude
Berrou. For reasons of bandwidth efficiency, parallel concatenation is preferred over serial con-
catenation. In fact, parallel concatenation that combines two codes with rates Ry and Ry gives
an overall rate R equal to :

Ri Ry
R = 2.1
1—(1—-Ry)(1— Ry) 2.1)
This is a rate higher than that of a serially concatenated code, which is :
R=RiRy (2.2)

for the same values of R and R», and the lower these rates, the larger the difference. Thus, with
the same performance of component codes, parallel concatenated offers a better global rate, but
this advantage is lost when the rates come close to unity. Some other popular classes of turbo
coding are Turbo Product Codes and Repeat-accumulate Code.

19
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2.1 Parallel Concatenated Convolutional Code - PCCC

Turbo codes are a subclass of the parallel-concatenated code schema where convolutional codes
are being used as the encoding algorithm. The general structure of a PCCC encoder and decoder
is described below.

2.1.1 Encoder

The conventional arrangement for the parallel-concatenated convolutional code (PCCC) encoder
consists of two (or more) convolution encoders called constituent encoders and one (or more)
interleaver, which permutes the input symbols prior to input to the next constituent encoder.
This structure is called parallel concatenation because the two encoders operate on the same
input sequence, in comparison with the serial concatenated codes where the second constituent
encoder operates on the encoded output sequence from the first encoder. Hence, the basic
structure of a PCCC encoder is :

X

e Encoder ——————» 4

Interleaver (1) » Encoder F——» o

Figure 2.1: Basic Structure of a PCCC Encoder

2.1.2 Decoder

The decoder of a parallel-concatenated convolution code (PCCC) follows directly from the turbo
principle. Per the turbo principle, only extrinsic log likelihood ratio information is sent from
one decoder to the other, with appropriate interleaving-deinterleaving processing in accordance
with the inteleaving mechanism of the PCCC encoder. After a number of iterations, the decoder
can sum the log likelihood ratio from the channel, from its companion decoder and from its own
computations to produce the total log likelihood ratio values for the data bits x;. The decisions
are made from the total log likelihood ration (LLR) values as : & = sign[LLR(z))]. The two
(or more) constituent decoders are SISO decoders matched to the corresponding top and bottom
encoders of the PCCC encoder. The basic structure of a PCCC decoder is :

Lwtmal L2
K// Interleaver
Decoder 1 Decoder 2
Deinterleaver f—\
L2.=q l—l \/ Lptotal
I I + I
s yP ¥ ya

Figure 2.2: Basic Structure of a PCCC Decoder



2.1. PARALLEL CONCATENATED CONVOLUTIONAL CODE - PCCC 21

where Li° and L' is the total log likelihood information at the output of Decoder 1 and
Decoder 2, respectively. The log likelihood quantity Lq_,o is the extrinsic information sent from
Decoder 1 to Decoder 2, and similarly for Lo 1.



Chapter 3

Convolutional Codes

3.1 General Informations

Convolutional codes were first introduced by Elias in 1955 as an alternative to block codes and
has been widely in use for wireless, space and broadcast communications since about 1970.
In 1967, Viterbi proposed a maximum likelihood decoding algorithm that was relatively easy
to implement for soft-decision decoding of convolutional codes with small constraint length,
which is called Viterbi algorithm. In 1974, Bahl, Cocke, Jelinek and Ravik (BCJR) introduced
a maximum a-posteriori probability decoding algorithm for convolutional codes with unequal
a-priori probabilities for the information bits, which is called BCJR algorithm. The BCJR
algorithm has been applied to soft-decision iterative decoding schemes in which the a-priori
probabilities of the information bits change from iteration to iteration.

The convolutional codes are linear codes with additional structure in their generator matrix,
which allows the encoding procedure to be viewed as a filtering (or convolutional) operation.
Hence, the convolutional encoder can be viewed as a set of digital linear and time-invariant
filters with the code sequence being the interleaved output of the filter output. Convolutional
codes have better performance over block codes of comparable encode-decode complexity. Fur-
thermore, they are among the earliest codes for which effective soft-decision decoding algorithms
were developed.

The encoder of a convolutional code accepts k-bit blocks of the information sequence x and
produces an encoded sequence ¢ of n-symbol blocks. However, each encoded block depends not
only on the corresponding k-bit message block at the same time unit but also on m previous
message blocks. Hence, the encoder has a memory order of m.

A rate R = % convolutional encoder with memory order m can be realized as a k-input,
n-output linear sequence circuit with input memory m; that is, inputs remain in the decoder
for additional m time units after entering. Typically, for convolutional codes, the arguments
n and k are small integers with & < n. The encoder divides the information sequence into
blocks of length k, and produce the output sequence that is divided into blocks of length n.
In the important special case when & = 1, the input sequence is not divided into blocks and
it is processed continuously as a continuous stream. In this case, convolution codes can be
viewed as stream codes because they often operate on continuous streams of symbols and not
on partitioned discrete message blocks. Unlike with block codes, large minimum distances and
low error probabilities are achieved not by increasing k and n, but by increasing the memory

22
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order m, as demonstrated below.

The capability of a noisy channel to transmit information reliably was determined by Shan-
non in his original work. This result, called noisy channel coding theorem, states that every
channel has a capacity C, and that for any rate R < C, there exist codes of rate R that, with
maximum likelihood decoding, have an arbitrarily small decoding error probability P(E). In
particular, for any (n,k) convolutional codes with rate R < C' and sufficiently large memory
order m, the error probability is bounded by:

P(E) < 27(m+1)nEC(R) (31)

where m is equal to the memory of the encoder and E.(R) is a positive function of R and
it is completely determined by the channel characteristics. Thus, we can conclude that for a
given code with fixed rate R, arbitrarily small error probabilities and large minimum distance
are achievable with convolutional coding by increasing memory order m, while holding k and
n constant. A maximum likelihood decoding scheme for convolutional codes requires approxi-
mately 2¥ computations to decode each block of k information bits. Hence, the computational
complexity of the decoding scheme increases exponentially as the length k of the input block
and the memory order m increase, and, as a result, we can not arbitrarily increase neither the
code’s input nor the code’s memory order m.

Encoders for convolutional codes fall into two general categories: feedforward and feedback.
A feedforward encoder (or FIR encoder) is called the encoder which has only polynomial entries
in its generator matrix. A feedback encoder (or IIR encoder) is called the encoder which has
either both rational and polynomial entries or only rational entries. Further, within each cate-
gory, encoders can be either classified as systematic or non-systematic. For a given constraint
length, the systematic feedback encoders have generally superior distance properties compared
to systematic feedforward encoders.

For an (n, k) convolutional code, the encoder can be implemented using & shift registers to
store the input sequences and n modulo-2 adders to form the output sequences. Specifically, the k
input sequences enter the left end of each shift register, and the n output sequences are produced
by modulo-2 adders external to the shift registers. Such realization is called Controller Canonical
Form. Additionally, convolutional encoders can be implemented in Observer Canonical Form. In
general, for observer canonical form encoder realization, there is one shift register corresponding
to each of the n output sequences, the k input sequences enter modulo-2 adders internal to the
shift register, and the outputs at the right end of each shift register form the n output sequences.
Any feedforward and feedback encoder can be realized in both manners. Moreover, any encoder
in controller canonical form can be transformed in observer canonical form, and vice versa.
However, throughout our analysis, we use the controller canonical form because there is a direct
correspondence between equations and the realization of an encoder in controller canonical form.

At this point, we will mention some useful terms that we are going to use during the following
analysis of convolutional codes. Let v; be the length of the ith shift register in a convolutional

encoder with & input sequences, i = 1,2, ..., k. The encoder memory order m, then, is defined
as :
m = maxv; (3.2)
1<i<k

and the overall constraint length v of the encoder is defined as :

v = Z v; (3.3)

1<i<k



24 CHAPTER 3. CONVOLUTIONAL CODES

Primarily, the performance of a convolutional code depends on the decoding algorithm em-
ployed and the distance properties of the code. The most important criterion in construction
of good convolutional codes is the maximization of the minimum distance. Then, as secondary
criterion, the first term of the weight distribution Ay which is referred to the number of
codewords with weight dy,,, should be minimized. Generally speaking, d,q, is of primary im-
portance in determiniing performance at high SNRs, but as the SNR decreases, the influence
of the number of nearest-neighbors Ay, , increases, and for very low SNRs the entire weight
spectrum plays a role. Because convolutional codes are linear codes, their minimum distance
can be computed as :

min’

dmin = mindpy(c;, ¢;)
i#j
= minw(c; — ¢;)
#J (3.4)

= min w(c)
(&

= minw(xG), Vx # 0

where c is the codeword corresponding to the information sequence x and G is the generator
matrix of the code. Based on the above equation, we can conclude that the minimum distance is
defined by the generator matrix G of the code and, thus, is a feature of the code. For a certain
code rate and constraint length, nonsystematic feedforward encoders imply more free distance in
comparison with systematic feedforward encoders for the same code rate and constraint length.
Thus, if a systematic encoder realization is desired, it is better to construct a nonsystematic
feedforward encoder with large d,,;, and then convert it to an equivalent systematic feedback
encoder.

Since a convolutional encoder can be realized as a linear sequential circuit, it can be described
using a finite state machine (FSM). The state of the encoder is defined as its memory content
(content of the shift registers). For a (n,k) encoder in controller canonical form, the ith shift
register at time unit /, contains v; bits, denoted as (sl(i)l, sl(i)Q, . ,sl(i)vi), where 31(1)1 represents
the contents of the leftmost delay element, and sl(l_)vi represents the content of the rightmost
delay element, 1 < i < k. As a result, the state of the encoder o; at time unit [ is the binary

tuple:

1 1 1 2) (2 2 k) (k k
o] = (Sl(—)17 51(—)27 ... vsl(—)w Sl(—)17 sl(_)g, . Sl(—)w ce sl(_)l, Sl(—)27 ce Sl(—)vi) (3.5)

Hence, for both encoding and decoding, it is useful to think of the state machine, which is a
representation of the temporal relationships between the states portraying current state - next
state relationship as a function of the inputs and the outputs. For an implementation with
overall constraint length equal to v, there are 2 states in the state diagram. Throughout this
analysis, we assume that all shift registers have equal length. Thus, based on equations (3.3)
and (3.2), the overall constraint length v of the (n, k) code is equal to km. As a consequence,
there are 2F" states in the state diagram. Each new input block of k bits causes the encoder to
shift; that is, there is a transition to a new state. Hence, there are 2* branches leaving each state
in the state diagram, one corresponding to each different input blocks. The codeword produced
at each time unit depends on both current state and encoder’s input sequence. Hence, the state
machine of a convolutional code is a Mealy machine. Also, maximum likelihood decoding and
maximum a posteriori probability decoding of convolutional codes require a decoding complexity
that is proportional to the number of states in the encoder state diagram, thus, we always
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seek an encoder realization with a minimal number of states, that is, with a minimal overall
constraint length. These encoders are called minimal encoders. Another useful representation
is a graph representing the connections from states at one time instants to states at the next
time instant. This type of representation is called Trellis representation. We note here that
the convolutional encoders whose generator matrix and the associated encoder diagram do not
change with time are called time-invariant convolutional encoders. However, when the state
diagram of a convolutional encoder changes with time, those encoders are called time-variant
convolutional encoders. A special case of time-varying convolutional encoder is used in the class
of Turbo Codes.

