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Preface

With the increasing importance of digital communications and data storage, thereisa
need for research in the area of coding theory and channel modelling to design codes
for channels that are power limited and/or bandwidth limited. Typical examples of
such channelsare found in cellular communications (GSM, UMTS), fixed and mabile
broadband wireless access (WiMax) and magnetic storage media.

Our motivation to write this book is twofold. Firstly, it isintended to provide PhD
students and researchers in engineering with a sound background in binary and non-
binary error-correcting codes, covering different classes of block and convolutional
codes, band-width efficient coded modulation techniques and spatial-temporal diver-
sity. Secondly, it is aso intended to be suitable as a reference text for postgraduate
students enrolled on Master’s-level degree courses and projects in channel coding.

Chapter 1 of this book introduces the fundamental s of information theory and con-
cepts, followed by an explanation of the properties of fading channelsand descriptions
of different channel modelsfor fixed wirel ess access, mobile communications systems
and magnetic storage.

In Chapter 2, basic mathematical concepts are presented in order to explain non-
binary error-correction coding techniques, such as Groups, Rings and Fields and their
properties, in order to understand the construction of ring trellis coded modulation
(ring-TCM), ring block coded modulation (ring-BCM), Reed—Solomon codes and
algebraic—geometric codes.

Binary and non-binary block codes and their application to wireless communica-
tions and data storage are discussed in Chapter 3, covering the construction of binary
and non-binary Bose-Chaudhuri—-Hocquengem (BCH) codes, Reed—Solomon codes
and binary and non-binary BCM codes.

Chapter 4 introduces the construction methods of algebraic—geometric (AG) codes,
which require an understanding of algebraic geometry. The coding parameters of AG
codes are compared with Reed—Solomon codes and their performance and complexity
are evaluated. Simulation results showing the performance of AG and Reed—Solomon
codes are presented on fading channels and on magnetic storage channels.

Chapter 5 presents an alternative decoding al gorithm known aslist decoding, which
is applied to Reed—Solomon codes and AG codes. Hard-decision list decoding for
these codes is introduced first, using the Guruswami—Sudan algorithm. This is then
followed by soft-decision list decoding, explaining the Kotter-Vardy algorithm for
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Reed—Solomon codes and modifying it for AG codes. The performance and compl ex-
ity of the list decoding algorithms for both Reed—Solomon codes and AG codes are
evaluated. Simulation results for hard- and soft-decision list decoding of these codes
on AWGN and fading channels are presented and it is shown that coding gains over
conventiona hard-decision decoding can be achieved.

A more recent coding scheme known as the low-density parity check (LDPC)
code is introduced in Chapter 6. This is an important class of block code capable
of near-Shannon limit performance, constructed from a sparse parity check matrix.
We begin by explaining the construction and decoding of binary LDPC codes and
extend these principles to non-binary LDPC codes. Findly, the reduction of the
decoding complexity of non-binary LDPC codes using fast Fourier transforms (FFTSs)
isexplained in detail, with examples.

Chapter 7 begins with an explanation of convolutional codes and shows how they
can be combined with digital modulation to create aclass of bandwidth-efficient codes
called TCM codes. The construction of TCM codes defined over rings of integers,
known as ring-TCM codes, is explained, and the design of good ring-TCM codes
using a Genetic algorithm is presented. It is then shown how ring-TCM codes can
be combined with spatial-tempora diversity, resulting in space-time ring-TCM (ST-
RTCM) codes, and design criteria are given to construct good ST-RTCM codes for
multiple-input—multiple-output (MIMO) fading channels. Simulation results of ST-
RTCM codes are presented for MIM O fading channels, including urban environments
such as indoor, pedestrian and vehicular scenarios.

Finally, Chapter 8 presents another recent coding scheme known as the turbo code.
Thisimportant class of code was thefirst to achieve near-Shannon limit performance
by using a novel iterative decoding agorithm. Binary turbo encoding and decoding
are explained in this chapter, with a detailed description of the maximum a posteriori
(MAP) agorithm and simpler decoding algorithms derived from the MAP agorithm,
such asthe max-log MAP and log MAP algorithms. The chapter finishes by introduc-
ing non-binary turbo codes, which are a new area of research that have received very
little attention in the literature. Non-binary turbo encoding is explained and the exten-
sion of the binary turbo decoder structure in order to decode non-binary turbo codes
is shown. For further information visit http://www.wiley.com/go/carrasco_non-binary
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1

Information, Channel Capacity
and Channel Modelling

1.1 Introduction

In this chapter, an introduction to the fundamental aspects of information theory is
given, with particular attention given to the derivation of the capacity of different
channel models. This is followed by an explanation of the physical properties of
fading channel sand descriptions of different channel modelsfor fixed wirel ess access,
universal mobile telecommunication systems (UMTS) for single-input—single-output
(S1SO) and multiple-input—multiple-output (MIMO), and finally magnetic recording
channels. Therefore, this chapter presentsthe prerequisitesfor evaluating many binary
and non-binary coding schemes on various channel models.

The purpose of acommunication system is, in the broadest sense, the transmission
of information from one point in space and time to another. We shall briefly explore
the basic ideas of what information is and how it can be measured, and how these
ideas relate to bandwidth, capacity, signal-to-noise ratio, bit error rate and so on.

First, we address three basic questions that arise from the analysis and design of
communication systems:

¢ Given an information source, how do we determine the ‘rate’ at which the sourceis
transmitting information?

 For a noisy communication channel, how do we determine the maximum ‘rate’ at
which ‘reliable’ information transmission can take place over the channel?

» How will we devel op statistical model sthat adequately represent the basic properties
of communication channels?

For modelling purposes we will divide communication channels into two cate-
gories: analogue channels and discrete channels. We wish to construct afunction that

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd



2 INFORMATION, CHANNEL CAPACITY AND CHANNEL MODELLING

measures the amount of information present in an event that occurs with probability p.
A lower probability means that we obtain more information about the event, whereas
if the event is entirely predictable (p = 1) then we obtain no information about the
event since we aready have knowledge of the event before we receiveit.

1.1.1 Information Theory [1]

e How can the symbols of communication be transmitted? Technical or Syntactic
level?

* How precisely do the transmitted symbols carry the desired meaning? Semantic
problem.

» How effectively does the received meaning affect conduct in the desired manner?

1.1.2 Definition of Information [1, 2]

Information: Knowledge not precisely known by the recipient, or a measure of unex-
pectedness.

Given an information source, we evaluate the rate at which the source is emitting
information as:

| .
_ symbols OR Rate— bits .
ond second

Rate

However, given a noisy communication channel, how do we determine the maxi-
mum rate at which reliable information transmission can take place over the channel ?

1.2 Measure of Information [1-3]

We should briefly explore basic ideas about what information is, how it can be mea-
sured, and how these ideas relate to bandwidth and signal-to-noise ratio. The amount
of information about an event is closely related to its probability of occurrence. Mes-
sages containing knowledge of a high probability of occurrence (i.e. those indicating
very little uncertainty in the outcome) convey relatively little information. In contrast,
those messages containing knowledge of alow probability of occurrence convey rel-
atively large amounts of information. Thus, a measure of the information received
from the knowledge of occurrence of an event is inversely related to the probability
of its occurrence.

Assume an information source transmits one of nine possible messages M1, Mo,
..., Mg with probability of occurrence Py, Py, ..., Pg,where P, + P, + - - - + Py = 1,
asshownin Figure 1.1.

According to our intuition, the information content or the amount of information
in the ith message, denoted by | (M;), must be inversely related to P;. Also, to satisfy
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M, M
P, P, Py P, oo P, [ Probabilty

Figure 1.1 Messages and their associated probabilities.

1 2

our intuitive concept of information, 1(M;) must satisfy:

(M) > (M) if B <P
I(Mi) > 0, P > 1
I[(Mj)>0when0< P, <1

We can explain the concept of independent messages transmitting from the same
source. For example, the received message ‘It will be cold today and hot tomorrow’
is the same as the sum of information received in the two messages ‘It will be cold
today’ and ‘It will be hot tomorrow’ (assuming that the weather today does not affect
the weather tomorrow).

Mathematically, we can write this as:

I (M; and Mj) 2 T(M;, Mj) = 1 (M) 4 | (M),
where M; and M; are the two independent messages. We can define a measure of

information as the logarithmic function:

1
[ (M;) = log, (E) ,  Wwherex isthebase 2, e, 10, ... 1D

Thebasex for thelogarithmin (1.1) determinesthe unit assigned to theinformation
content:

X =e nas
X =2 hits
x =10 Hartley,

Pi+ P>+ P3 +--- + Py = 1 where Py is the probability of the message occurring
and qistheindex value, thatis1, 2. ..

The information content or the amount of information I (M) in the kth message
with the set kth probability (Py) boundary valuesis:

LI(M)—-0 as P — L
Obvioudly, if we are absolutely certain of the outcome of an event, even before it
occurred.
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o O

.I(MY) >0 when 0<P(<1
That is to say, the occurrence of an event M = My either provides some or no
information content.

(M) >1T(My) if Pe<B.
The less probable an event is, the more information we gain when it
OCCUrs.

- H(McM) = (M) + 1(M;).

If 1(My) and I1(M;) are statistically independent messages.

Mathematically we can prove that:

I (Mg and Mj) = I (M) + 1 (M;),where My and M; are two statistically indepen-

dent messages. The logarithmic measure is convenient.

Solution:

Example 1.1: A source putsout five possible messages. The probabilities of these
messages are:

1 1 1 1 1
1=2 @74 T8 *T16 ° 16

Determine the information contained in each of these messages.

(M) = log, i)) = 1 bit

\(%2
) = 2 bits

-

[ (M2) = log,

H
~

()

(1 ) |
[ (M3) =log, | —— | = 3 hits.
")
I(M4)=Iogz( 1 )—4bits
(Y16)

I (Ms) = log, ! ) = 4 hits

\ (Vie)

Information total = 14 bits.
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1.2.1 Average Information

Text messages produced by an information source consist of sequences of symbols
but the receiver of a message may interpret the entire message as a single unit. When
we attempt to define the information content of symbols, we are required to define
the average information content of symbols in a long message, and the statistical
dependence of symbols in a message sequence will change the average information
content of symbols.

Let atransmitter unit consist of U possible symbols, s, s, ..., s, inastatistically
independent sequence. The possibility of occurrence of a particular symbol during a
symbol time does not depend on the symbol transmitted by the source previous in
time. Let Py, Py, ..., P, bethe probability of occurrence of the U symbols, in along
message having N symbols. The symbol s; will occur on average P;N times. The
symbol s, will occur PoN times, and the symbol s will occur P;N times. Assuming
an individual symbol s to be a message of length 1, we can define the information
content of the ith symbol as Iogz(%l) bits. The P;N occurrence of 5 contributes

an information content of P, N Iogz(%l) bits.
Thetotal information content of message is then the sum of each of the U symbols
of the source:

ot = Z NP, log, < ! ) bits. (1.2)
i=1

The average information per symbol is measured by dividing the total information
by the number of symbols N in the message:

U
_ 'tota' Z |og2< )blts/wmbol (1.3)

i=1

The average information H is called the source entropy (bits/symbol).

Example 1.2: Determine the entropy of a source that emits one of three symbols,
A, B, C, in a statistically independent sequence, with a probability of 3, 7 and %,
respectively.
Solution: The information contents of the symbols are:

one bit for A

two bit for B

two bit for C

1 1
H=_log, | <

1I 1 1I 1
2 | T2%% | 7y [ 2% Ty
2 4 4
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So the average information content per symbol on the source entropy is.

1 1 1
H= 5 l0g,(2) + 2 log,(4) + 1 log,(4).
H = 1.5 bits/symbols

If we have afixed time, say rs symbols/s, then by definition the average source
of information rate R in bits per second is the product of the average information
content per symbol and the symboal rate rs, as shown below:

R =rg- H bits/s.

1.2.2 The Entropy of a Binary Source
For ‘unbiased’ results, the probability of logic O or logic 1 is:

P(1) = P(0) = 0.5

M
Entropy = H = — ) " PRilog, P
i1
H = —Pllogz(Pl) — leogz(Pz)

1 1
H=—Plog, (=) - Plog, (=
1100, (2) 2100, <2)
H=05+05=1

This agrees with expectation. Now consider a system P; # P,. We note that, for a
two-state system, since P; + P, = 1 we have P, = 1 — P;. We can then write:

H = P;log, (Pil) + Q- P) Iogz( 1 1) bits. (1.9

1-P

Table 1.1 shows how the entropy H varies for different values of P; and P».

Table 1.1 The variation of entropy for different values of P, and P,.

P P,=1-P, Py log, (&) (1- Pylog, (%) H
0 1 0 0 0
0.2 038 0.46 0.25 0.72
0.4 06 0528 0.44 0.97
05 05 05 05 1
06 0.4 0.44 0528 0.97
0.8 02 0.25 0.46 0.72

1 0 0 0 0
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H(x), bits
T :

0.5

0 0.5 1 Prob p

Figure 1.2 Entropy function of abinary source.

From Table 1.1 the following observations can be made:

The entropy H(X) attains its maximum value, Hyax = 1 bit, when P, = P, = 1/2;
that is, symbols 1 and 0 are equally probable.

When P; = 0 or 1, the entropy value of H(X) = 0, resulting in no information.

The entropy is plotted in Figure 1.2.

The next two examples show how to determine the entropy functions for an event
with auniform and Gaussian probability distribution.

Example 1.3: Determine the entropy of an event x with a uniform probability
distribution defined by:

P(x) 1 Xo< X< X
= —, — <X <
2%, 0 0

P(x) =0, elsewhere
The uniform distribution isillustrated in Figure 1.3.

P(X)
A
172X,

X, 0 X "X
Figure 1.3 A uniform distribution.

Determine the entropy sources[1, 3]:

H(X) = —f P(x)log P(x) dx

X
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Xo
1

H(X):_Z; 2—X0Iog(2Xo) dx

_ loat2xg
H(x) = dx

L

H(x) = % (Xo — (o)
0 = 2225 (2x0) = g 20

Example 1.4: Determine the entropy of an event x with a Gaussian probability
distribution defined by:

1 x2
P(x) = e 22 whereo isthe standard deviation.
) N 2no
The distribution is normalized so that the area under the pdf is unity
/ P(x)dx = 1.

The variance o2 of the distribution is given as:
o0
/ x?P(x) dx = o2
Therefore, the entropy functionis:

o0

1 x2 X2
H(x) = / e 22 — +Inov2r ) dx
o~ 2n 202

H(X) = —+|n( Jz_)
H(x) = In e%+|n(a 271)

H(x) = In(o 27 ) nats or H(x) = log, (G\/Zﬂ_e) bits
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1.2.3 Mutual Information

Given that we think of the channel output y as a noisy version of the channel input x
value, and the entropy H is a measure of the prior uncertainty about x, how can we
measure the uncertainty about x after observing the y value?

The conditional entropy of x isdefined as[4]:

1 .
H(X|Y=y@:ZP(xﬂy@log{m} k=012 ...,i=012 ...
|

(1.5
This quantity isitself arandom variable that takes on values:

H(XIY = Yo), ... H(YIY = Yie1)
with probabilities of:
P(Yo), - - ., P(yk—1) respectively.

So the mean entropy is:
H= Zk H (XIy = ¥i) P (Yi)
H=Y, X POIW P OI0% | s |
_ 1
Or H= Zk Zi P (X, Yk) log, [m] (1.6)

Thisquantity H or H (X|Y) iscalled conditional entropy. It represents the amount
of uncertainty remaining about the input after the channel output has been observed.
Since the entropy H(X) represents our uncertainty about the channel input before
observing the channel output, it follows that the differenceis:

H(X) — H(X]Y).

This must represent our uncertainty about the channel input, which is resolved by
observing the channel output. Thisimportant quantity iscalled the mutual information
of the channel. Denoting the mutual information by | (X, Y), we may thus write:

[(X,Y) = H(X)— H(X]Y). (1.7
Similarly:
(Y, X) = H(Y) — H(Y|X), (1.8)

whereH (YY) istheentropy of the channel output and H (Y| X) isthe conditional entropy
of the channel output given the channel input.
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H(x, y)

Figure 1.4 A Venn diagram illustrating the relationship between mutual information and entropy.

Property 1 The mutual information of a channel is symmetric, that is:
(X, y) = 1y, ).
Property 2 The mutual information is always nonnegative, that is:
I(x,y) > 0.

Property 3 The mutual information of a channel is related to the joint entropy of
the channel input and output by:

(X, y) = H(X) + H(y) — H(x, y)

and isshownin Figure 1.4.

Example 1.5: Determinethe mutua information of the binary symmetric channel
in Figure 1.5 where the associated probabilities are P(x = 1) = 0.7, P(x = 0) =
03, Ply=1x=1)=08, Py=1x=0)=0.2, P(y=0]x=1)=0.2 and
P(y=0x =0)=0.8.

Solution:
1 1
H(X) = P(X = O)Iogzm + P(X = l)logzm

1 1
H(x) = 0.3 x log, 03 + 0.7 x log, 07

H(x) = log, 10 — (0.3 x log, 3+ 0.7 x log, 7)
H(x) = 0.881 bits

So, the conditional entropy of x:

24 38 14
HXly = 0) = <~ log, 2° 1 27 |og, 22
(Xly =0) = glog, 57 + 3510924
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3 31 28 31
H(x]y = 1) = — log, = + <2 log, >

H(x|y) = 0.38 H(x|y = 0) + 0.62 H(x|y = 1)
=P(y=0H (Xly=0)+P(y=DH(x]ly=1)
= 0.645.

Therefore the mutual information of the binary symmetric channel shown in
Figure1l5is:

1(X,y) = H(x) — H(X]y) = 0.881 — 0.645 = 0.236 bits/symbol.

1.3 Channel Capacity

Successful electrical/optical communication systems depend on how accurately the
receiver can determine the transmitted signal. Perfect identification could be possi-
ble in the absence of noise, but noise is always present in communication systems.
The presence of noise superimposed on signal limits the receiver ability to correctly
identify the intended signal and thereby limits the rate of information transmission.
The term ‘noise’ is used in electrical communication systems to refer to unwanted
electrical signals that accompany the message signals. These unwanted signals arise
from a variety of sources and can be classified as man-made or naturally occurring.
Man-made noise includes such things as electromagnetic pickup of other radiating
signals. Natural noise-producing phenomena include atmospheric disturbances, ex-
traterrestrial radiation and internal circuit noise.

Definition: The capacity C of the channel is the maximum mutual information, taken
over al input distribution of x. In symbols|[3, 4]:

C= g}% I(x,y) where P0)= P = % (1.9

The units of the capacity C are bits per channel input symbols (bits/s).

0.8

0.7 1 » 1

Transmitter x .
Receivery

0.8

Figure 1.5 Binary symmetric channel of Example 1.5.
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Figure 1.6 A binary symmetric channel.

1.3.1 Binary Symmetric Input Channel

Figure 1.6 shows the binary symmetric channel (BSC).
If weassumeauniforminput distribution P(x=0) = P(x=1) = 1/2then H(x) = 1.
Furthermore, we have the set of transition probabilities [5]:

Py=0|x=0=P(y=1[x=1)=1-p
Py=0|x=1)=P(y=1[x=0)=p.

The conditional entropy is given by:

H(xly) = — [ZZ P(¥i | %) P() log, P (x| yi)}
k i

1

1
2(1— p)long’(X=0|y=0)+EplogzP(X=0|y=1)

Hexiy) = - |
1 1
+5PI06,P(x =11y =0+ 3 (1- p)log,P(x =11y =),

The distribution of y is determined as follows:

Py=0=P(y=0|x=0Px=0+P(y=1|x=1)P(x=1)

1 1 1
. P(YZO)ZE(]-—D)‘*‘EP:E ,
and P(y=1is
Py=1)=P(y=1|x=0Px=0)+P(y=1|x=1)P(x=1)
1
T2

Theresult is not surprising since the channel is symmetric. The joint distributionis
determined as follows:
Px=0,y=0) P(y=0[x=0)p(x=0)
x=0y=9=""5,"0 P(y=0)
Px=0ly=0=P(y=0|x=0=1-—p
Px=0ly=1)=P(x=1ly=0=0p
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1.2 4

i /
LN /
SN /

I(x,y)

Figure 1.7 The mutual information of the BSC as afunction of symbol error probability.

Thus:

1 1 1
Hx 1Y) = = | 50 Plogs (1~ P)+ 3plog, p+ 51~ P)loga(1 - )|

= —plog, p— (1 — p)log,(1— p)
[(X,y) =1+ plog, p+ (1 — p)log,(1— p)

The mutual information as a function of the symbol error probability p isshownin
Figure 1.7.