In the case of systematic convolutional encoders which are implemented based on controller
canonical form, the realization of the encoder requires only (n — k) shift registers, since k input
sequences appear directly to the encoder’s output sequences. Those (n — k) shift registers are
responsible for the computation of the (n — k) parity check sequences. In many cases, where the
number of the encoder’s output sequences, n, and the number of the encoder’s input sequences,
k, are comparable, the realization of systematic convolutional encoder is more simple than the
realization of the corresponding non-systematic convolutional encoder from both hardware and
encoder’s computational complexity perspective. From hardware perspective, fewer logical units
(shift registers and modulo-2 adders) are used for the implementation of a systematic encoder.
From the perspective of the encoder’s computational complexity, as we mentioned earlier, the
encoders complexity is equal to 2¥, where v refers to the overall constraint length of the encoder.
The overall constraint length is given from the equation (3.3) and is equal to the sum of the size of
the each shift register. Hence, the systematic convolutional encoder has smaller overall constraint
length than the non-systematic encoder and, as a result, lower computational complexity.

3.2 Convolutional Codes

Generally, the encoder for an (n, k) convolutional code accepts blocks of k-bits from the infor-
mation sequence and produces an encoded sequence of n-bits symbols blocks. However, each
encoded block depends not only on the corresponding k-bit input message block at that current
time unity but also on m previous input message blocks. Hence, the encoder has a memory of
some order m. Typically, k and n are small integers, and more redundancy is added by increasing
the memory order m of the code while holding k and n fixed.

The information sequence x = (xo r1 Ty T3 .. .), that we want to encode, can be rewritten as

(x(l) x@ .x(k)), where each x( is equal to (x(i) x(li) ;Ug) ) = (mi_l Ti—1+k Ti—142k ) ,

0
Vi =1,...,k, and which, essentially, contains the information bits that correspond to the input of
1th encoder at each time point. The output sequence c can be written as (cél) . cé") cgl) .. cg") .

= (co Cl1...Cp .. ) where c; denotes the codeword produced at the time unit t and is equal to

(cgl) o cg’”). In a similar manner to the definition of x(i), we define the sequence c) which

is equal to (c(()j ) ng ) ) and which represents the output sequence of the jth encoder at each

time unit. The equation that produce each sequence ¢t is :

k
D =Y"xDeg" vi=1...n (3.6)
=1

)
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where ® denotes the discrete convolution and all operation are modulo-2. The impulse response
G _ (.6 () (9)
g; 9i0 9i1 -+ Yim

)

) , which corresponds the input ¢ to the output j, is called generator

sequences. This equation is the basic equation that produces any (n, k) convolutional code. The
following diagram is schematically shown the procedure followed by a convolutional encoder to
produce the output sequence c, as described above.

3 [

(el )

A

Adders . (CU(UCO(Z)CO(H}QU)QL) cqm )

I P

(. x4 xqlk)) k Shift Register L, (i)

— C1(2Etu(2})
(MO X{ . XXt ) - xnz})

Figure 3.1: Convolutional Encoder

As we can see, the output sequences ¢() are multiplexed for the purpose of producing the
final output sequence c¢. The module ” Adders” denotes the set of modulo-2 adders that combine
the components of the shift registers in order to produce the ng )

In a matrix representation manner, the basic equation which generates an (n, k) convolutional
codes can be expressed as :

at each time unit.

c =xG (3.7)

where all operations are, also, modulo-2. The matrix G is called the (time domain) generator
matrix of the encoder. In the general case of an (n, k) feedforward encoder with memory order
m, the generator matrix is given by:

GO Gy Go ... Gm 0
0 Go G1 ... Gp1 Gp 0o ...
G= 0 0 Go PN Gm_2 Gm—l Gm ce (3'8)
where each G; is a (k x n) submatrix whose entries are :
g 9y 9
1 2 (n)
G | 29
Gt i - by

Each submatrix G; is being constructed by the generator vectors, which represent the generator
sequence corresponding to the input i and the output j. Note that each set of k rows of G is
identical to the previous set of rows but shifted n places to the right and that G is semi-infinite
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matrix, corresponding to the fact that the information sequence x is of arbitrarily length. If x
has finite length h, then G has % rows and n(m + %) columns. Consequently, ¢ has length equal
to n(m + ).

In case of systematic feedforward encoders, the generator matrix G is given by :

IPy OP; 0P> ... OP, 0 0
0 IPy OP;y ... OPyp_1 OPy, 0

G=|l0 o0 1Py ... OPpm_2 OPn_i OP,,

Based on the above notation, we can conclude that each G; can be written either as :

100 ... 0 p% pf& pgrfofk)
n—k
010 ... 0 pgg pé’()] pé,o )
[Po]=[0 0 1 ... 0 5y »5) ps ™ i=0
00 0 o 1wy by - Py
or as :
B 1 2 n—k)’]
A D L
1 2 n—Fk
ORI
0P;] = Py ) 5 i#o0
000 ... 0 p,(clz) p,(fz) p,(ﬁtli_k)_

where I and 0 are the (k x k) identity matrix and all-zero matrix, respectively. Comparing
the generator matrix of a general convolutional code to the generator matrix of a systematic
feedforward code, we can conclude that, any P; is a (k x (n-k)) matrix whose entries are equal
to :

(k+1) (k+2) (n)
%l’ci+1) %ici+2) g%

R (3.10)
gt gt g

3.2.1 Polynomial (Transform Domain) Representation

As we know, in any linear system, all time domain operations involving convolution can be
replaced by more convenient transform domain operations involving polynomial multiplication.
Because a convolutional encoder is a linear system, each sequence in the decoding equation can
be replaced by a corresponding polynomial, and the convolution operation can be replaced by
polynomial multiplication. In the polynomial representation of a binary sequence, the sequence
itself is represented by the coefficients of the polynomial; that is, any sequence z = (xo Tl T2 .. )
can be written in polynomial form like 2(D) = zg+x1D +22D?+. ... Thus, the basic equation
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©)

of the convolutional codes cU) = Zle x @ g, can be transformed to :

k
(D) =32 (D)g? (D) (3.11)

=1

where the output sequence ¢\) can be described as c(j)(D) = c(()j) + cgj)D + céj)D2 + ..., the
input sequence x(¥ as :U(i)(D) = l‘(()i) + chi)D + :Uéi)D2 + ... and the generator sequence as
ggj )(D) = géjl) + ggjz) D+ géjz) D2+ . ... The polynomials ggj )(D) are called generator polynomials.
The indeterminate D can be interpreted as a delay operator, where the power of D denotes the
number of time units a bit is delayed with respect to the initial bit in the sequence.

Hence, the basic equation (3.7) can be written as :

¢(D) = z(D)G(D) (3.12)
where z(D) = [z)(D) 2@(D) ... 2®)(D)] is the k-tuple of the input sequences, ¢(D) =
[cM(D) ¢@(D) ... c™(D)] is the n-tuple of the output sequences and the generator matrix
G(D) is equal to :

9/(D) 9 (D) - 4" (D)

D D) ... ") (D

G(D) = 92'() 92‘() | 92 ()
6(D) g(D) ... g"(D)

The matrix G(D) is called generator matrix. Moreover, from equation (3.12) we can conclude
that a convolutional code in time domain can be represented as a linear block code, in transform
domain. Thus, any theorem of a linear block code can be applied to a convolutional code after the
transformation of the code from time to transform domain, and vice versa. As a consequence,
we can conclude that block and convolutional codes are dual codes. After multiplexing, the
overall encoder’s output sequence can be expressed as :

o(D) = V(D™ + D (D) + -+« + D" 1™ (DM (3.13)

We can rewrite the equations (3.12) and (3.13) to provide a means of representing the multiplexed
codeword ¢(D) directly in the terms of the input sequences. A little algebraic manipulation yields

k
o(D) = z"(D")gi(D) (3.14)

=1

where g;(D) = ggl)(D") + Dgi(Q)(D”) +-- 4 D”flgi(n)(D”), 1 <i <k is a composite generator
polynomial relating the ith input sequence to the multiplexed ¢(D).

Using the polynomial notation, any systematic feedforward encoders can be written as :

10 ... 0

¢ D) ... (D)
01 ... 0 g

') ... (D)

00 ... 1 gDy ... ¢™(D)
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where
pgi)(D) pgz)(D pgnfz) D gi:H)(D) g%:f) D) ... 9@ D
n— 1 n
o) WD) o TPy eV D) D) L (D)
P(D)=|"? N . = . . .
. . ' n—l; k ‘ k ; - n
Py pP () ... Py gDy (D) . (D)

3.2.2 Systematic Recursive Convolutional Codes - SRCC

High-rate codes are most efficiently represented in a systematic feedback form. An application
of systematic feedback convolutional encoders is turbo coding. Any nonsystematic feedfor-
ward convolutional code can be converted to a systematic feedback code using elementary row
operations. These systematic feedback encoders generate the same codes as corresponding non-
systematic feedforward encoders but exhibit a different mapping between information sequences
and codewords. The key characteristic of feedback encoders is that their impulse response has
infinite duration. In particular, for nonrecursive codes, information sequence of weight 1 pro-
duce finite-length codewords, whereas for recursive codes, information sequences of weight 1
produce codewords of infinite length. Thus, the feedback shift register realization is an infinite
impulse response (IIR) linear system. For this reason, the (time-domain) generator matrix G
contains sequences of infinite length. Because the response to a single nonzero input in a feed-
back encoder has infinite duration, the codes produced by feedback encoders are called recursive
convolutional codes (RSCC). Hence, a more convenient way to examine the feedback code is
through transform domain representation. This property of recursive codes turns out to be a
key factor in the excellent performance achieved by the class of turbo codes.