1.3.2 Binary Erasure Channel (BEC)

The BEC output alphabets are 0 or 1, plus an additional element, denoted as e, called
the erasure. This channel correspondsto dataloss. Each input bit is either transmitted
correctly with probability 1 — p or is erased with probability p. The BEC isshown in
Figure 1.8.

The channel probabilities are given by [1, 5]:

Ply=0[x=0=Py=1|x=1)=1-p
Ply=elx=0=P(y=e[x=1)=p.
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0 0
P
s
H‘:,::v e
p_——
il
1 1

Figure 1.8 The binary erasure channel.

The conditional entropy is given by:

H(x]y)=— [ZZ P (X | i) P(x) 1ogz P (X | Yi):|
ki

1

mmw=—L

1
(1- p)logzP(x=0|y=0)+§pI092P(X=0|y=e)

1 1
+5PI0G,P(x =11y = 1)+ 5 (1L~ P)log; P(x =11y =e)].

1 1
H(XIy)=—§(1— p)logzP(X=0|y=0)—Eplogzp(X=0Iy=e)

where we used the fact that X is equiprobably distributed. The distribution of y is
determined as follows:

1
P(y=0=Py=0/x=0Px=0=7(1-p)
and similarly for P(y = e), we have

1
P(y=0)=§, Py=¢e=p

and:
B _n_ Px=0,y=0)) P(y=0[x=0)p(x=0)
POV TR T Pe=0
! 1
_ 5( - p)
1
5(1— p)
and smilarly:

1
P = = = —.
(x=0ly=eg=>

Thus, H(x|y) = —(1- p)log, (1) — p|092<
H(x|y)=1-p.

NI

)=pmdunw=mm—
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; 0.6 \
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0 01 02 03 04 05 06 07 08 09 1 1.1

p
Figure 1.9 Mutua information of the binary erasure channdl.

The mutual information of the binary erasure channel as afunction of symbol error
probability is plotted in Figure 1.9.

1.3.3 The 4-ary Symmetric Channel [1, 5]

The 4-ary Symmetric Channel (SC) is shown in Figure 1.10.

L et us consider the case of the 4-SC, where both the input X and the output Y have
four possible values from the alphabet A = [«g. . . @3]. Since we are sending 4-ary
symbols over the channel, we take the logarithm in equations [H (x), | (x, y)] to the

Figure 1.10 The 4-ary symmetric channel.



16 INFORMATION, CHANNEL CAPACITY AND CHANNEL MODELLING

base 4. The same holds for the capacity defined previously. Assume a uniform input
distribution where P(x = a) = %1 for al a € A. Hence, H(x) = 1, and we can set the
transition probabilities:

Py=al|x=a)=1—p, P(y:a|x:b):§pfora7éb, wherea, b e A.

The conditional entropy is given by:

k i

H(x|y) = — [Z > PO 1% POw)log, P(x| yi)]

1 1
=—4[Zplog4P(x=a|y=b)+Z(1— p)log4P<x=a|y=a)].

For a # b, where a, b € A, the distribution of y is determined as follows:

Py=a)=3P(y=a|x=bPXx=b)+ P(y=al|x=a)P(x=a)
_g tp 1, 1
=3xg3tat-P=y

The joint distribution is determined as follows:

Px=a,y=a) P(y=alx=a)P(x=2a)
Ply=a) P(y = a)

Px=aly=2a)= =1-p.

Similarly:

(x=a,y=b) P(y:b|x=a)P(x:a)_|<_)
Py=b) P(y =b) ~ 3

P
Px=aly=b)=

For dl a, b € A, wherea # b, we have:

P
3
= —plog, £ — (1 - p)logy(L - )

Hx1y) = ~4| 7plog, & + 3 (1 plogy(1- p)|

and:
|(x.y) = 1+ plog, £ + (1 - p)logy(1 - p)

The mutual information as afunction of the symbol error probability p isshownin
Figure 1.11.

Notice that when the capacity is 1, the 4-ary symbol per channel usefor p=0. The
mutual information is zero for p = ;3’1.
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1.2

AN
N
NN

I(x.y)

Figure 1.11 The mutual information of the 4-ary SC as function of symbol error probability.

1.3.4 Binary Input Capacity of a Continuous Channel (Channel Capacity)

Definition: The capacity C of a discrete memoryless channel is defined as the maxi-
mum mutual information | (X, y) that can be transmitted through the channel:

L(X,Y) = H(Y) = H(Y [ x) = H(x) — H(x]y)
=HX) + H(y) - H(x., y).

The capacity is:
C=max I(x,y)
P(x, y)}
C = max P(x, y)lo
|5 Pl tog: it
If P(X)= e‘z*s is a Gaussian distribution for the signal S then P(y) =

\/*s
—meﬂw isa Gaussian distribution for the signal Sand the noise N.

We will make use of the expression for information | (x, y) = H(y) — H(y|X)
and hence we require to find H(y | x). P(y | x) will be Gaussian distributed about a
particular value of x, asseenin Figure 1.12.
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b (%)

'\

0 X

Figure 1.12 The Gaussian distribution of the conditional probability P(y | x).

It has been shown that the entropy is independent of the DC value and thus:

H(y) = log, v/2meN.

Since thisis independent of x:

H(y) = log, v27e(S+ N)
(X, y) =log,27re(S+ N) —log, v2reN

_log, [2re(S+ N)'
2reN

= Iogz,/ﬂ =log,,/1+ E
N N

Thisistheinformation per sample. Thusintime T informationis:

Total information = 2BTI

S S
= 2BTlog,,/1+ — =BTlog, (1+ — ).
0%,/ 1+ ogz< +N>

Maximum information rateis:
S .
C =B log, (1+ ﬁ) bits/s,

where B is the bandwidth of the channel. The practica and non-practical channel
capacities of the AWGN channel are shown in Figure 1.13.

1. When the channel is noise free, permitting usto set p = 0, the channel capacity C
attains its maximum value of one bit per channel use.
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Capacity
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No Practical

. . . . . . . . Practical
-1 L L L Il Il Il Il Il T T
-2 0 2 4 6 8 10 12 14 16 18 20
SNR in dB

Figure 1.13 Channel capacity of the AWGN channel.

2. When the conditional probability of error p =1/2 dueto noise, the channel capacity
C attains its minimum value of zero.

S = Average Power (Symbols)
N = Average Noise Power.

Example 1.6: Determine the capacity of alow-pass channel with usual bandwidth
of 3000Hz and SN = 10dB (signal/noise) at the channel output. Assume the
channel noise to be Gaussian and white.

Solution:

S
C =Bl 14+ —
092( + N)
— 3000 log, (1 + 10) = 10 378 hits/s.

Signalling at rates close to capacity is achieved in practice by error correction
coding. An error correction code maps data sequences of k bits to code words of n
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symbols. Because n > k, the code word contains structured redundancy. The code
rate, r = k/n, isameasure of the spectral efficiency of the code. In order to achieve
reliable communications, the code rate cannot exceed the channel capacity (r < c).
The minimum theoretical signal-to-noise ratio (S/N) required to achieve arbitrarily
reliable communications can be found by rearranging the equation for the capacity of
the AWGN channel [2].

1 2r
S/IN= - (2" - 1).

2
Thisisthe minimum SN required for any arbitrary distinction for the input signal.
Shannon’s proof of the channel coding theorem [1, 2] used a random coding argu-
ment. Shannon showed that if one selects arater < ¢ codes at random, the bit error
probability approaches zero as the block length n of the code approaches infinity.
However, random codes are not practically feasible. In order to be able to encode and
decode with reasonable complexity, codes must possess some sort of a structure.

1.3.5 Channel Capacity in Fading Environments

In the case of a single input and single output (SISO) fading channel, the received
signal at the kth symbol instant is y(k) = h(k)x(k) 4+ n(k), where h(k) is the impulse
response of the channel, x(K) is the input signal to the channel and n(k) is additive
white Gaussian noise. To ensure a compatible measure of power, set E(Jh(k)|?) = 1
and E{|x(k)|?} < Es. Thecapacity inthe case of thefixed fading channel with random
but unchanging channel gain is given below [6]:

E
C =Blog, (1+ [h?p), wherep=—

=3 (1.10)
Gn
where Es is the symbol energy, o2 is the n-dimensiona variance and h is the gain
provided by the channel. An interesting point to note is that in a random but fixed
fading channel the theoretical capacity can be zero, when the channel gain is close
enough to zero to make data rate impossible. In this case, the possible scenario is
determining what the chances are that a required capacity is available. Thisis defined
by Outage probability Py as the probability that the channd is above a threshold
capacity Ciyes given by following equation [6]:

(1.12)

2C -1
Pout = P(C > Cipyes) = P (|h|2 > thL)

_ 2Cthres—1

Put=1-—¢€ L (1.12)

where (1.13) isvalid for Rayleigh fading.
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In the case of atime-varying channel, the channel isindependent from one symbol
to the next and the average capacity of K data symbalsis:

K
1
Ck = RkX:;{log2 (1+1h1%p)}. (L13)
Based on the law of large numbers, as K — oo the term on the right converges to
the average or expected value, therefore:

C = En{log, (1+ |h|?p)}, (1.14)

where the expectation is taken over the channel values h. (1.14) is nonzero; therefore
with afluctuating channel it is possible to guarantee the existence of an error-free data
rate.

Increasing the transmitted and received antenna, the capacity of the channel in-
creases by Nr Ng-fold, where Nt is number of transmit antenna and Ng is num-
ber of receive antenna. The capacity of the AWGN channel in case of multiple-
input—multiple-output is approximately given by (1.15):

C~ Blog,(1+ Nt -Ng-p) wherep = Es/c?. (1.15)
Figure 1.14 shows the channel capacity with the increase in the number of trans-

mitted and received antennas plotted using (1.15).

14 -

—e—1 Tx, 1Rx
—a—2 TX, 2 Rx
—— 3 TX, 3Rx
—o— 4 TX, 4 RX
—»—5Tx, 5 Rx
--4+--6Tx, 6 Rx
-7 TX, 7 Rx
--8 TX, 8 Rx
-9 Tx, 9 Rx
10 Tx, 10 Rx

12

=
o

©

X o » m

Capacity, bits/sec/Hertz

0 5 10 15 20 25 30
Es/No, dB

Figure 1.14 Channel capacity in bits's’Hz with increasing number of transmit and receive antennas.
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1.4 Channel Modelling

This section begins by describing the fundamentals and characteristics of the channel
propagation models used in WiMAX or IEEE 802.16d (Fixed Broadband) systems
and UMTS cellular communications. Propagation models are the fundamental tools
for designing any wireless communication system. A propagation model basically
predicts what will happen to the transmitted signal while in transit to the receiver.
In genera, the signal is weakened and distorted in particular ways and the receiver
must be able to accommodate for these changes if the transmitted information is to
be successfully received. The design of the transmitting and receiving equipment and
the type of communication service that is being provided will be affected by these
signal impairments and distortions. The role of propagation modelling is to predict
the performance of the system with these distortions and to determine whether it will
successfully meet its performance goals and service objectives.