Feedback encoders are more easily described using the transform domain representation
generator matrices G(D) whose entries are contain rational functions, rather than the corre-
sponding time-domain representation generator matrices G whose entries contain sequences of
infinite length. Thus, we say that a systematic feedback encoder produces a systematic recursive
convolutional code (RSCC). In general, any nonsystematic feedforward convolutional encoder
with a k x n polynomial generator matrix G(D) can be transformed to a RSCC with polynomial
generator matrix G'(D) using elementary polynomial row operations. It is important to note
that elementary rows operations do not change the row space of a matrix. Thus, the RSCC pro-
duced by the systematic feedback encoder generates the same code as the initial nonrecursive
convolutional code; however, the mapping between information sequences and corresponding
codewords is different in two cases.
al?) (D)
o (D)
a? (D) = ag+a;D+ -+ auD™ and b% (D) = 14 b1 D + - - + b, D™. Note that, by should be
always equal to 1 or, equivalent, the denominator polynomial bEJ )(D) is delay free. This means
that it can always be written in a form where the common factor D’ has been pulled out. The

(

i

The generator matrix of a systematic feedback encoder has rational entries , where

assumption of by = 1 implies that g ) is a causal transfer function and, hence, is realizable.
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This can be proven as :

+oo
= Za[k‘]x( Nt —
k=0

— (D)) iy D)
(D) = 2(D)g;” (D) = 2)(D) o)
DK (D) = HDID) £ e il =l 201 =
+oo
Zb (J t— — Z [ (Z t— @Zb J)t_
k=—o00 k=—o0
bocD[t] + by [t — 1] + - + bW [t —m] = aox( Nt 4+ a1z W[t — 1] + -

boc D [t] = agz D [t] + arz®[t — 1] 4 - - -

+ ama D[t —m] — b9 [t — 1] —
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k| &
ot apz D[t —m] &
~--—bmc()[t—m]
(3.15)

If by = 0, it makes the situation untenable, i.e, c(j)[t] can not be determined from the

inputs z®[t],...,z®[t — m] and the outputs cW[t — 1],...

D[t —m

]. Consequently, a general

(transform-domain) generator matrix G(D) for a RSC code can be written as :

aFH (D)
k+1)
01 0 D
a(kJri)(D)

a{™ (D) ]
b(") (D)
a2n)(D)
b (D)

a{™ (D)
by (D) |

Generally, it is not mandatory to use different denominators in each entry. Therefore, we can

replace each bl(j ) (D) with a universal denominator b(D).

The structure of a feedback (recursive) shift register is shown below :

AR NN S C)
ap
A A A
a a’ 8m
X
Nah s R . |
» » D » D > ..—> D
A
4 h 4 ér@
b1 ba bm
4 h 4
My M «
N N

Figure 3.2: Feedback Shift Register
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3.3 Catastrophic Encoders

A convolutional encoder is called catastrophic when a finite number of channel errors causes an
infinite number of decoding errors. Catastrophic encoders should not be avoided. Generally,
an encoder G(D) for a convolutional code is catastrophic if there exists message sequence z(D)
such that w(x(D)) = oo and the weight of the coded sequence w(¢(D)) < co. A mean which can
be used in order to check if an encoder is catastrophic, is the existence of the inverse generator
matrix, G~1(D). Additionally, an encoder is catastrophic if and only if the state diagram of
the code contains a cycle with zero output weight other than the zero-weight cycle around the
initial state Sp. Systematic convolutional encoders always posses a polynomial inverse matrix
G~1(D), which makes them always noncatastrophic.

3.4 Rate of Convolutional Codes

An (n,k) convolutional encoder can generate infinitely long encoded sequences. Because n en-
coded bits are produced for each k information bits, R = % is called the rate of the convolutional
encoder. For a finite-length information sequence of h time units, or K = kh bits, it is customary
to begin encoding in the all-zero state; that is, the initial contents of the shift registers are all
zeros. When we consider trellis-based decoding, unless the final state is known, the last several
decoded bits will be somewhat unreliable. Thus, to facilitate decoding, it is necessary to return
the encoder to an known state or the all-zero state after the last information block has entered
the encoder. This requires that some additional input blocks equal to the memory order m of
the encoder, should enter the encoder to force it to return to the all-zero state. This sequence of
bits is called zero-append sequence. For feedforward encoders, it can be seen from the encoder
diagram that these m termination blocks must be all zeros, whereas for feedback encoders, the
termination blocks depend on the information sequence. Thus, we can not foresee which bit se-
quence can drive the encoder’s state machine back to the all-zero state, as we can assume from
figure (3.2). In both cases, these termination blocks are not part of the information sequence,
since they are fixed and cannot be chosen arbitrarily. We note that for controller canonical form
encoder realizations with v < km, only v bits are required for termination. Thus, km — v bits in
the termination block can be information bits. A similar situation holds in the case of observer
canonical form realizations.

In case of additional blocks are added in order to drive the state machine back to the all-
zero state, the actual rate of the code is smaller than the theoretical one. More precisely,
for a finite-length information sequence with K = kh bits and memory order m, the output

K kh

sequence has length N = n(h 4+ m). Thus, the actual code rate is equal to R = § = ARy

If h >> m, then HLm ~ 1 and the actual code rate is approximately equal with the theoretical
one. Contrariwise, if h is small compared to the memory order m, the actual code rate is reduced
below the convolutional encoder rate R by a fractional amount

k kh

n  n(htm) = M

= 3.16
% h+m (3.16)

which is called the fractional rate loss.
For short information sequences, the fractional rate loss can be eliminated by simply not
transmitting the nm termination bits and considering the first N = nh encoder output bits as
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the codeword. However, if the termination bits are not transmitted, the performance of the code
is degraded. One way to combat this problem is to allow the encoder to start in an arbitrary
state (the initial contents of the shift registers are not necessarily all-zeros) and then force it to
return to the same at the end of the information sequence. It turns out that if the starting state
is chosen properly, no extra bits are required to force the encoder back to the same state, so no
fractional rate loss is incurred. This technique results in so-called tail-bitting codes.

3.5 Decoders for convolutional codes

There exist several decoding algorithms for convolutional codes, including the majority-logic
decoder, the sequential decoder, the Viterbi decoder and the BCJR decoder. The choice of the
decoding algorithm depends on the application. In case of turbo codes, the chosen decoding
algorithms are maximum-likelihood sequence decoder (MLSD), which is implemented via a vari-
ation of the Viterbi algorithm which is called soft-output Viterbi algorithm (SOVA) and the
bit-wise maximum a-posteriori (MAP) decoder which is implemented via BCJR algorithm. The
SOVA algorithm provides not only decoded symbols but also an indication of the reliability of
the decoded values. The MLSD decoder minimizes the probability of code-sequence error, while
MAP minimizes the probability of information-bit error. Suboptimal decoding algorithms are
also occasionally of interest, particularly the constraint length is large.
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Viterbi

The Viterbi algorithm was proposed by Andrew Viterbi in 1967 and it is an optimal decoding
algorithm for convolutional codes with low constraint length (typically < 8). It is a maximum
likelihood (ML) decoding algorithm for convolutional codes; that is, the decoder output selects
always the codeword that maximize the conditional probability of the received sequence. Thus,
Viterbi algorithm minimizes the codeword error probability. Essentially, it is a shortest path
algorithm, roughly analogous to Djikstra’s shortest path for computing the shortest path through
the trellis associated with the code. Further, the Viterbi algorithm is equivalent to a dynamic
programming solution to the problem of finding the shortest path through a weighted graph. The
Viterbi algorithm has been applied to a variety of communication problems, including maximum
likelihood sequence estimation in the presence of intersymbol interference and optimal reception
of spread-spectrum multiple access communication. It also appears in many other problems
where a ”"state” can be defined, such as in hidden Markov modeling.

Generally, a decoder based on the Viterbi algorithm takes the received sequence r = {ro, ...,
ri,—1} and determines an estimation of the transmitted data a = {ag,ai,...,ar_1} and from
that an estimation of the sequence of the input data x = {xg,X1,...,Xr_1}, as is shown in the
following figure :

Viterbi Algorithm a

! ing ———»
Module Signal Mapping

Y

Figure 4.1: Viterbi Decoder

The basic idea behind the Viterbi algorithm is that a coded sequence {cy,...,cr—1}, or its
signal-mapped equivalent {ag,...,ar_1}, corresponds to a path through the encoder’s trellis.
Due to noise in the channel, the received sequence r may or may not correspond exactly to
a path through the trellis. The decoder finds a path through the trellis which is closest to
the received sequence, where the measure of ”closest” is determined by the likelihood function
appropriate for the channel. Especially, for a BSC channel and an AWGN channel, the maximum

33
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likelihood path corresponds to the path through the trellis which is closest to the Hamming and
the Euclidean distance to r, respectively.

4.1 Viterbi Algorithm

The Viterbi algorithm is a maximum likelihood sequence estimator in conjuction with the BCJR
algorithm which is a bit-wise maximum a-posteriori bit estimator. Assume that the information

D (2 .
sequence x = {xg,X1,...,XL_1}, where x; = {xi ),xg ),...,:L'Sk)} for each i = 0,...,L — 1,
is encoded into the codeword ¢ = {cp,c1,...,cr,_1}, where ¢; = {051)702(2), . ,cgn)} for each
i=0,...,L—1, and be transmitted over a memoryless channel, as shown in the following figure:

Channel
X Convolutional c i a 4R r
EEEE— : 4
Encoder Signal Mapper
n

Figure 4.2: Transmission

where the received sequence is represented by r. The decoder must produce an estimate
sequence X of the information sequence x based on the received sequence r. A maximum
likelihood (ML) decoder for a memoryless channel chooses the sequence % that maximizes the
log-lokelihood function log p(r|a). The maximum likelihood function is equal to :

p(rla) = p(rgag ™) = p(ro,...,rL_1a0,...,a5_1) (4.1)
If the channel is memoryless, the above equation can be computed as :
L-1 L-1 , n
piefa) = ] otrda) = [T ( T[ot1a)) (1.2
i=0 i=0 Nj=1

As regards the log-likelihood function log p(r|a), it follows that :

-1
logp(rla) =Y log p(ri|a;) (4.3)
=0
where log p(r;|a;) is a channel transition probability equals to :
log p(rila;) = log H p(rl(»j)\agj)) = Zlogp(rgj)\agj)) (4.4)
=1+ J=1
Now, consider a sequence f(f’)_l = {Xo,...,%X;—1} which leaves the decoder in state ¥; = p at

time t. This sequence determines a path, or sequence of states, through the trellis for the code,
which we abstractly denote as II; or 11 (xé‘l). Thus,

Iy = {Wo, ¥y,..., ¥} (4.5)
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The log-likelihood function for the sequence is :
t—1
log [p(rf)_lfig_l)] =) log {P(rﬂfii)} (4.6)
i=0

Let M;_1(p) = —log [p(rf)_lﬁcf)_l)} denotes the path metric for the path IT; through the trellis

defined by the sequence )26_1 and terminating in state p (the minus sign means that we seek to

minimize the path metric in order to maximize the likelihood function). Now, let the sequence
xb = {%X0,...,%Xt_1,%:} be obtained by appending the input Z; to )26_1 and suppose the input
Z¢ is such that the state at time t+1 is U;11 = g. The path metric for this larger sequence is :

Mi(q) = =) _logp(ri|%;)
1=0

-1
=— Zlogp(lﬂfii) — log p(r¢|%¢)
i—0

— M;_1(p) — log p(ri|%:)

Let p(ry, x¢) = — log p(rt|§<t) denotes the negative log-likelihood a prosteriori probability for the
input r;. The quantity g (ry, X¢) = — logp(rtlfct) is called branch metric for the decoder. Since

- (p,q)) .