The section ends with a description of magnetic storage channel modelling for lon-
gitudinal and perpendicular storage devices. In this situation, information isretrieved
not in a different location from where it was originally sent, asin radio communica-
tions, but at a different time from when it was originally stored.

1.4.1 Classification of Models

In wireless channels, a narrowband implies that the channel under consideration is
sufficiently narrow that the fading acrossitisflat (i.e. constant). It isusually used asan
idealizing assumption; no channel has perfectly flat fading, but the analysis of many
aspects of wireless systemsis greatly simplified if flat fading can be assumed. Early
communication systems were narrowband systemsin which median signal level pre-
diction and some description of the signal level variability (fading) statistics were the
only model parameters needed to adequately predict the system performance. How-
ever, modern communications systems use wideband, hence achieving higher data
rates.

In communications, wideband is a relative term used to describe a wide range
of frequencies in a spectrum. A system is typically described as wideband if its
bandwidth is much greater than its centre frequency or carrier frequency. For such
systems, narrowband prediction of signal levels and fading alone does not provide
enough information to predict system performance. In fact the concept of propagation
models is now enlarged to include the entire transfer function of the channel. These
new propagation models, known as channel models, now include parameters such as
signal time dispersion information and Doppler effect distortion arising from motion
of the mobile device. Time dispersion causes the signal fading to vary as a function
of frequency, so wideband channels are often known as frequency-selective fading
channels.

These propagation channel modelsare broadly classified into three main categories:
Theoretical, Empirical and Physical.
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1.4.1.1 Theoretical Models

The channel models in this group are based on theoretical assumptions about the
propagation environment. The channel parameters based on these model assumptions
do not defineany particular environment or model any specific channel conditions. The
theoretical models cannot be used for planning and developing any communication
systems as they do not reflect the exact propagation medium the signal would be
experiencing. The theoretical models can be nontime dispersive or time dispersive.
Nontime-dispersive channel models are those in which the duration of the transmitted
signal is the same on arriving at the receiving end. However, in time dispersion the
signal extendsin time so that the duration of the received signal is greater than that of
the transmitted signal. The theoretical modelling of the time-dispersive channel has
been presented in [6-8]. Thetheoretical time-dispersive channel can also be modelled
by thetapped delay line structure, in which densely-spaced taps, multiplying constants
and tap-to-tap correlation coefficients are determined on the basis of measurements
or some theoretical interpretation of how the propagation environment affects the
signal [7, §].

1.4.1.2 Empirical Models

Empirical models are those based on observations and measurements alone. These
models are mainly used to predict the path loss, but models that predict rain fade
and multipath have also been proposed [7]. The problem can occur when trying to
use empirical modelsin locations that are broadly different from the environment in
which the datais measured. For example, the HataModel [9] is based on the work of
Okumura, in which the propagation path loss is defined for the urban, suburban and
open environments. But models like Hata and ITU-R are widely used because they
are simple and allow rapid computer calculations.

Empirical models can be subclassified in two categories, namely nontime dispersive
and time dispersive, as described. The time dispersive provides information relating
to the time-dispersive characteristics of the channel, that isthe multipath delay spread
of the channel. Examples of this type are channel models developed by Stanford
University Interim (SUI) for use in setting up the fixed broadband systems. These
types of channel model are extensively used for WiMAX or |IEEE 802.16 system
development [ 10]. Thischapter ismainly concerned with thetime-dispersiveempirical
channel model (WiMAX specification), which will be explained in detail later on.

1.4.1.3 Physical Models

A channel can be physically modelled by attempting to cal cul atethe physical processes
which modify the transmitted signal. These modelsrely on basic principles of physics
rather than statistical outcomes from the experiments. Physical channel models are
also known as deterministic models, which often require a complete 3D map of the
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propagation environment. These models are not only divided into nontime dispersive
and time dispersive, but are also modelled with respect to the site specification.

The works published in [6, 8] are examples of site-specific, time-dispersive chan-
nel models. These models are principally identified as ray-tracing, a high-frequency
approximation approach that traces the route of electromagnetic waves leaving the
transmitter as they interrelate with the objects in the propagation environment. A
deterministic ray-tracing propagation model was used to predict the time delay and
fading characteristics for the channel in a hypothetical urban area. Using this propa-
gation model, the channel response throughout the urban area was described in terms
of the signal level, root-mean-square (RMS) delay spread, and the fading statistics at
each point in the service area. These time-dispersive models provide not only multi-
path delay spread of the channel but also information related to the angle of arrival
(AoA) of the signal.

However, those physical model swhich do not havesignal timedelay information are
known as nontime-dispersive channel models. These propagation models are specif-
ically applicable to propagation prediction in the fixed broadband wireless systems.

1.5 Definition of a Communications Channel and its Parameters

The main factor affecting the design of a fixed wireless access system is the nature
of the channel available, which affects the behaviour of electromagnetic waves prop-
agating through it. The previous subsection presented the different types of channel
modelling procedures and their subcategories. Before dealing with the specification
and technical parameters of this model, a general background of the channel is pre-
sented along with the definitions of parameters like delay spread, path loss, fading,
Doppler effect and so on.

The main processes of a communication system consist of a source, a transmitter,
a channel, a receiver and a destination, as shown in Figure 1.15, where by are the
message bits, x, are the modulated symbols, r,, are received symbols, X, are the
demodulated symbols and by are the detected message bits. The transmitter takes
information from the source and converts it into a form suitable for transmission.

The wireless communication channel consists of the medium through which the RF
signal passes when travelling from the transmitting antenna to the receiving antenna.
Themedium causesthetransmitted signal to bedistortedin several ways, aspreviously
mentioned.

In the absence of aline-of-sight between the transmitting antennaand the receiving
antenna, some of the transmitted signal finds a path to the receiving antenna by

b:’r ; X, r ; X, z 3 | gk
Source Transmitter Channel Receiver Destination ,—~

Figure 1.15 Simple communication system.
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reflecting or refracting from whatever is blocking the direct line-of-sight between
the two antennas. This action is known as a multipath signal scenario as the many
transmitted signals undergo different degrees of dispersion as they traverse multiple
paths to reach the receiving antenna.

Eventually some of the signal paths recombine vectorially at the receiving antenna,
producing a signa the amplitude of which is dependent upon the phases of the
individual component waveforms. This is the concept of signal fading, which is a
purely spatial phenomenon. If a mobile receiving antenna is moving relative to the
environment and/or the transmitting antenna, the incoming phases of the signals
will vary, producing a signal whose amplitude varies with spatial movement of the
mobile relative to the environment. Although fading is a spatial phenomenon, it is
often perceived as a temporal phenomenon as the mobile device moves through the
multipath signal field over time.

To determine a channel model, mathematical descriptions of the transmitter, the
receiver and the effect of the environment (walls) on the signal must be known.
A linear channel can be totally described by its impulse response, that is by what
the received signal would look like if the transmitted signal were an impulse. The
impulse response is the response of the channel at all frequencies, that is, once the
impulse response of the channel is known, one can predict the channel response at al
frequencies.

Let x(t) bethe signal transmitted from an antenna through the channel h(t), and y(t)
be the signal received at the receiving side. Assuming no delay, multipath signalsand
no other noise present in the system, the channel can be considered as alinear system
with x(t) as an input and y(t) as an output. This relationship between the input and
output in the time domain is represented in (1.16) and shown in Figure 1.16.

yt) =h)®x(). (1.16)

The channel impulse response h(t) is obtained by applying the impulse function to
the channel and can be represented as:

hﬂ):iiAﬁméﬂ—u) (1.17)

i=0

where A is the magnitude of the impulse response at delay t; with phase ¢;, and
(t) isthe Dirac delta function [5]. The system in Figure 1.16 is modelled as alinear

Input Signal Channel Output Signal
x(1) 0] 0]

Figure 1.16 Channel input-output in time domain.
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time variant filter with impulse response h (t, ) and frequency response H( f, t). The
frequency response can be obtained by taking the Fourier transform of h(t):

H(f,t) :/ h(t)e 127 "dt. (1.18)
—00
The channel output y(t) at a particular timet = t isthe convolution of the impulse
response h(t) with the input signal x(t), that is:

yt) =x® ®h(t) =) _h(r)x(t - 1), (1.19)

=0

where ® represents the convolution operation. The final output y(t) can be obtained
by adding independent noise n(t) to (1.19):

yt) =x () ®h(t)+n(t) =D h(x)x(t — )+ n(t). (1.20)

=0

However, in awireless environment the transmitted signals are affected in different
ways, for example by the reflection that occurs when the signal hits a surface. At the
receiving side the signal arrives from different paths, which add delay at the receiver,
and it can be affected by moving objects in terms of a Doppler shift.

1.5.1 Doppler Shift

Doppler frequency effects occur whenever there is relative movement between the
transmitting and receiving antennas. It manifestsitself asachangein the frequency of
the received signal. For a receiver tuned to a particular frequency, this phenomenon
has the effect of reducing the received signal energy as the receiver’s front end is
no longer tuned to the centre frequency of the signal and is therefore not operating
efficiently.

The Doppler frequency shift in each propagation path is caused by the rate of
change of signal phase (due to motion). Referring to Figure 1.17 below, if a mobile
device, moving from point A to point B at avelocity v, isreceiving asignal from the
signal source, the distance travelled, d, can be found by vAt, where At is the change
in time from point A to point B.

From this it can be shown geometrically that the extra distance that the wave has
to travel to get from the signal source to point B(Al) with respect to point A is:
d cos ().

The change in phase of the received signal at point B relative to point A is given
by [8]:

2 2T VAL
Ap = _TAI = —

CoSq. (1.22)
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Figure 1.17 Example of the effects of Doppler shift [8].

With the change in frequency of the received signal at point B relative to point A
given by:

f=——— = —cosa. (1.22)

it can be seen that the change in path length is governed by the angle between the
direction of motion and the received wave. It should also be noted that when the
mobile antennais moving closer to the signal source, a positive change in frequency
(Doppler) is caused, and conversely, if the mobile antenna is moving further away
from the signal source it causes a hegative change in frequency.

If the mobile antennais moving in the same plane as the signal source (either to or
from it) then the frequency shift is given by:

f=+v/a. (1.23)

Thisinformationisrequired for modelling the channel using the ray-tracing method,
which calculates all the angles of the received signals in order to calculate the re-
ceived signal strength over time. This method becomes impractical for large numbers
of received signals due to the computational burden. The number of signal reflec-
tions also limits this method, and in practice only signals with two reflections are
considered.

Themovement of thereceiving antennarel ativeto the transmitting antenna, coupled
with the large number of reflections and received signal paths, causes the resultant
RF signal envelope at the receiving antenna to appear random in nature. There-
fore, statistical methods must be employed in order to produce a mathematically
tractable model, which produces results in accordance with the observed channel
properties.
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1.5.2 Scattering

At the recelving antenna, theincoming signal consists of a superposition of individual
waves. Each individual wave has the following characteristics. amplitude, frequency,
phase, polarization angle, vertical angle of arrival and horizontal angle of arrival, al
relative to the signal at the transmitter.

If we assume that both the transmitting and receiving antennas are similarly polar-
ized and operating on the same frequency, only the amplitude (A,), phase (¢y), vertical
angle of arrival (8,) and horizontal angle of arrival (an) need to be considered. Figure
1.18 shows an individual wave (n) relative to the point of reception.

The valuesfor A,, ¢n, Bn and o, are al random and statistically independent. The
mean sguare value for the amplitude (A,) is given by:

E{AZ} = — (1.24)

where Eg is a positive constant and N is the number of received waves at the point of
reception.

Clarke [ 7] makes a generalization which assumes that the height of the transmitting
antenna is approximately the same as that of the receiving antenna, so (assuming
Clarke’s model) the vertical angles of arrival (8,) can be set to zero. In practice this
isfound to be a good approximation.

Direction of
Received Wave -

eSS
¥ X

z

Figure 1.18 Anindividua wave relative to the point of reception.
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The phase angles (¢,,) are uniformly distributed within the range of 0 to 2, but
the probability density functions for the angles of arrival o, and 8, are generally not
specified.

At the point of reception, the field resulting from the superposition of theincoming
waves (n) is given by:

N
E(t) = > En(t). (1.25)
n=0

If anunmodul ated carrier istransmitted, thereceived signal (E(t)) can be expressed
at the point of reception (xo, Yo, 2o) asfollows [8]:

E(t) = A, cos (wot — 2Tﬂ(xo cos(an) Cos(Bn) + Yo sin(an) cos(Bn)
1 zo8in(6n)) +¢n). (1.26)

If the receiving antenna moves in the xy plane at an angle y (relative to the x-axis)
with avelacity v, then after a unit time, the coordinates of the received signal can be
expressed as:

VCoSy, Vsiny, Z. (2.27)
Which means that the received signal E(t) can be expressed as:
E(t) = I (t) cos(wct) — Q (1) sin(awct), (1.28)

where | (t) and Q(t) represent the in-phase and quadrature components of the signal
respectively, and can be expressed as:

N

| (t) =) Aqcos(wnt + 6n) (1.29)
n=1
and:
N
Q(t) =) Aqsin(wnt + 6n), (1.30)
n=1

where w,, equals 2rf,, and f, represents the Doppler shift in frequency experienced
by the individual wave n. The terms w, and 8, can be expressed as:

wn = 27;—\/ cos(y — an)cos(Bn) (1.31)

and:

tn = 2220 (B) + . (1.32)
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The previous equations reduce to Clarke's two-dimensional model if g is taken to
be zero.

If the number of received waves (N) is very large (in practice 6, but theoretically
much larger), then according to the central limit theorem the components| (t) and Q(t)
are independent Gaussian processes and are completely characterized by their mean
and autocorrelation functions. Because | (t) and Q(t) both have zero mean values, it
follows that E{E(t)} is also zero. Also, I(t) and Q(t) have variance values () that
are the same as the mean square value (average power), thus the probability density
function of I(t) and Q(t) can be expressed as:

(x) = Le>< (—X—Z) (1.33)
pX - O’«/Z p 20_2 ’ .

Eo

wherex = I(t) or Q(t), and 02 = E{A2} = N

1.5.3 Angle of Arrival and Spectra

For asystemin motion (that is, receiver antennamovement rel ative to the transmitting
antenna), the individual components of the received signal will experience a change
in frequency due to the Doppler effect, depending upon their individual angles of
arrival. This changein frequency is given by [8]:
fn= % = ;L—/cos(y — ap) €cos(Bn) . (1.34)

All frequency components within the received signal will experience this Doppler
shift in frequency and, aslong asthe signal bandwidth isrelatively small (compared to
thereceivesignal path bandwidth), it can be assumed that all theindividual component
waves will be affected in the same way.

The RF spectrum of the received signal can be obtained by using the Fourier
transform of the temporal autocorrelation function in terms of the time delay (z):

E{E®Q)E(t + )} = E{1 (t)I (t + 1)} cos(wcT) — E{I (1) Q(t + 7)} Sin(wcT)
= a(r) cos(wct) — ¢(t) Sin(wcT). (1.35)

Aulin [11] showed that the correlation properties can therefore be expressed by
a(r) and c(7):

a(r) = % E {cos(wT)}

c(x) = % E {sin(w7)} . (1.36)
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In order to simplify further we make the assumption that all the signal waves arrive
in the horizontal plane («) with equal probability, so that:

Py (o) = % (1.37)

Which means that by Fourier transforming the following, the power spectrum can
be obtained:

+
a(r) = %/ Jo (27 fmT cOSB) ps (B) dB. (1.38)

T

1.5.4 Multipath Channel and Tapped Delay Line Model

The fixed or mobile radio channel is characterized by the multipath propagation. The
signal offered to the receiver contains not only a direct line-of-sight radio wave, but
also alarge number of reflected radio waves. This can be even worse in urban areas,
where obstaclesoften block theline-of -sight and amobileantennareceivesacollection
of various delayed waves. These reflected waves interfere with the direct wave, which
causes significant degradation of the performance of the link. If the mobile user
moves, the channel varies with the location and time, because the relative phase and
amplitude of the reflective wave change. Multipath propagation seriously degrades
the performance of the communication system. The adverse effects produced by
the medium can be reduced by properly characterizing the medium in order to design
the transmitter and receiver to fit the channel. Figure 1.19 shows the signal arriving
at the receiver from different paths, which include the direct line-of-sight (LOS) path
and nonline-of-sight (NLOS) paths.

Asthedifferent variantsof thesamesignal arriveat different times, somearedelayed
relative to one another. This time dispersion is known as multipath delay spread.
This delay spread is an important parameter in channel modelling and is commonly
measured as root mean square (RMS) delay spread. For reliable communication over
these channelswithout any interference reduction techniques, the transmitted datarate
should be much smaller than the coherence bandwidth. This type of channel, when

=] NLOS Paths

s LOS Path ( }\))

Figure 1.19 Signal arriving at mobile station from different paths.
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Small-scale Fading
(Based on multipath delay spread)

|

Flat Fading Frequency-selective Fading
1. Bandwidth of signal < coherence bandwidth 1. Bandwidth of signal > coherence bandwidth
of the channel of the channel
2. Delay spread < symbol period 2. Delay spread > symbol period

Figure 1.20 The two classes of fading channels.

the transmitted bandwidth of the signal is much smaller than the coherent bandwidth,
is known as aflat channel or narrowband channel. When the transmitted bandwidth
of the signal is nearly equal to or larger than the coherent bandwidth, the channel
is known as a frequency-selective channel or broadband channel. The relationship
between flat fading and frequency-selective fading is shown in Figure 1.20.

The multipath delay profile is characterized by tms, which is defined as [6]:

12 = Z,- Pit’ — (tag)’. (1.39)

where 149 = Zj Pjtj, 7j isthe delay of the jth delay component of the profile and
P; = (power in the jth delay component)/(total power in all components).

The channel output y(t) of (1.22) can be realized as atapped delay line, as shown
in Figure 1.21, where Ai(t) is the fading amplitude of the ith tap and T; are the delays
of theith tap. Each tap represents a scattered ray multiplied by atime-varying fading
profile coefficient A(t). The relative tap delays are dependent on the type of channel

‘4> Output

I Aq(ty T Aty Ad(t
T T, =T T, [T

Ayt At
In—*put Tl T,-T TZ T3 4 T5 Ts_Ts T6
A W W A W W I W A W W A W I W A
Discarded
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Figure 1.21 Anexample of atapped delay line.
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model. These values are given later for the fixed broadband wireless-access channel
model and the urban UMTS mobile radio channel models.

1.5.5 Delay Spread

Because of the multipath reflections, the channel impulse response of a wireless
channel looks like a series of pulses. In practice the number of pulses that can be
distinguished is very large and depends on the time resolution of the communication
or measurement system.

The system evaluations processtypically prefersto address aclass of channelswith
propertiesthat are likely to be encountered, rather than one specific impul se response.
Hence it defines the (local-mean) average power, which is received with an excess
delay that fallswithintheinterval (T, T + dt). Such characterizationfor al T givesthe
‘delay profile’ of the channel. The delay profile determines the frequency dispersion;
that is, the extent to which the channel fading at two different frequenciesf; andf,is
correlated (Figure 1.22).

The maximum delay time spread is the total time interval during which reflections
with significant energy arrive. The RMS delay spread Trus iS the standard deviation
(or root-mean-square) value of the delay of reflections, weighted proportionally to the
energy in the reflected waves. For a digital signal with high bit rate, this dispersion
is experienced as frequency-selective fading and intersymbol interference (1SI). No
serious 1Sl is likely to occur if the symbol duration is longer than, say, ten times
the RMS delay spread. The RMS delay spread model published in [14] follows
a lognormal distribution and the median of this distribution grows as a power of
distance. This model was developed for rural, urban and mountainous environments
(Figure 1.23).

Trms = T1d°Y, (1.40)
Amplitude Irpulie Response Amplitude 1 Frequeney Response
Fourier )
Transform ' f'\.
\ A A
— \\ R | \
]
VA
\ [V
11 |
> = .
Tiue Froquenzy

Figure 1.22 Example of the impulse response and frequency transfer function of a multipath channel.
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Excess Delay Time

Figure 1.23 Expected power per unit of time.

where 7ms isthe RMS delay spread, d is the distance in km, T is the median value
of the trmsa d = 1km, e is an exponent that lies between 0.5 and 1.0, and y is the
lognormal variable.