%x; moves the trellis from state p to state q at time t+1, we can write p;(ry, X;) as i (rt, X,
Then :

My(q) = My—1(p) + pue(re,%e) = M(q) = Me_1(p) + pug (v, %) (4.8)

Thus, the path metric along a path to state q at time t is obtained by adding the path metric
to the state p at time t-1 to the branch metric for an input which moves the encoder from state
p to state q.

Suppose M;_1(p1) is the path metric of a path ending at state p; at time t and M;_1(p2) is
the path metric of a path ending at state ps at time t. Suppose further that both of these states
are connected to state q at time t+1. The resulting path metrics to state q are M;_1(p1) +
(e, fc(p’q)) and My_1(p2) + ut(rt,ﬁc(p7‘1)), as shown in the following figure :

Mi(p1) A O

pt(rt , xt(P1.9))

Mt(p1) + pt(rt , x¢(P1.))
OR
Mt(p2) + t(rt , xt(P2:))

pt(rt , x(P2:2))
Mt(p2)

fime t time t+1

Figure 4.3: Merging paths
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The governing principle of Viterbi algorithm is that in order to obtain the shortest path
through the trellis, the path to state q must be the shortest possible. Thus, when two or
more paths merge, the path with the shortest path metric is retained and the other paths are
eliminated from further consideration. That is :

Mi(q) = ;I_leig{Mt—l(pi) + it (4, fi(p“q))} (4.9)
where QQ denotes the aggregation of the states of the trellis. The path with the minimal length
becomes the path to the state q. This path is called survivor path. In the event that the path
metrics of merging paths are equal, a random choice can be made with no negative impact on
the decoding error probability.

Since it is not known at time ¢ < L which states the final path passes through, the paths to
each state are found for each time. The Viterbi algorithm, thus, maintains the following data:

e A path metric to each state at time t,
e A path to each state at time t
Cumulatively, the Viterbi algorithm is summarized as:

e For each state q at time t+1, find the path metric for each path to state q by adding

the path metric M;(q) of each survivor path to state p at time t to the branch metric

Mt (I't, &Enq)) )

e The survivor path to q is selected as the path to state q which has the smallest path
metric,

e Store the path and the path metric to each state q,
e Increment t and repeat until complete.

Consequently, we can assume that the Viterbi algorithm is a recursive algorithm. In the begin-
ning of the decoding process, we assume that the initial state is always ¥o = 0.

In case of BSC with crossover probability p < %, the received sequence r is binary and the
log-likelihood function (4.4) becomes :

p
-p

log p(r;|a;) = d(r;, a;) log 1 + nlog(l—p) (4.10)

where d(r;, a;) denotes the Hamming distance between r; and a;. Because ﬁ < 0 and nlog(1—
p) is constant for all a, an maximum likelihood decoding scheme for a BSC chooses a that
minimizes the overall Hamming distance :

L-1
d(r,a) =Y d(r;a;) (4.11)

=0

Hence, when Viterbi algorithm is applied to the BSC, d(r;,a;) becomes the branch metric and
the algorithm must find the path through the trellis with the smallest metric, that is, the path
closest to r in Hamming distance.
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In case of AWGN channel, the a-posteriori probability p(r;|a;) is equal to :

(1)

p(rila;) = p(r ™l

PN

soat™)

By R P rf — a2
- 1 \V2mo? P 202
n n |T(j) - a(j)|2
[Tew < R Y R ) (4.12)

where [[r; — ayf)” = |(r) — o)+ (1 = a®) 4o 4 (1 = 0l = | 20, (49— 0| =

(2
. N2 . N2
Z?:l ](rl(] ) az(-] )) | because each term (7“2(] ) al(] )) is greater or equal than zero and according
to inequality |a1 4+ a2 + -+ + an| < |ag| + |ag| + - + |an| = |a1 + a2 + -+ + an| = |ai| +
(r! () (j))2|

-

|ag| + -+ -+ |an| only if a; > 0 for each i = 1,2,...,n, we can conclude that |3 7_,

= S (6 = o))
As regards the log-likelihood function log p(r|a), the channel transition probability log p(r;|a;)
is equals to :

s — ay?
202
where |r; — a;||? is the squared Euclidean distance between r; and a;. The quantity log p(r;|a;)

becomes the branch metric.
We can further process the equation (4.4) as follows :

) (]) |T(j) _ a(j)\Q
1 ilay; =1 =1 v @t U
og p(rila;) ong 0gH< 27T02>exp< 572 )

o 5 |7"i - aij)‘Q

log p(rila;) = —nlog(V2no?) — (4.13)

j=1
_ Varary _ L [0 0
= —nlog(Vv2ro?) — 253 (|r;” = a”?)
o (4.14)
1 1T, ¢ ,
= —nlog(V2ro?) - 5 5> | — 2Pl 4 (o) ]
Jj=1 =
1 [, ¢ , 1 & N
= —nlog(v2ro?) = 5 3 | (r )2+ (agn)z} 5y [r?)a?)}
J=1 = Jj=1
1 « ,
:—nlog(m)—ﬁ (TZ(J))Z_'_(QZ(J))ﬂ IE

j=1t
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In case of a BPSK modulation scheme, we can assume that the above equation depends only on
the inner product (correlation) of the received vector r; and codeword a;.

Thus, for a BSC channel , the Viterbi algorithm (MLSD decoding schema) chooses the code
sequence which is closest to the channel output r in a Hamming distance sense, while for a
AWGN channel, it chooses the code sequence which is closest to channel output in a Euclidean
distance.

After the termination of the Viterbi algorithm, the final state of the Trellis diagram can be
any possible state ¥; € (). However, a different approach can be used where the final state of
the Trellis diagram should be a specific one, usually the all-zero state; that is, ¥; = (Jy. In order
to achieve this, an all-zero sequence should be appended to the information sequence x before
the encoding stage. The length of this sequence is equal to k * m, where m is the memory order
of the encoder and which is given by the equation (3.2). This version of Viterbi algorithm is
called zero append sequence Viterbi algorithm.

4.2 Code gain of Viterbi algorithm

In this section, we examine the coding gain of the Viterbi algorithm regarding with the perfor-
mance of an uncoded telecommunication system.

107
— Viterbi
—— Uncoded
10! e
102 F P
i 5
]
[l e
103k e
\\
I,
1074 N
™
oy
\
_ID_S L ' ' L
2 A 0 1 2 3 4
SNR .

Figure 4.4: Coding gain of Viterbi Algorithm

As we can conclude, the Viterbi algorithm provides performance improvement compared to
an uncoded system as it was expected from the theoretical analysis early at this chapter.
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BCJR Algorithm

In 1974, Bahl, Cocke, Jelinek and Raviv introduced a bit-wise maximum a posteriori probability
(MAP) decoding algorithm that can be applied to any linear code, either convolutional or block
codes, with unequal a priori probabilities for the information bits and trellis structure, which
was named BCJR algorithm. The bit-wise MAP criterion minimizes the probability of the bit
error rather than the probability of codeword error. This bit-wise MAP criterion is :

P(r|a; = a)P(ay)

Ty = arg max P(a; = alr) = arg max o) (5.1)
where a; = 22, — 1 and r = [ro r1 ... ]. The optimality condition for the BCJR algorithm is

slightly different than for the Viterbi algorithm: in MAP decoding, the probability of information
bit error is minimized, whereas in ML decoding the probability of codeword error is minimized.
In order to minimize the BER, the a posteriori probability P(X; = x|r) of the information bit x
given the received sequence r must be maximized. The computational complexity of the BCJR is
greater than that of the Viterbi algorithm and thus Viterbi decoding is preferred in case of equally
likely information bits. But, even in case of equally likely information bits, Viterbi algorithm does
not guarantee that BER is minimized Hence, Viterbi algorithm results in near-optimum BER
performance compared to BCJR algorithm which results optimum BER, performance. However,
when the information bits are not equally likely or when iterative decoding is employed and,
thus, the a priori probabilities of the information bits change from iteration to iteration, better
performance is achieved with MAP decoding. The BCJR algorithm is a SISO decoding algorithm
and it has been applied in recent years to soft-decision iterative decoding schemes in which the a
priori probabilities of the information bits change from iteration to iteration. While the Viterbi
algorithm produces an estimated bit sequence which corresponds to a continuous path through
the trellis, the BCJR (and generally MAP algorithm) may not.

5.1 BCJR Algorithm

For an (n,k) code, the received vector ry can be represented as [rgl)rgz) .. .rgn)]. Thus, the input
sequence can be divided as :

r= [ro U TEETS I SRR ] = [r<t ry r>t} (5.2)
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Hence, the a posteriori probability P(X; = x|r) can be analyzed as :

1 1
P(Xt = CL‘|I‘) = piP(Xt’r) = 7P(Xt = IL’,I‘<t,T’t,I'>t)

(r) p(r)
= p(lr) Z p(We =p,Vip1 = q,Tp, T, Tt)
(P.2) €Sz
1
= —— Z p(r>e|¥s =p, Wir1 = ¢, T<t, 7)p(Ve = p, Yis1 = ¢, Tt 1) 53
o) 2, (5.3
1
= o) > plese ¥ =p, Uiy = g, v, r)p(Vins = ¢, relr<e, U = p)p(r<e, Ur = p)
(P.2) €Sz
= p(lr) P(rse[¥er1 = @)p(Ver1 = ¢,me[¥s = p)p(r<e, Vi = p)

where S, denote the set of state transitions (p,q) which corresponds to the input x. Hence,

Se = {(p.q) : 2P =z} (5.4)

Furthermore, since knowledge of the state at any particular time renders irrelevant knowledge
about prior states or received data, we can conclude that p(r¢|¥y = p, Uip1 = ¢, vy, 7t) =
p(r>¢|¥iy1 = q) and p(Yir1 = ¢, 1ifr<t, Vi = p) = p(¥iy1 = ¢, 7[¥¢ = p). In equation (5.3), the
factor % is common for each P(X; = z|r) Vo € X’ and it is nothing more than a normilization
factor which does not need to be explicitly computed. Thus, we can proceed as :

p(Xi=zr) = Y p(rse|Vir1 = Qp(Yer1 = ¢, 74U = p)p(r<e, ¥r =p)  (5.5)
(P,a)€Sa

Based on the above equation (5.3), we define the factors :

at(p) = p(r<t, Ve = p) (5.6)
Bit1(q) = p(r>¢|Yis1 = q) (5.7)
Ye(p,q) = p(¥iy1 = ¢, 1| Vs = p) (5.8)

As a result, equation (5.5) can be written as :

p(Xy = z|r) = Z o (p)ye(p, 9)Be+1(q) (5.9)

(p,9)E€Sx

We can further proceed the computation of v.(p,q) :

Y (P, q) = p(Viy1 = q,7¢| V¢ = p)

7|V = p, Vi1 = q)P(Viq1 = q|¥; = p)
re| Wy = p, Uppq = q) P(X; = 2P9)
P(X, = 2®D)p(r/|a; = aP?)

(5.10)

(
(
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Especially, in the case of AWGN channel, the computation of y(p, ¢) is equal to :

1 " re — a®a2
%(p,q) = P(X; = aP9) (\/W) exp ( HtQUQH> (5.11)

where 7“75 D= a,ﬁ“ + nff ), n%z) N(0,0?) and o2 = 2.
Given a¢(p) for all states p € {0,1,...,Q —1}, Where Q is equal to the number of total states
of the decoder (Q = 2¥™), the values a;11(q) can be forward computed as :

at11(q) = p(r<ts1, Yep1 = q) = p(r<t, 7, Vi1 = q)

Q-1
= P(ree, 76, Ve = p, Vi1 = q)
p=0
Q-1
= p(re, W1 = qlr<t, Uy = p)p(r<t, ¥y = p)
p=0
i, (5.12)
= p(re, i1 = qlr<t, Uy = p)p(r<t, ¥y = p)
p=0
Q-1
= > p(re, Vep1 = q|¥¢ = p)p(r<t, Yy = p) &
p=0
Q-1
atr1(q) = Y ay(p)ve(p,q)
p=0
A backward recursion can similarly be developed for £;(p) as :
Bi(p) = p(r>t-1|¥s = p) = p(re, r>¢| ¥y = p)
Q-1
= > p(re,rse, Vi1 = q|¥; = p)
q=0
Q-1
= ZP(H, i1 = q|W¢ = p)p(r>tlre, Ue = p, Ye1 = q)
40 (5.13)
Q-1
= > p(re, Yir1 = q|¥y = p)p(r>e| Vi1 = q) &
q=0
Q-1
’Yt 5t+1 )
q=0

The o4(p) probabilities are computed starting at the beginning of the trellis with the set
ap(p), p=140,1,...,Q—1}, and forward through the trellis. This computation is called forward
pass. The (;_1(q) probabilities are computed starting at the end of the trellis with the set
Bn(p), p ={0,1,...,Q — 1}, and working backward through the trellis. This computation is
called backward pass. Because the computation of a;(p and ;—1(q) is such essential part of the
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BCJR algorithm, it is sometimes also referred to as the forward-backward algorithm. Hence,
the recursive equations (5.12) and (5.13) are initialized as :

[a0(0) ap(1) ... ag(@ —1)] =[10 ... 0] (5.14)

because the encoder always starts in state 0. If the encoder terminates in the zero state (that
is, the zero append sequence has been concatenated with the information sequence in the same
manner as in case of the Viterbi algorithm), then :

[Bn(0) BN(1) ... BN(@Q—1)] =[10 ... 0] (5.15)

On the other hand, if encoder terminates in any state with uniform probabilities, then :
[Br(0) By (1) o BN Q-] = [& & - 3] (5.16)

Since P(X; = x|r) is a probability mass function, we have » .o P(X; = z|r) = 1. But ig-
noring the factor ﬁ from equation (5.3), this equality lapses. Thus, we can retrieve a posteriori
probability P(X; = z|r) from equation (5.5) using a normalization formula, as :

p(X; = z|r)
Z$6Xp(Xt = $|I')

For notational purposes it is sometimes convenient to express the BCJR algorithm in a ma-
trix formulation. Let

P(X;=z|r) =

(5.17)

a(0) Bt(0)
oy (1 B (1
ap = t.( and 3y = t? )
a(Q —1) B (@ —1)
which are initialized as [1 0 ... 0]T and [1 0 ... 0]T or [ééé]T, respectively. Further,
we define the matrix G, which is the probability matrix with elements g;; ; defined by g;;; =

Y¢(%, j). Thus, we can express the equation (5.12) as :
Oty 1 = G?O&t (5.18)

and the equation (5.13) as :
Bt = GtBr+1 (5.19)

Moreover, we need to define a matrix describing all the possible transitions in the trellis. Let
T'(x) be defined with elements ¢; ;(x) by :

bo(a) = { 1 () 15 astate with 200 = 5
" 1 0 otherwise

(5.20)

for each x € X. Thus, the equation (5.5) can be expressed as :

p(Xi = z|r) = [of (T(z) © Gt) Brs1] (5.21)
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where ® denotes the element-by-element multiplication of the matrices T'(z) and G;.
In case of an (n,k) systematic convolutional code, the equation (5.5) can be further developed
as :

p(Xi=xr) = D prse|¥iir = )p(Piy1 = ¢, 7| = p)p(rs, ¥r = p)
(p,9) €Sz

= Z p(r>¢|Vit1 = @)p(re|¥e = p, Vir1 = @)p(Yey1 = q|Vy = p)p(r<t, Vi = p)
(P,a)€Sa

= > plrselVerr = @)p(re| s = p, Vo1 = @)p(X; = 2P )p(ree, Uy = p)

=P(X;=2) > p(rse|Vip1 = )p(re| T = p, Uy1 = q)p(ree, ¥y = p)

1:k (k+1:
= P(X; = x) Z p(rse[epr = p(ri™, rF 0y = p, Uey1 = @p(rae, Ue = p)

= P(X; = x) Z p(r>¢|Vip1 = q)p ( Wy = p, Wy = Q)P(Tt(kﬂm)m’t =p,Vit1 = q)p(r<t, ¥y

(P.q)€S
=P(Xe=u2) 3 plrselWer = a1 = 2@l = oE D) (e, Wy = p)
(p,q)ESx
= P(Xp=a)p(r ™ [Xe=2) D0 plrsel Ve = p(r" " ay = oD p(ey, W, = p)
(p,q)E€S
(5.22)
where r,gl:k) = [rt(l) r§2) . rt(k)] and r(kH ™) = [rékﬂ) T£k+2) . rt(n)] correspond to the system-

atic bits and the parity bits of the received vector 7y, respectively. Moreover, p(r§1:k), r§k+1:”) |W,) =

k+1:
p,¥ir1 = q) is equal to p(rt |\IJt =p, VY1 = q)p(ry (et n)]\I/t = p, V41 = q) because both
AWGN and BSC are memoryless channels. In the spemal case of an (2,1) systematic convolu-
tional encoder and BPSK signal mapper, the above equation is equal to :

p(Xp =alr) = PG = a)p(rV| X =2) Y plrsel i1 = 9p(r?|ar = a®PD)p(ry, ¥, = p)

(P,q) €S
(5.23)
This special case is essential in turbo coding. Based on (5.23), we define the following
quantities :
Pyi(z) = P(X; = x) (5.24)
Poy(z) = p(rV | X; = x) (5.25)
and
Pey(x) = Z p(rse|esr = Qp(ri? Wy = p, Wii1 = @)p(rae, Up = p)
(p,q)€Se
_ _ (2) _ (2,p,9) _
= Y Pt = @)p(r ag = a®PV)p(ree, ¥y = p) (5.26)
(P,q)ESe

= Y a@pr®la = a®P0)8,41(q)

=)
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where P,¢(x) and Ps¢(x) are called Prior and Systematic probabilities, respectively. The quan-
tity Pe(z) is called Extrinsic Information. In assotiation with the equations (5.5) and (5.9), we
can conclude that, in case of systematic coding, v;(p, q) is equal to :

Ye(p,q) = p(r{”|a; = a>P0) (5.27)

Thus, (5.23) can be rewritten as :
P(Xe = a|r) = Py(2) P p(w) Pet(2) (5.28)

In case of a AWGN channel, v(p, q) can be computed as :

V(P q) = ( ! )neXp ( - HTt%t@ll)HQ) (5.29)

Voro? 202

The Prior probability P,:(x) represents the a priori information available about the bits
before any decoding occurs, arising from a source other than the received systematic or parity
data. It is sometimes called Intrinsic Information, to distinguish it from the Extrinsic Infor-
mation. In the iterative decoder, after the first iteration, the prior is obtained from the other
decoder.

The Systematic probability Ps;(x) represents the information about z; explicitly available
from the measurement of the uncoded information 7“751). This is equal to the a posterior proba-
bility.

The value P.; is called Extrinsic Information of the systematic BCJR and it is the in-
formation produced by the decoder based on the received sequence and prior information, but
excluding the information from the received systematic bit 7“751) and the prior information related
to the bit X;. Thus, we can conclude that the extrinsic information depends only on the infor-
mation which produced exclusively by the code. As we note from equations (5.12) and (5.13),
both ay(p) and Bi+1(q) do not depend on Xy, but only on the received data at other times. Also,
we note that p(rt(2)|at = a?P9) does not depend on the received systematic information rt(l).
Thus, the extrinsic probability is independent from the information conveyed by the systematic
data about X;. The extrinsic probability P, ;(z) conveys all the information about P(X; = z)
that is available from the structure of the code, separate from information which is obtained
from an observation of X; via rﬁl) or from prior information. In case of nonsystematic BCJR, as
extrinsic information is used the whole quantity P(X; = z|r). The extrinsic information is an
important part of the turbo decoding algorithm. It is the information passed between decoders
to represent the prior probability.

Finally, the BCJR algorithm for an AWGN channel, is summarized as follows :
1. Initialize ag(p), Vp = {0,...,Q — 1}, according to the equation (5.14),

2. Compute and store v.(p,q), Vt = 0,1,...,7, based on either equation (5.11), if the code is
nonsystematic, or on equation (5.29), if the code is systematic

3. Fort =1,2,...,7 compute the next values of a;(q) using the recursive equation (5.12) for
each ¢ ={0,1,...,Q — 1}
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4. Initialize Sn(q), Vg = {0,1,...,Q — 1}, according to the equation (5.15), if the encoder
terminates in state all-zero, or according to the equation (5.16), if the encoder terminates
in a random state

5. For t =1,2,...,7 compute the next values of 8;(p) using the recursive equation (5.13) for
each p={0,1,...,Q — 1}

6. Compute the a posteriori probability p(X; = z|r) based on either the equation (5.9), if
the code is nonsystematic, or based on the equation (5.28), if the code is systematic

7. Finally, for each t = 0,1,...,7, we choose the symbol x with the bigger a posteriori
probability

5.1.1 Log BCJR Algorithm

For encoders with a single binary input, the log likelihood ration is usually used in the detection
problem. In the special case we use BPSK as signal mapper with mapping function 2x — 1, the
log likelihood ration of an (2,1) systematic convolutional code is equal to :

[ e P X — ].,I' —
Au(r) = log M ] - Zoalat | - log [P(Xt ; r)]
| P(X; =0)|r) p(r)P(Xt =0,r) P(X;=0,r)
_ log -Z(pq €S1 (\IJt =p, \Ilt+1 =gq,r ) -1 Z pq eSl ( )Fyt(pa )/Bt-i-l(q)
Z(pq ESO ( =D, \I/tJrl =4q,r ) Z (p,9) 650 ( )Vt(pa )ﬁtJrl(Q)
o [P0 D011 = 1) 8 s, s s = )plr s = a2t e = p)l
[ p(X; = 0)p(r(" X, = 0) X (p.g)es, P(r>t[Vis1 = @)p(r Pla; = a@ra))p(roe, ¥, = p)
[ (D) Pet(1)Pes(1) Pya(1) Pya(1) Pea(1)
=1lo P, : : =lo +lo +lo :
& B (0Pt (0)Pun(0) | ~ 8 | Brel0) Poi(0)| 7% | Pesl0)
(5.30)
Based on the above equation, we can define the following terms :
P,4(1) p(X; =1)
Apt = log | =22 =log |~ 5.31
nt =8B T [pm =) (530
1)
Ps (1 Xy =1
)\s,t = log 7t( ) 2 % (532)
Ps4(0) p(r”|X; = 0)
Ay = log | 2ot S paes, Pt eer = a)p(r”|a; = a®20)p(r g, ¥, = p>] (5.33)
et = 10 .
Fea(0) Z(p,q)eSo p(r>e|Wipr = Q)P(m@)lat = a@PD)p(reg, Uy = p)

which are called Log Prior Ratio, Log Systematic Ratio and Extrinsic Information, respectively.
Consequently, the equation (5.30) can be written as :

Ae(r) = Apt + st + Aet (5.34)
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Thus, the log likelihood ratio is expressed as the sum of the log of the posterior probabilities for
the systematic bits, plus the log likelihood ration of the prior probabilities, plus the extrinsic
information.