The narrowband received signal fading can be characterized by a Ricean distri-
bution. The K factor is the ratio between the constant component powers and the
scattered power. The model that represents the K factor by extensive experimental
data taken at 1.9 GHz is given below [12]:

K = FsFnFpKod?, (1.41)

whereFgisaseasonal factor: Fs= 1.0insummer (leaves) and 2.5 inwinter (no leaves);
Fp isthereceive antennaheight factor, F, = (h/3)%46 (histhereceive antennaheight);
Fp is the beamwidth factor, F, = (b/17)7%%? (b in degrees); K, and y are regression
coefficients, K, = 10; y = —0.5; u is alognormal variable with 0 dB mean and a
standard deviation of 8.0dB.

1.5.6 The Fixed Broadband Wreless Access Channel

The Doppler spectrum of the fixed wireless system is different from that in the
mobile wireless access systems. In fixed wireless systems the Doppler spectrum of
the scattered component is mainly scattered around f = OHz. The shape of the
spectrum is different from the mobile channels. The spectrum for mobile and fixed
wireless channelsis given below [10].

The above fixed access channel power spectrum density (PSD) is calculated by
using the equation given below:

f
where, fo = —. (2.42)

fm

_|1-172f2+0.785f) | fol <1
S(f)_{o |fol > 1

Figure 1.24 isbased on (1.42) and is the rough approximation of the Doppler PSD,
which has the advantage that it is readily available in most existing RF simulators.
This Doppler spectrum is representative of fixed mobile (point-to-point) wireless
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Figure 1.24 Doppler spectrum of afixed wireless access channel.

channels and so does not represent the Doppler characteristics of a nonstationary
mobile wireless channel.

1.5.7 UMTS Mobile Wireless Channel Model

Three different propagation environments for the UMTS mobile wireless channel
model are considered: Indoor, Pedestrian and Vehicular. These environments were
chosen because they are the main scenarios that cellular mobile radios experience in
normal operation.

The Indoor environment model is characterized by having no Doppler frequency
shift, as the vel ocities concerned within the indoor environment are well below walk-
ing pace («4 miles per hour (MPH)), which produces either zero or anegligible shift
in frequency. Within this environment there is no direct line-of-sight path from trans-
mitter to receiver, so the signal propagates via many different paths asthe signals are
reflected, refracted or diffracted. Only six paths are simulated as the power contained
within the strongest six rays are deemed strong enough to be included; the rest are
very low power and thus will not affect the results appreciably. If they were included
they would just serve to slow the simulation down.

The Pedestrian environment model is characterized by having a small Doppler
frequency shift, as the velocities concerned within the pedestrian environment are
around walking pace (~4 MPH), which produces a small Doppler shift in frequency.
Within thisenvironment thereislimited/no direct line-of -sight path from transmitter to
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receiver, so the signal propagates viamany different paths as the signals are reflected,
refracted or diffracted. Only four paths are simulated as only the power contained
within the strongest four rays are deemed strong enough to be included; the rest are
very low power and thus will not affect the results appreciably.

The Vehicular environment model is characterized by having a larger Doppler
frequency shift as the velocities concerned within the vehicular environment are
reasonably large (=70 MPH), producing a larger Doppler shift in frequency. Within
this environment there is no direct line-of-sight path from transmitter to receiver, so
the signal propagates via many different paths as the signals are reflected, refracted
or diffracted. Only six paths are simulated as only the power contained within the
strongest six rays are deemed strong enough to be included; the rest are very low
power and thus will not affect the results appreciably.

A Doppler spectrum is given in (1.43), which is the classic spectrum for mobile
radio channels, and is used by Jakes[8] and Clarke [7]:

Fo L ] < fm
A £\ 2
S(f) = 1_ (_) , (1.43)

0 elsewhere

where Eg = energy constant. Although this channel is representative of the mobile
wireless channels, there are problems with this representation as the power spectral
density becomes infinite at fc £ fi,. In order to find a more redlistic (and useable)
representation, Aulin [11] described the following:

0 YV Ifl> fm
Eq 1
- Vv f <|f|<f
S(f) = 4sn B £ mCOSPm < | f| < m'
1 [ . 2002 Bm — 1 — (f/fm)?
f—m[E—arcsm 1 (/1) ] vV |f| < fmcoSBm

(1.44)

This claimed to be readlistic for small values of B, (angle of signal arrival) and
is particularly useful in providing analytic solutions. The problem with this model
is that there are sharp discontinuities at 48, which causes an unrealistic response.
Therefore a model is required which produces the classic Doppler shape for mobile
wireless channels but has no infinities or sharp discontinuities. Such a model was
proposed by Parsons [6], and the PDF of the angle of arrival pg (8) is given by:

T T ﬂ T
Ps (B) = i 4| Bl COS(E ' ﬁ_m) 1Bl < 1Bml < 5

0 elsewhere

(1.45)
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Figure 1.25 Doppler spectra of a mobile wireless access channel.

Using (1.45), the power spectral density can be expressed as:

() =FT[ 2 [ d@rtur cosps (8) 0. (146)

g

where FT isthe Fourier transform and Jg is the zero-order Bessel function of the first
kind.

Moreinformation on the origin of these equations can befoundin [7]. The Doppler
spectra of (1.43), (1.44) and (1.46) are shown in Figure 1.25.

1.5.8 Smulating the Fixed Broadband Wireless Access Channel Model

There are different SUI(Stanford University Interim) models presented in [13]. The
description of the SUI-3 model is explained here, and the model description and
parameters are given in Table 1.2. A three-tap model is described here to represent
the multipath scenario. Doppler PSD of fixed wireless is used to model the real
environment.

Figure 1.26 shows the delay profile of each tap. The magnitude of the channel
coefficients of all the taps, generated and plotted versus time, are shown below in
Figure 1.27.
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Table 1.2 SUI-3 channel parameters.

SUI-3 Channel

Tap 1 Tap 2 Tap 3 Units
Delay 0 0.5 1.0 uS
Power (Omni ant.) 0 -5 -10 dB
K Factor (Omni ant.) 1 0 0
Power (30° ant.) 0 -11 —-22 dB
K Factor (30° ant.) 3 0 0
Doppler 0.4 0.4 0.4 Hz
Antenna Correlation: peny = 0.4
Gain Reduction Factor: GRF = 3dB
Normalization Factor: Fomi = —1.5113dB, F3; = —0.3573dB

1.5.9 Smulating the UMTS Mobile Radio Channel

The parameters for three different UM TS mobile channel models based on the stan-
dards put forward by ETSI, which model an indoor, a pedestrian and a vehicular
environment, are given in this chapter. Tables 1.3-1.5 give therel ative delays between
taps and the average tap power for each scenario [14].

Simulation results evaluating the bit-error rate (BER) performance of QPSK mod-
ulation on the indoor, pedestrian and vehicular UM TS channels and BFWA channel
are presented in Figure 1.28.

Power Delay Profile for SUI-3 Channel
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Figure 1.26 Delay profile of SUI-3 channel model.
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Figure 1.27 Fading profile of SUI-3 channel model.

Table 1.3 Channel parameters for theindoor UM TS channel

model.
Tap Relative delay (ns) Average power (dB)
1 0 0
2 50 -3.0
3 110 —10.0
4 170 —18.0
5 290 —26.0
6 310 -320

Table 1.4 Channel parameters for the pedestrian UMTS channel

model.
Tap Relative delay (ns) Average power (dB)
1 0 0
2 110 -9.7
3 190 —19.2
4 410 —22.8
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Table 1.5 Channel parameters for the vehicular UMTS channel

model.

Tap Relative delay (ns) Average power (dB)
1 0 0

2 310 -1.0

3 710 -9.0

4 1090 —10.0

5 1730 —15.0

6 2510 —20.0

1.6 (Multiple-Input-Multiple-Output) (MIMO) Channel

The performance analysis of the WiIMAX system is extended from a SISO model to
the MIMO model. Let us consider a multi-antenna system with Nt transmit and Ng
receive antennas characterized by input/output in (1.47); the antenna configuration is
shown in Figure 1.29.

Nt )
n=1v"%

where xp(t) is the signa transmitted from the nth transmitted antenna, ym(t) is the
signal received at the mth receive antennaand hp, (t, 7) istheimpul se response of the
channel between the nth transmitted and mth receive antennas. The above equation

1.E+00

1.E-01 s f—E— R — R
—e— Indoor
1.E-02 - )
—m— Pedestrian
1E-03 1 —e— Vehicular
% —x— BFWA
[aa]
1.E-04 -
1.E-05 4
1.E-06 -
1.E-07 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24

SNR (dB)

Figure 1.28 BER performance of QPSK modulation on theindoor, pedestrian and vehicular and BFWA
channels.
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Figure 1.29 Genera MIMO channel with matrix H.

can be written in matrix form as follows:

y(t) =/ H(t, 1) x (t — 1) dr, (1.48)
where H(t, 7) isthe Ng x Ny channel matrix and is given as:
[ h]_]_ (t, ‘L’) h]_z (t, ‘L’) h13 (t, ‘E) ................... thT (t, 'E) ]
h21 (t, ‘L’) hzz (t, ‘L’) h23 (t, ‘E) ................... h2NT (t, ‘L')
H(t, T) _ h31 (t, ‘L') h32 (t, ‘L') h33 (t, ‘E) ................... h3NT (t, ‘[) ’ (1.49)
_hNRl(t,‘L') hNRz(t,‘E) hNRg(t,T) ................... hNRNT (t,‘L’)_

y(t) = [yi(t), y2(t), ..., Yng (t)] is the Ng size row vector containing the signals
received from Ng antennaand x(t) = [x1 (t), X2 (t) , ..., Xn; (t)] isthe Ny size row
vector containing signals transmitted from Nt antennas. The impulse response in the
case of the MIMO channel can be explained using the same criteria as in the SISO
case, but the distinguishing feature of MIMO systemsisthe spatial correlation among
the impul se response composed of H (t, 7).

The channel matrix H defines the input-output relations of the MIMO system
and is known as the channel transfer function. Let us consider the two-transmit and
two-receive antennae configuration, as shown in Figure 1.30. The system model
comprises two transmitting and two receiving antennae and the medium between
them is modelled as the MIM O channel.