Especially, in case of AWGN channel with variance o2 and BPSK signal mapper, the Log
Systematic Ratio, which is also called soft channel input, can be computed as :

(1) 2
1 _(ry —VE¢)
(VX = 1) ﬁwwd %2>
st = log D = log
p(ry | Xy =0)

\/;?exp<W)]
— o | (1) = VEY + 1f +J)] (5.3)

[ Tt - Q\F"" - (r§1))2 - 2\/E>c7"§1) - EC]
_AéWE_MNE

“\

= LCTEI)

where L. is called channel reliability and it is equal to :

2VE. 2v/RE,

o2 o2

L.= (5.36)
where E. refers to the power of a codeword and Ej, refers to the power of each bit.

Since P(X; = 1)+ P(X; = 0) = 1, we can compute the prior probabilities straight from Log
Prior Ratio as :
P(X;=1)= 1

P(X; =1) TFexp(— )

- PG =D & (5.37)

exp(Ap) =
P(X; =0) =ty
The extrinsic information A.; is the information that is passed from one decoder to the next
as the turbo decoding algorithm progresses. This extrinsic information can be computed directly
from equation (5.34) as :
Aet = M(X) = Apt — Ast (5.38)

The decision on transmitted symbol x at each time unit is taken based on the sign of the
total log likelihood ration. Thus, we have that :

P(X, = 1|r) ] w1

Mmﬁ%b%=ma

S (5.39)
(Et:O

Finally, the log BCJR algorithm for an AWGN channel and BPSK as signal mapper, is
summarized as follows :

1. Initialize and compute the terms a4 (p), 1(p,q) and Si4+1(q) as described in the previous
section.

2. Compute the log likelihood ratio of equation (5.33) starting from computing the sum term
over set S7 and then over set Sj.
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3. Compute the Log Prior and the Log Systematic ratios of equations (5.31) and (5.32),
respectively.

4. Sum the Log Likelihood Ratios according to equation (5.34) and take a decision on the
transmitted symbol x based on the sign[\(r)].

5.1.2 Max-Log BCJR Algorithm
The log likelihood ratio of an (2,1) convolutional code can be rewritten as :

2 mages: 4t (P)ve(ps ) Be+ (q)]
2 pa)es, @)1 (P: @) Br+1(q)
)
)

[Z(p,q)esl exp(dt(p) + % (p, q) + Bt+1 q )]
= log )

Z(p,q)ESo exrp (dt (p) + (P, @) + Bis1(q
where Gy, 1(q) = log[a:(q)], Bi(p) = log[B:(p)] and %:(p, q) = log[y:(p, q)].
It is known that the maz(z,y) function is equal to lOQ[%L that is,

(5.40)

e’ +eY
1+ e lz—yl
log(e” + €¥) = max(z, y) + log(1 + e~ 1#7¥)

max(z,y) = log [ ] = log(e” + e¥) —log(1 + e~ 1*7¥h) &

(5.41)

Then, we define the function :

max* (z,y) = log(e” + ¢¥) = max(z, ) + log(1 + ¢ 1) (5.42)
x?y

It can be proven that we can apply recursively the max* function to sums of more than two
exponential terms. For example, max*(x,y, z) = max* [max* (z,y), z].
As a consequence, equation (5.40) is equal to :

A(r) =log[ S cap(dp) + (. q>+5t+l<q>)] —1og[ S eap(Gup) + 5, ) + B (0)

(p,9)€S1 (p,9)€So

= (Glp) + 5 0) + B (@) = (G0) + ) + o)

S1
(5.43)
Moreover, the recursive equations (5.12) and (5.13) can be, respectively, calculated as :

Q-1
at1(q) = loglov(q)] = log [Zat p)(p:q ]

(5.44)

p
= max (dt(p) + ﬁt(p7 Q))a vp € {07 1» e '7Q - 1}
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and

Q-1
Bt(p) = log[f:(p)] = log [Z Be+1()ve(p, C])]

q=0

Q-1
~log [ S cap(fes (@) + 3 q>>] (54

q=0
= max’ (Ber1(q) +3:(p,q)), Vg€ {0,1,...,Q — 1}

Generally, in case of AWGN channel, the computation of 44(p, ¢) according to (5.11) is equal to:
1 _ aa))?
P(Xt - ;c@’q)> +nlog< 2) _ re = a2 (5.46)
o

27r 20'2
where, in our case, n = 2. Further, we can ignore the term nlog <

Ye(p, q) = 1og [(p, q)] = log

1
2mo2

i

> as a constant and

independent of the algorithm.
The recursive equations (5.44) and (5.45) are initialized as :

[60(0) cp(1) ... ap(@—1)] =[0 —oco ... —od] (5.47)
and as
[Bn(0) Bn(1) ... BN(@Q—1)] =[0 —o0 ... — o0 (5.48)
if encoder terminates to zero state, or
[65(0) Bn(1) ... BN(Q —1)] = [~logQ —1logQ ... —logQ) (5.49)

if encoder terminates to a random state, respectively.

Now, if we intend to use this type of log likelihood ration BCJR algorithm in turbo coding,
we can further continue our analysis based on the assumption that our code is an (2,1) systematic
code and we use BPSK as signal mapper. Starting from the log likelihood MAP rule, we have
that :

P(zy = 1|r) X pes: 4t (P)1e(p; ) Bev1(q)

=1 — 2| =1

) =log | by, = om] 8 [z(p s, @ P)p, )Brea(a)

o Z(pg)gsl ar(p) P(Xe = 1)p(re|ar = apq) )Bi+1(q)

- > ayes, () P(Xe = 0)p(ri|a, = alP9)Bi1(q)

o [P@ =] Y payes, @ (P)p(rila; = aPD)8,11(q)

~ 18\ Pl =0)| BT, cs au)prda = P0G (a)

-t FE22 1] g B (00 ki o9 + 0]
|\ = )_ 2 (p.g)ESo exp (a:(p) + log (p(rea; = alP)) + Bi+1(q))

= log igz z 8 + ngix* {dt(p) + log (p(r¢|as = a(p"I))) + Bt+1(q)] -

e @4(s) + 1og (0l = ) + G (o)
(5.50)
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Based on the above equation, we set the following term :

L¢(z;) = log (5.51)

PT(thl)
Pr(X,=0)

Thus, the a priori probability of each symbol x € F, at a specific time stamp ¢ can be computed
as :

R
= A, exp {at L (th)]

where a; stands for the modulated version of corresponding x;. In equations (5.56), the term
log (p(r¢|a; = aP9)) for an (2,1) systematic code is equal to :

1 r — o) |
log (p(re|as = a®9)) = log <2M2> _ 53 | (5.53)

where the first term can be ignored since it is independent of x;. Moreover, the quantity
2,
|re — a®D||” is equal to :

2 2
[y — CL(p,q)”2 _ (Tt(l) _ a(l,m)) + (7”152) _ a(Q,nq))

2 2 2 2
— <T§1)> _ 2Tt(1)a(17pyq) _|_ <a(17p7Q)) + <T§2)> _ 2T§2)a(27P7Q) + (a(27pzq)

(5.54)
Substitution of (5.53) and (5.54) into (5.56) yields :

A(r) = Le(x)+

i MV W, pa)  (qr)? () @,Cn0  (q@r0)2
O L ) e B o W
+ S Gulp) = 202 * o2 202 202 + o2 202 +Aila)
2 (D) (1pa) 1p\2 ;@) 2 @2p) 2p.0))2
e sy ) rRalted (@) () TaPee (aBP)T
T a(p) 202 * o? 202 202 + o2 202 + £:(a)
- (5.55)

g (1p0) r@g2p.9) . .
where only the terms ~—3— and ~—_;— survive after the subtraction. Thus, our final
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equation is determined as :

Tgl)a(lvp,Q) . 7«Igz)a(lp,q)

o2 o2

Ae(r) = LE(zy) + n}gz?x* [dt(p) + + Bt(q)] —

(1) (1,p,q9) (2) (2,p,9) -
. ra rya
— max* [at (p) + - 2 + -t o2 + Bi(q)

So

rlgl) (+1) N r£2)a(2’p"n

:Le * | ~
(%)+H};}X [at(p)+ = =

+ Bt(Q)] -

Wy, @ (2p0)
* [ ~ Ty ( 1) T a P 2
— max [at (p) + 2 + 2 + Bi(q)
1) (2) ,(2.p.0) (1) (2) ,2.p.9)
. . rt ra - ol T r,a <
= L(x¢) + max a(p) + — + 2 51:((1)] — max [at(P) V= R /Bt(Q)]

(1)

(2) ,(2.p.0)
= L(x¢) + 2% + max”* it &7
g S1

o2

(2) (2,p,9)
~ T a
& t(p) 4 ti

So

+ 5%(61)] — max* [dt(p) + + Bi(q )]

(5.56)
(1)
Compare to (5.34), we can conclude that A\, = L(x;) and \s; = 2%—2, since it dependents

only on the systematic part of the received vector r;. Hence, as extrinsic information, we define
the quantity :

Tt(2) a(Q»p7Q)

TR Bt(q)] — max” [dt(p) +

So

7'15(2) a(2:paq)

max” [dt(p) + 5 + Bt(Q)] (5.57)

S1 o g

As we mentioned earlier, in turbo decoding algorithm, the extrinsic information produced
from one decoder is used as prior information to the other decoder. Thus, for decoder 1, the
equation (5.56) can be expressed as :

(1)
,
Me(r) = LSy () + 2? + L&y (24) (5.58)

where L§; (z¢) denotes the extrinsic information which is transferred from decoder 2 to decoder 1.
Thus, this log likelihood ratio is used as prior information to the decoder 1. Respectively, L{,(z+)
denotes the extrinsic information which is transferred from decoder 1 to decoder 2. Hence, this
log likelihood ratio is used as prior information from decoder 2. Similarly, for decoder 2, the
equation (5.56) can be expressed as :

(1)
.
M (r) = LSy (z4) + 2? + LS, (x4) (5.59)

In equation (5.41), we can ignore the term log(1 + e~1*=¥), which is called correction term,
and, thus, the function max*(x,y) becomes equal to the original max($ y) function. This type
.,y T,y

of Max-Log BCJR algorithm is suboptimal than the other versions of BCJR algorithm, but
it has almost comparable complexity to Viterbi algorithm. Essentially, this type of BCJR is
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like two iterations of Viterbi algorithm, one forward recursion, which is equivalent to a forward
Viterbi, and one backward recursion, which is equivalent to a backward Viterbi algorithm.
The performance loss of this version of BCJR algorithm is more pronounced when it is used
for iterative decoding, since the approximation error accumulates as additional iterations are
performed.



Chapter 6

Turbo Codes

Turbo Codes were introduced in 1993 as an approach to error correction coding which could
provide very long codewords with relatively modest decoding complexity. Turbo codes have
been also termed as parallel concatenated convolutional codes. They are based on the idea of
parallel concatenated coding and the iterative decoding algorithms (Turbo Principle). Turbo
coding consists of two fundamentals ideas; a code design that produces a code with randomlike
properties, and a decoder design that makes use of soft-output values and iterative decoding.
Because the decoding complexity is small for the dimension of the code, very long codes are
possible through them, so that the bounds of Shannon’s channel coding theorem become, for all
practical purposes, achievable.

6.1 Encoder

The turbo encoder consists of two (or more) systematic codes which share message data via
interleavers as shown in figure (2.1). In its most conventional realization, the codes are obtained
from recursive (feedback) systematic convolutional (RSC) codes, because they have a better
performance than feedforward codes.

The basic system of turbo coding consists of an information sequence z, two (2,1) systematic
recursive convolutional encoders and an interleaver. The information sequence x contains K*
information bits plus m termination bits to return the first encoder to the all-zero state, where
m is the memory order of the first encoder. Hence, the information sequence is considered to
be a block of total length K = K™ 4+ m. The interleaver reorders or permutes the K bits in
the information sequence so that the second encoder receives a permuted information sequence
¢ different from the first. Hence, the second encoder may or may not return to the all-zero
state. The performance degradation produced by an unknown final state of the second encoder
is negligible when a pseudo-random interleaver is used with a large interleaving size N. Moreover,
because the interleaver is part of the turbo code design, a complete maximum likelihood decoder
for the entire codeword would be prohibitively complex. However, because more than one code is
used, it is possible to employ simple soft-in soft-out (SISO) decoders for each constituent code in
an iterative fashion, in which the soft output values of one decoder are passed to the other, and
vice versa, until the final decoding estimation is obtained. This iterative decoding approximation
is suboptimal. The overall code length has N = 3K and rate R = % = KSE{m = % To achieve
performance near to Shannon limit, the information block length K™ should be chosen to be very

52
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large, usually at least several thousand bits. The best performance at moderate BERs down
to about 1077 is achieved with short constraint length (and, as a consequence, small memory
order) constituent encoders, typically v = 4 or less.

In conclusion, the basic structure of turbo encoder consists of two binary rate—% recursive
systematic convolutional (RSC) encoders separated by an interleaver. Thus, the information
sequence is encoded twice, with an interleaver between the two encoders serving to make the
two encoded data sequences approximately statistically independent of each other. Both RSC
encoders use the same generator matrix G because there is no evidence for any performance
improvement, in case of different constituent encoders are used. Finally, the encoded sequences
are multiplexed and transmitted.

Hence, the standard structure of a turbo encoder is :

> c=(cplM ey, . ey

X=X, X4, -, XK) N RSC
Encoder — > cl@=(c)@ @), . k@)

v
Interleaver ()
) S— » c=(c0,C1, - ,CK)
X RSC
Encoder

— C(S}:(CU(S};C1(3}, ;CK(B}}

Figure 6.1: Turbo Encoder

where 2’ is the interleaved version of the input sequence x and the output sequence c is the
systematic part of the overall output sequence produced by the second decoder. This sequence
¢ is not transmitted. The polynomial generator matrix G(D) of both constituent RSC encoders
can be represented as :

G(D) = [1 ;;ggg]

Often, the two parity sequences ¢@ and ¢® are punctured before being transmitted. This
puncturing of the parity information allows a higher coding rate to be realised. Note that the
systematic sequence are rarely punctured, since this degrades the performance of the code more
dramatically than puncturing the parity sequences.
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6.2 Decoder

In this section, we will describe the structure of each turbo decoder based on the different
versions of BCJR algorithm that described previously. Generally, a turbo decoder use two soft-
in soft-out decoders linked by inteleavers in a structure similar to that of that of the encoder.
A key development in turbo codes is the iterative decoding algorithm. In the iterative decoding
algorithm, decoders for each constituent encoder take turns operating on the received data. Each
decoder produces an estimation of the probabilities of the transmitted symbols,that is, they are
soft-output decoders. These probabilities of the transmitted symbols, which are called extrinsic
information, are being reordered in a proper way and being passed to the other decoder, where
they are used as a priori probabilities. Further, each constituent decoder takes two additional
inputs; the systematic encoded channel output bits and the parity bits transmitted from the
associated encoder. Hence, the decoder is also a soft-input decoder. These soft inputs along with
the soft outputs provide not only an estimation on the initial information sequence, but also a
likelihood ratio which gives the probability that a bit has been correctly decoded. In the first
iteration the first decoder provides a soft output giving an estimation of the original information
sequence based on the channel inputs alone. It also provides an extrinsic information for each bit
of the information sequence x, which is used by the second decoder as a priori information. After
that, the second decoder takes action, generating both his own estimation on the information
sequence and his extrinsic information, which is passed back to the first decoder. Finally, the
whole process starts again till a certain number of iterations elapses. Note that, with every
iteration the BER of the decoded bits tends to fall. However, the improvement in performance
obtained with increasing numbers of iterations decreases as the number of iterations increases.
Hence, for complexity reasons, usually only about 10 iterations are used.

6.2.1 BCJR

This is the basic structure of a turbo decoder which is based on the equation (5.9) or (5.28).

Fy

Deinterleaver (11}

) MAP
‘i Decoder > Interleaver ()
ri2) g
rl3) MAP . —] POt
” Decoder » Deinterleaver (IT1) [——
S———————» Interleaver () I e—

Figure 6.2: Turbo Decoder using BCJR algorithm

Initially, the received sequence r is divided into its structural sequences vV, 2 and r®),
which correspond to the systematic, encoded and interleaved-encoded sequences, respectively.
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Afterwards, the concatenation of r) and r sequences is driven to decoder 1 with uniform
prior probabilities. At the same time, r(!) sequence is driven to the interleaver in order to be
permuted and match with the order of ) sequence. When decoder 1 terminates its decoding
process, it pipeline the extrinsic information to the second decoder (decoder 2), who use it as
a priori probabilities for his own process. After the end of its decoding process, the decoder
2 passes its extrinsic information back to the decoder 1, in order to start the whole procedure
again. These steps constitute an iteration. The turbo decoder repeats its decoding schema for
10 to 20 iterations, or until the decoder determines that the process has converged. Finally,
when the iterative process stops, the decoder 2 produce an estimation about the information
sequence X.

6.2.2 Log BCJR

This version of a turbo decoder is based on the log likelihood BCJR as described from equation
(5.34).
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Figure 6.3: Turbo Decoder using Log BCJR

Initially, the demultiplexed sequence r(!) that corresponds to the systematic part of the
received sequence, passes through the ”Compute Soft Channel Input” module in order to com-
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pute the log systematic ratio \s; = LY. Then, turbo decoding process starts, as described
previously. As we can see, the extrinsic information is computed based on the equation (5.38).

This version of a turbo decoder is based on the log likelihood BCJR as introduced by Prof.
Shu Lin and it is described by the equation (5.56).
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Figure 6.4: Turbo Decoder using Log BCJR

where the quantities L{, and L§, denote the extrinsic information which is passed from
decoder 1 to decoder 2, and vice versa.

6.3 Stopping Criterion

As the decoding approaches the performance limit of a given turbo code, any further iteration
results in very little improvement. Therefore, it is important to devise an efficient criterion to
stop the iteration process and prevent unnecessary computations and decoding delay. Generally,
decoding process can be stopped, and a final decoding estimate declared, after some fixed number
of iterations (usually on the order of 10 - 20) or based on a stopping criterion that is designed
to detect when the estimate is reliable with very high probability. One such stopping criterion
has been devised based on the cross entropy between the distributions of the estimates at the
outputs of the decoders at each iteration. This criterion is known as cross entropy criterion. It
effectively stops the iteration process with very little performance degradation.

Another method of terminating the iterative decoding process is to use systematic cyclic
redundancy checks (CRC). In the encoder, the input information is encoded by a eRe code,
and the output of the CRC encoder is passed to the turbo encoder. In the receiver, the turbo
decoder output at each iteration is fed to the eRe error detector. If the CRC code detects no
errors in the decoder output, the iterative decoding is terminated.

Other stopping criterions are Sign Change Ratio (SCR) Criterion and Hard Decision Aided
(HDA) Criterion.
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Interleaver

Interleaving is a process of rearranging the ordering of a data sequence in a one-to-one deter-
ministic format. The inverse of this process is called deinterleaving which restores the received
sequence to its original order. Thus, an interleaver takes a sequence of symbols and permutes
them. At the receiver, the sequence is permuted back into the original order by a deinterleaver.

The definition of interleaver can be expressed as, an interleaving function of size N is any
bijective function from IT : {1,...,N} — {1,...,N}. Given an array x of length N, where

X = [21,...,2n]T € &V, an interleaver is a function frj : XY — AN, where X = frj(x) with
T = xn(k) for each k € {1,...,N}. We abuse the notation and write Z;, = II(x) instead of
.fk = .%'H(/f)

The interleaver is an essential part of the Turbo Codes because it breaks the structure that
has been introduced by the encoders and, as a result, the Turbo Codes become randomlike.
Thus, Turbo Codes can achieve low decoding error probabilities, as Shannon’s noisy channel
coding theorem implies. The interleaver in turbo coding is a scrambler defined by a permutation
of N elements with no repetition. The interleaving is employed before the information data is
encoded by the second component encoder. The role of the interleaver is to decorrelate the inputs
to the two decoders so that an iterative suboptimal decoding algorithm based on information
exchange between the two component decoders can be applied. If the input sequences to the
two component decoders are decorrelated, there is a high probability that after the correction
of some of the errors in one decoder some of the remaining errors should become correctable in
the second decoder. The interleaving pattern should be known to both encoder and decoder.

In the original Turbo Code schema, a pseudorandom block interleaver is used where the
information is written row by row and read out following a non-uniform rule, based on randomly
generated numbers. The interleaver of a turbo code affects the performance of the code at both
low and high SNRs. Precisely, the length of the interleaver is critical for the code performance,
particularly at low SNR while the structure of the interleaver is important for the performance
at high SNR, as it affects the distance properties of the overall turbo code. It determines the
code free distance which has a dominant effect on the asymptotic performace.