The antenna correlations among the different paths are calculated and shown in
Table 1.6, showing small correlations between the paths of the same channel. Also
note that, for example, path 0 of channel A (AOQ) has correlation factor of 0.4 with
path 0 of channels B, C and D (i.e. BO, CO and D0). However, the same path 0 (A0)
has a much lower correlation between other paths of the channels B, C and D.

Similarly, examples of correlation tables for the indoor, pedestrian and vehicular
UMTS MIMO channels used in simulations are given in Tables 1.7-1.9.
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j/ Channel A \{

T,2 Channel D R.2

Figure 1.30 2 x 2 MIMO channel.

Table 1.6 Correlations between four paths, A, B, C and D, with subchannel paths 0, 1, 2 of a2 x 2
MIMO system.

A0

Al

A2

BO Bl B2 Co C1 Cc2 DO D1 D2

A0
Al
A2
BO
Bl
B2
Cco
C1
Cc2
DO
D1
D2

1
0.017
0.008
0.38
0.001
0.01
0.39
0.008
0.005
0.38
0.007
0.004

0.017

0.021
0.003
0.4
0.02
0.003
0.39
0.011
0.003
0.4
0.001

0.008 038 0013 0.011 039 0.008 0.005 038 0.007 0.004
0.021 0.003 04 002 0003 039 001 0.003 0.403 0.015

0.009 0.003 0398 0.012 0008 039 0.01 0.006 0.402

0.009 1 0.003 0.008 039 0.004 0.006 0.39 0.008 0.002
0.003 0.003 1 0015 0008 039 001 0.008 039 0.012
039 0.008 0015 1 0016 001 039 0.01 0.008 0.39
001 039 0.008 0016 1 0.002 0.008 0.4 0.009 0.0006
0.008 0.004 039 001 0.002 1 0.008 0.007 0.4 0.009
039 0006 001 039 0.008 0.008 1 0.009 0.007 0.401
001 039 0008 001 04 0.007 0.009 1 0.008 0.0039
0.006 0.008 039 0.008 0.009 0.4 0.007 0.008 1 0.012

04

0.002 0.01 039 0.006 0009 04 0.003 0.012 1

Table 1.7 Mean correlation val ues between each path of the indoor MIMO channel.

A B C D
A 1 0.006874 0.006467 0.006548
B 0.006874 1 0.005903 0.006568
C 0.006467 0.005903 1 0.006312
D 0.006548 0.006568 0.006312 1

Table 1.8 Mean correlation values between each path of the pedestrian MIMO channel.

A B C D
A 1 0.049111 0.054736 0.050264
B 0.049111 1 0.056464 0.057746
C 0.054736 0.056464 1 0.062907
D

0.050264 0.057746 0.062907 1
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Table 1.9 Mean correlation values between each path of the vehicular MIMO channel.

A B C D
A 1 0.057106 0.04603 0.052264
B 0.057106 1 0.040664 0.044029
C 0.04603 0.040664 1 0.061777
D 0.052264 0.044029 0.061777 1

In Chapter 7, the UMTS MIMO channels are used to evaluate the performance
of space-time ring-TCM codes. The simplest space-time code uses a delay diversity
code. Its performance on theindoor, pedestrian and vehicular MIMO channelsisgiven
in Figure 1.31.

1.7 Magnetic Storage Channel Modelling

Another application of error-correcting codes can be found in magnetic data storage
devices. Anerror-correcting schemein thissituation must be ableto correct long bursts
of errors and have an efficient decoding algorithm, minimizing latency, to ensure high
datarates. Inthis section we present asimple channel model for longitudinal magnetic
recording, amethod of writing datato amagnetic disc that is currently in use. Datais
written to the magnetic disc by magnetizing microscopic areas on the disc in one of

1.E+00
1.E-01 1 —a—Indoor
—m— Pedestrian

1E—02 ] —e— Vehicular
@
w
0

1.E-03 -

1.E-04 -

1.E_05 T T T T T Al T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
E,/No (dB)

Figure 1.31 Simulation results evaluating the performance of the delay diversity code on the indoor,
pedestrian and vehicular 2 x 2 MIMO channels.
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two directions, representing either a“1’ or a‘0’. The dataisrecovered by passing the
read head over the disc, which detects changes in the magnetic field corresponding
totransitionsfrom*0’ to*1" or ‘1’ to ‘0. Traditionally, datais written on the plane of
the magnetic disc; thisis known aslongitudinal recording. However, we have reached
the limits of storage capacity for this particular technique, and now data is written
perpendicular to the disc, known as perpendicular recording, which allows storage
capacity to be further increased. In this chapter, modelling a longitudinal magnetic
recording channel is explained, as thisis still the most common recording method
used for most hard drives.

1.7.1 Longitudinal Recording

A simplelinear channel model for alongitudinal magnetic recording system is given
in Figure 1.32 [15]. As stated previoudly, the read head measures the changes in
the direction of magnetization, and this can be modelled as a differentiator. The
differentiator with transfer function 1 — D, where D is a memory element, subtracts
the previous bit value from the current bit value.

The transition response for longitudinal magnetic recording can be modelled as a
Lorentzian pulse, given by [15]:

h(t) = (1.50)

1 (2 2
PW50
where PW50 is the pulse width of the Lorentzian pulse at half its peak value. Some
L orentzian pulses and the effect of varying PW50 are shown in Figure 1.33. It will be
shown that increasing PW50 increases the level of intersymbol interference (151).

A useful measure of IS is the recording linear density, denoted by Ds and given
by [15]:

_ PW50

DS - ) (1.51)
T
Electronics
Noise
{-1,0, 1}
0.1} To
] . Detector
Binary > 1-D Lorentzian |
Source Pulse
Differentiator ISI

Figure 1.32 Simple channel model for alongitudinal magnetic recording channel.
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Figure 1.33 Lorentzian pulses with varying values of PW50.

where 7 is the bit period. It gives the number of bits present within a time interval
egual to PW50. A higher value of Dg corresponds to a higher level of IS,

The response of a positive transition from ‘1’ to a‘0’ is called a dibit response,
expressed as.

d(t) = h(t) — h(t — 7). (1.52)

An example of a dibit response where the Lorentzian pulse has PW50 = 7 = 1
isgivenin Figure 1.34. A positive Lorentzian pulseisinitiated at t = 0 and isfollowed
by a negative Lorentzian pulse at t = 1. The sum of the two pulses gives the dibit
response. The peak value of the dibit response is 80% of the peak vaue of the
Lorentzian pulses since PW50 is wide enough that both pulses overlap. Increasing
PWS50 reduces the peak value of the dibit response further and thisillustrates how 1Sl
occursin alongitudinal magnetic recording channel.

1.7.2 (Partial Response Maximum Likelihood) (PRML) Detection

Partial response maximum likelihood (PRML) detection is a two-stage process con-
sisting of a transversal FIR filter concatenated with a Viterbi decoder (explained in
Chapter 7), as shown in Figure 1.35.

Theideaisto design a partial response (PR) equalizer with coefficients that shape
the frequency response of the channel output to a predetermined target response



46 INFORMATION, CHANNEL CAPACITY AND CHANNEL MODELLING

—e— Positive pulse

—a— Negative pulse

—-—- Dibit response

h(t)

-5 -45-4-35-3-25-2-15-1-050 05 1 15 2 25 3 35 4 45 5
t

Figure 1.34 A positive Lorentzian pulse at t = 0 followed by anegative Lorentzian pulseat t = 1, both
with PW50 = 1. The sum of the two pulses results in the dibit response.

[15, 16]. Itiswell known that frequency response of the channel output for longitudinal
recording with varying values of Dg matches closely with the frequency response of
the polynomial of the form:

G(D) = (1 - D)(1+ D)", (1.53)

where D isadelay element and nis a positive integer. For n = 1, 2 and 3 the polyno-
mials are known as PR4, EPR4 and E>PRA4 respectively. For example, alongitudinal
magnetic recording channel with Ds = 2 has a response that matches closely with the
response of G(D) = (1 —D)(1 + D) = 1 —D?, known as PR4. Given a binary input

i Recovered

Channel | . . . . :
ouput ——| PR Equaliser Viterbi Algorithm |———»Data

PRML Detector

Figure 1.35 Block diagram showing the two processes in PRML detection.
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Channel | F(D) ‘\Z‘k
error
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Figure 1.36 PR equalizer design criterion.

G(D)

ay, the output z, of the PR equalizer should closely match the output dy of the target
polynomial G(D), as shown in Figure 1.36 [16].

1.7.2.1 PR Equalizer Design

The PR equalizer polynomial F(D) and target polynomial G(D) are expressed as
vectors F and G respectively [16]:

F={—fk —fkyr--- fo-- fk_1 fk}, (1.54)
where K isapositiveinteger and +fi, i =0, 1, . . ., K, are the coefficients of F(D).
G={0o01---0L1}, (1.55)

where L isapositiveinteger and g, i =0, 1, ..., L — 1, are the coefficients of G(D).
Two further matricesR and T are defined as:

R={R j} = E{sc-i%-j}, —K <i,j =K, (1.56)

where E{} isthe expectation operator. R therefore contains autocorrel ation val ues of
the channel output:

T={Tj}=Ef{scia-j}, -K=<i<KO0<j=<L-1, (1.57)

T contains the cross correlation values of the channel output with the binary input.
The coefficients of F can then be determined by [16]:

F=RI!TG. (1.58)

After equalization the output should be similar to the desired output from G(D). A
diagram of the PR4 polynomial G(D) = 1 — D? isgiven in Figure 1.37.

» D —* D

Figure 1.37 The PR4 target.
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States

1 e ]

Bit Period, T Time

Figure 1.38 Trellisdiagram of the PR4 target polyomial.

Since it has two memory elements, this can be expressed as a trellis, as shown in
Figure 1.38, with four states and one input and one output for each branch.

The final part of PRML detection involves finding the maximum likelihood path
through the trellis corresponding to the original binary input ax. This can be achieved
by using the soft-decision Viterbi algorithm.