7.1 Spectral Thinning

The turbo code error performance is determined by the code distance spectrum. The interleaver
in a turbo encoder can reduce the error coefficients of low weight codewords through a pro-

o7
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cess called spectral thinning. Specifically, in the parallel concatenated coding schema, as turbo
coding, there has been a shift from the lower-weight codewords to higher-weight codewords rel-
ative to the convolutional code. This shifting of low-weight codewords toward higher weights
in the parallel concatenation of feedback convolutional encoders has been termed spectral thin-
ning and results when interleaving causes almost all the low-weight parity sequences in the first
constituent code to be matched with high-weight parity sequences in the second constituent
code.

The difficulties of low-weight codewords notwithstanding, turbo codes are outstanding per-
formers. The interleaver ensures that if the input parity sequence has low weight, the output
parity sequence has higher weight with high probability. The distance spectrum of a code is a
listing of the (Wy, Ag) information as a function of the codeword weight d, Wy, and Ay which is
the multiplicity of the codewords at weight d. Turbo codes are said to have sparse distance spec-
trum if the multiplicities of the low-weight codewords is relatively small. Higher multiplicities
result in more contribution to the probability of error, so that a higher SNR must be achieved
before the probability of error term becomes negligible.

The result of the thinned spectrum is that there are relatively few codewords of low weight,
hence relatively few codewords near to other codewords. Thus codewords selected at random will,
with high probability, be decoded correctly. Spectral thinning has little effect on the minimum
distance, but it greatly reduces the multiplicities of the low weight codewords. Further, there
is only a small spectral thinning effect if feedforward constituent encoders are used. This is an
other reason why feedback encoders are used in turbo coding.

7.2 Interleaver Analysis

Turbo codes typically do not have large minimum distances causes the performance curve flatten
out at BERs below 107°. This phenomenon is called error floor and it is due to the unusual
weight distribution of the Turbo Codes. Interleavers can be designed to improve the minimum
distance of the code and ,thus, lowering the error floor. Hence, the role of the interleaver at
Turbo Coding is to add randomlike behavior and improves the error correction performance of
the turbo coding schema.

The performance of a turbo code with RSC component codes is affected by the interleaver.
The structure of the interleaver is important for the performance at high SNR’s, as it affects
the distance properties of the overall turbo code. It determines the code free distance which has
a dominant effect on the asymptotic performance. There are two different approaches in the
construction procedure of an interleaver, the deterministic (block and convolutional) and the
pseudorandom interleavers. Generally, in order to achieve better error correction performance
in turbo coding, it is important that low-weight parity sequences from the first encoder get
matched with high-weight parity sequences from the second encoder almost all the time. This
requires that the interleaver breaks the patterns in the input sequences that produce low-weight
parity sequences after the encoding procedure. Interleavers with structure, such as block or con-
volutional, tend to preserve too many of these "bad” input patterns, resulting in poor matching
properties and limited spectral thinning. Pseudorandom interleavers, on the other hand, break
up almost all the bad patterns and thus achieve the full effect of spectral thinning. Hence, the
best interleavers reorder the bits in a pesudorandom manner. It is important that the interleaver
has pseudorandom properties.
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The length N of the interleaver is critical for the code’s performance, particularly at low
SNR. In fact, the sparse distance spectrum is typically for long interleavers. Specifically, as
the block length (interleaver size) N increases, the spectral thinning of the code becomes more
dramatic. Increasing the size of the interleaver has the effect of randomizing the information
sequence at the input of the second decoder. A general rule is that, as the size N of the cor-
responding interleaver increases, the weight distribution of parallel concatenated convolutional
codes begins to approximate a randomlike distribution, that is, the distribution that would re-
sult if each bit in every codeword were selected randomly from an independent and identically
distributed probability distribution. This rule can be also expressed as, for even larger values
of N, the codeword and bit multiplicities of the low-weight codewords in the turbo code weight
spectrum are reduced by roughly a factor of N, the interleaver size, compared with the termi-
nated convolutional code. The interleaver size N is significantly larger than the code memory v
and the interleaver vector elements are chosen randomly. The basic role of the interleaver is to
construct a long block code from small memory convolutional codes, as long codes can approach
the Shannon capacity limit. Secondly, it spreads out burst errors. More precise, by increasing
the interleaver size N times, the bit error probability is reduced by a factor N. This is called the
interleaving performance gain. Hence, long interleavers will be required in order to ensure that
the soft information exchanged between the SISO modules remains highly uncorrelated.

Traditional block or convolutional interleavers do not work well in turbo coding, particularly
when the block length is large. Hence, block or convolutional interleavers are used in turbo
coding schema when the block lengths N of the interleaver is relatively short. However, due
to their deterministic definition, they are more easy to be implemented. On the other hand,
pseudorandom interleavers generate a weight spectrum that has the same characteristics as the
binomial distribution, which is equivalent to the weight spectrum assumed by Shannon in his
random-coding proof of the noisy-channel coding theorem. Pseudorandom interleavers offer
a better performance than block interleavers in Turbo Codes but they are more complex in
implementation and they affect overall channel coding delay.

By increasing the number of iterations in the decoding process the bit error probability
approaches the channel capacity. The final role of the interleaver is to break low weight in-
put sequences, and hence increase the code free Hamming distance or reduce the number of
codewords with small distances in the code distance spectrum.

7.3 Block Interleavers

Traditional block or convolutional interleavers do not work well in turbo coding, particularly
when the block length is large. A block interleaver of length N formats the input sequence in
a matrix of m rows and n columns, such that N = m x n. The number of rows, m, in the
interleaver matrix is also called the interleaver degree (or depth) and the number of columns, n,
is called the interleaver span.

Block (Rectangular) interleavers and deinterleavers are easy to implement. However, they
may fail to break certain low weight input patterns. Generally, a block interleaver is a memory
matrix m X n filled with channel-coded symbols on a row-by-row basis, which are then read out
on a column-by-column basis, as it is shown in the below diagram (7.1) :
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Interleaver
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Figure 7.1: A 3x4 block interleaver and deinterleaver

A rectangular interleaver, which is the easiest from an implementation point of view, leads
to degraded coder performance compared to a pseudorandom interleaver, because it can leads
to a large value of Ny.c.. Thus, it is important to use an interleaver which is closer to a true
random interleaver.

7.4 Pseudorandom Interleavers

Pseudorandom interleavers generate a weight spectrum that has many of the same characteristics
as the binomial distribution, which is equivalent to the weight spectrum assumed by Shannon
in his noisy channel coding theorem. Turbo coding with pseudorandom interleaving results in
a way of constructing codes with weight distribution similar to a binomial and a simple, near
optimal iterative decoding scheme.

Pseudorandom interleaving patterns can be generated in many ways. One way is by using a
primitive polynomial to generate a maximum-length shift-register sequence whose cycle structure
determines the permutation. Another method uses a computationally simple algorithm based
on the quadratic congruence :

cm:Nm(ng mod K,0<m < N (7.1)
to generate an index mapping function ¢,;, — ¢;41(modK), where N is the interleaver size, and
N is an odd integer. For K a power of 2, it can be shown that these quadratic interleavers have
statistical properties similar to those of randomly chosen interleavers, and thus they give good
performance when used in turbo coding. Other good interleaving patterns can be generated by
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varying N and r, and the special case r = % results in an interleaver that simply interchanges
pairs of indices. This special case is particularly interesting in terms of implementation, since
the interleaving and deinterleaving functions are identical. Finally, when K is not a power of 2,
the foregoing algorithm can be modified to generate similar permutations with good statistical

properties.

7.5 Effect of interleaver

At this point, we will compare how the size and the type of the interleaver (block or random)
affect the performance of Turbo coding. Further, we will examine how the number of iteration
during decoding procedure will affects the performance of Turbo coding. The Turbo Coding
schema that we use to extract the results is based on the basic (3,1) turbo code.

7.5.1 Different size of interleaver

In this section, we compare how the size of interleaver affects the accumulative performance
of turbo decoding schema for both block and random interleavers. The decoding algorithm
is executed for 10 repeats in order to ensure that the final BER will not be affected by the
insufficient number of iterations. Below, there are three different figures which illustrate the
performance of the turbo decoding for both block and pseudorandom inteleavers with size 100,
1000 and 10000 bits which will be determined as small, medium and large size interleavers,
respectively.
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Figure 7.2: BER for interleaver of 100 bits size
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As we can conclude from the above figure, for this small interleaver size, both types of
interleavers (block and random) perform about the same, especially for small SNRs. This small
size of interleaver is used during real time applications where little delay is desired.

At the following figure, we examine the performance of a medium size interleavers (interleaver
size of 1000 bits).
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Figure 7.3: BER for interleaver of 1000 bits size

As we can conclude, for this medium size of interleaver, the overall performance of both
types of interleaver is better than the performance of the small size interleaver. Hence, while we
increase the interleaver size, we can conclude that the overall performance of the code is increased
till the theoretical performance bound (error floor) is achieved. However, the BER for the
pseudorandom interleaver is smaller than the respective performance of block interleaver. Thus,
we can expect that the error floor performance should be reached faster for the (pseudo)random
than for the block interleaver.

At the next figure, we examine the performance of a large size interleaver (interleaver size
of 10000 bits).
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As we can conclude from the above figure of both large size block and random interleavers,
the overall performance is greater than the performance of all the previous interleavers’ sizes.
Further, as we can see, the coding gain between the block and the random interleaver is greater
than the coding gain between both interleavers’ tyoe at the previous cases. Additionally, the
random interleaver has reached the theoretical performance’s limit of Turbo Coding, while the

EFFECT OF INTERLEAVER

Interleaver size of 10000 bits
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Figure 7.4: BER for interleaver of 10000 bits size

performance of the block one can be further improved.

As a summary of the previous results, we can conclude that while the size of the interleaver
is increased, the overall performance of the code is improved. Further, for small interleaver size,
the coding gain of both type of interleavers is approximately the same. However, while the
interleaver size is increased, the coding gain of random interleaver is improved rapidly regarding

the improvement’s rate of the coding gain for the block interleaver.




Chapter 8

Conclusions

In this thesis, we examined the individual parts of the Turbo Coding schema and how the size
of the interleaver effects the overall coding performance. We concluded that as the interleaver
size is increased, the code performance is increased. However, when pseudorandom interleavers
are used, the coding gain is improved more rapidly as the size of the interleaver is upsized in
comparison with the case where block (non-random) interleavers are used. Further, while the
size of the interleaver is increased (or while the number of decoding iterations is increased), the
total delay of the Turbo Coding algorithm is increased. Thus, small size is preferred when the
application is time dependent (as the voice transmission application). In this case, both type of
interleavers perform similar for a certain SNR. Hence, a block interleaver realization is preferred
over a pseudorandom one, because it is more easily to be implemented as part of hardware
configuration of a telecommunication system.
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