1.8 Conclusions

In this chapter, an introduction to information theory and channel modelling was
presented. In particular, the capacities of various channel models, such asthe AWGN
channel and SISO and MIMO fading channels modelling a fixed wireless access
channel and UMTS cellular channels were examined. Simulation results were also
presented, showing the performance of uncoded schemes on the FWA and UMTS
channelsfor both MIMO and SISO situations. Finally, descriptions of different chan-
nel models were presented, alowing the performance for many coding schemes in
wireless and magnetic storage channels to be evaluated by computer simulation.
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2

Basic Principles of Non-Binary
Codes

2.1 Introduction to Algebraic Concepts

Inthischapter, the basic mathematical concepts necessary for working with non-binary
error-correcting codes are presented. The elements of the non-binary codes described
in this book belong to a non-binary alphabet and so this chapter begins with a discus-
sion of the definition and properties of a Group, which will lead to an introduction to
Rings and Fields. Later in the book, knowledge of the properties of rings will be nec-
essary to understanding the design of ring trellis coded modulation (ring-TCM) codes
and ring block coded modulation (ring-BCM) codes. Similarly, a good understanding
of finite fields is needed to be able to construct and decode Bose, Ray-Chaudhuri,
Hocguenghem (BCH) codes, Reed—Solomon codes and Algebraic—Geometric codes.

2.1.1 Groups

A set contains any elements or objects with no conditions imposed on it and can
be either finite or infinite. The number of elements or objects in a set is called the
cardinality. There are two binary operations that can operate on a set: multiplication
‘" and addition ‘4. Certain conditions can be applied to the set under these binary
operations. The most common conditions are [1]:

o Commutativity: For two elementsa and b in the set, a-b = b-a under multiplication
or a+ b = b+ aunder addition.

e |dentity: For any element a in the set there is an identity element b such that
a-b = aunder multiplication or a + b = a under addition.

* Inverse: For any element a in the set its inverse a—! must also be in the set. This
obeysa-a—! = a~l.a= b (theidentity element).

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd
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» Associativity: For three elements a, b and c in the set, (a-b)-c = a-(b-c).
« Distributivity: For three elementsa, b and cin the set, a:(b + ¢) = (a-b) + (a-c).

A group is defined as a set with the multiplication operation. Multiplying any two
elements in the group must result in athird element that is aso in the group. Thisis
known as closure. A group also has the following conditions:

e associativity under multiplication,
e identity under multiplication,
* inverse.

The group is called a commutative or abelian group if it also has commutativity
under multiplication.

2.1.2 Rings

If the two binary operations‘+’ and ‘-’ are allowed then aring can be defined. A ring
must have the following conditions:

1. associativity,
2. distributivity,
3. commutativity under addition.

Theringiscalled acommutativering if it aso has commutativity under multiplice-
tion. If thering has amultiplicative identity 1 then it iscalled aring with identity. An
example of aring isthe ring of integers Zq under modulo-¢ addition and multiplica-
tion, where g isthe cardinality of the ring. For example, Z, is defined as {0, 1, 2, 3}.
It is easy to see that the elements obey the three definitions of aring. Also, al the
elements commute under multiplication and the multiplicative identity element 1 is
present, meaning that Z, isacommutative ring with identity. Tables 2.1 and 2.2 show
the addition and multiplication tables respectively of thering of integersZ g = {0, 1,
2,3,4,5,6,7}.

Table2.1 Addition tablefor Zg.
0 1 2 3

NoOoUhAWNRO|+
NoOUAWNEREO
ONOOU A WNE
RPO~NOUAWN
NP O~NODO UMW
WN R O~NOUO M| N
AwWNRO~NOOG| W
ORAWNRONOD | O
CUDNWNRERONIN
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Table2.2 Multiplication table for Zs.

0 1 2 3 4 5 6 7
0 0 0 0 0 0 0 0 0
1 0 1 2 3 4 5 6 7
2 0 2 4 6 0 2 4 6
3 0 3 6 1 4 7 2 5
4 0 4 0 4 0 4 0 4
5 0 5 2 7 4 1 6 3
6 0 6 4 2 0 6 4 2
7 0 7 6 5 4 3 2 1

2.1.3 Ring of Polynomials

The set of al polynomials with coefficients defined in Zq forms a ring under
the addition and multiplication operations. If we define two polynomias f(x) and
g(¥) as f(x) = fo+ fix + f2x2+ -+ fux¥ and g(X) = Qo + g1X + GoX? + - - - +
ogwX", wheref; and g; € Zq, v and w are the degrees of both polynomials respectively

with v < w, then the addition of both polynomialsis:

f(x)+g(x)=Z(fi +g)-x,

i
ij “0i—j EZq.
j=0

wheref; + g € Zqy.

Similarly, the product of the two polynomialsis:

fx)-gx)= > (Z f; -gj)
j=0

X' where Z

For example, if f(x) =14 2x + 3x? and g(x) = 3+ x + 2x? + x3 are defined in

Z4, then the sum of both polynomialsis:

f(X) +9(X) = (14 2% + 3x%) + (34 X + 2x* + x°)

=[A+3)+Q2+Dx+B+2x2+x3

= 3x + x® + x5

Similarly, the product of both polynomialsis:

f(x)-g(x) = (1+2x+3x) - B+ x +2x2+x3)

=(@Ax3)+(1Ax1+2x3)x+(1x2+2x1+3x3)x?
+(Ax14+2x24+3xD)x3+@Bx2+2x Hx*+ (3 x 1)x3

= 34+ 7x + 13x2 + 8x3 + 8x* + 3x3

=3+ 3x + x>+ 33
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Table2.3 Multiplication table of nonzero elementsin GF(5).

1 2 3 4
1 1 2 3 4
2 2 4 1 3
3 3 1 4 2
4 4 3 2 1

2.1.4 Fields

A field issimilar to aring as it aso uses both binary operations. It has the following
conditions:

1. Commutativity under addition,

2. Distributivity,

3. Commuitativity under multiplication when the additive identity element O is
removed,

4. ldentity,

5. Inverse.

An example of afield is the set of real numbers. The set of integersis not afield
since not all integers have amultiplicativeinverse. A finitefield has afinite number of
elements and is known as a Galois Field, written as GF(q), where g is the cardinality
of the field and is a prime number or a power of a prime greater than 1. To be a
finite field the elements {1, 2, 3, ..., g — 1} must form a group under multiplication
modul o-q.

For example, GF(5) = {0, 1, 2, 3, 4} is a finite field because the elements
{1, 2, 3,4} areagroup under modul o-q multiplication. The group has closure because
no two elements multiplied together give 0, which is not in the group, as shown in
Table 2.3.

However, let us say that the set {0, 1, 2, 3, 4, 5} defines the finite field GF(6). To
be afinitefield the elements {1, 2, 3, 4, 5} must form a group, but thisis not the case.
It can be seen in Table 2.4 that some elements produce a 0 when multiplied together,

Table2.4 Multiplication table of nonzero elementsin GF(6),
proving it is not afinite field.

1 2 3 4 5
1 1 2 3 4 5
2 2 4 0 2 4
3 3 0 3 0 3
4 4 2 0 4 2
5 5 4 3 2 1
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Table2.5 The order of each nonzero element in GF(5).

Element in GF(5) Order
1 1
2 4
3 4
4 2

which isnot in the set {1, 2, 3, 4, 5}, and this proves that GF(6) is not afinite field.
Hence, only setswith a prime or apower of aprime number of elements can be finite
fields.

Every element 8 in afinite field has an order, denoted as ord(8). The order of an
element is the number of times the element is multiplied by itself until the produce
equals 1, that is the value of m which gives g™ = 1. In afinite field GF(q) the order
of an element divides q — 1. For example, the order of the element 2 in GF(5) is4
because 2 x 2 x 2 x 2 = 2% = 1. The order of each element in GF(5) is shown in
Table 2.5.

It can be seen that all the elementsin GF(5) have an order which dividesq — 1 =
4. An element which has an order equal to q — 1 is called a primitive element.
Therefore, from Table 2.5, the elements 2 and 3 are primitive elementsin GF(5) since
they have an order of 4. This means that all the nonzero elementsin afinite field can
be expressed as powers of primitive elements. For example, in GF(5), 2 and 3 are the
primitive elements, meaning that all the nonzero elementsin GF(5) can be expressed
using powers of 2 or 3, as shown in Table 2.6.

Finite fields of the form GF(p™), wherepis primeand m > 0, are called extension
fields. They contain the elements {0, 1, &, @?, ..., @ pm—z}, where « is the primitive
element with order p™ — 1. This means that al the nonzero elementsin GF( p™) can

Table2.6 Using primitive elements to define all nonzero elements in GF(5).

Powers of primitive element 2 Element in GF(5)
2t 2
22 4
2 3
24 1
Powers of primitive element 3 Element in GF(5)
3t 3
32 4
3° 2
3 1
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be represented as powers of «. For example, GF(2?) = {0, 1, @, «?}. Each element in
GF(p™) can be expressed as an m-tupl e vector with elementsfrom GF( p) and addition
between elements is done modul o-p.

2.1.5 Primitive Polynomials

A class of polynomials called primitive polynomials are used to define GF(p™). An
irreducible polynomial f (x) of degree mdefined over GF( p) isprimitiveif the smallest
positive integer n for which f (x) dividesx" — 1isn = p™-1[2]. Asan example, take
the irreducible polynomial

Xt +x+1

andp=2.

This polynomial will be primitive if it divides x2'~* + 1 = x¥6-1 + 1 = x5 + 1,
as —1 = 1whenp = 2. It can be seen from Figure 2.1 that there is no remainder and
s0x* + x4 1 divides 1 + x*°. Similar calculations will show that x* 4 x 4+ 1 will not
divide x" + 1, 1 < n < 15, which meansthat x* 4+ x + 1 is aprimitive polynomial. If
aprimitive element « is the root of a primitive polynomia then a higher power of «

X+ xE+x” x5+ +x? Hx+l
x* +x+1>x15 +0xM +0x® +0x™ +0x™ +0x +0x° +0x® +0x” +0x® +0x> +0x* +0x® +0x* +0x +1

X15 XlZ + Xll
0 XlZ + Xll
X12 + X9 + X8
0 Xll +X9 + XS
Xll + X8 + X7
0 x*+ 0+ x’
x° +x0+ x°
0 X" +xt+ P
x’ + x4+ X3

0 +x%+ x°+ x*+ X°

x° + x*+ x°

0 +x°+ x*+0 + x?

x® + X2+ X
0 + x* + 0 +x+1
x* +x +1
0

Figure2.1 Long division showing that the primitive polynomial x* + x + 1 divides x> — 1.
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can be expressed as the sum of lower powers of «. For example, if o isaroot of x* +
X + 1, thisimpliesa?* + o + 1=00ra* = —a — 1. S0, a® = —a?— o, =—-0a3
—a? o’ = —a* — a® = (—a — 1) — «® and so on. In this way an extension field
GF(p™) can be defined with the elements expressed in the form o™ 1 + o™ 2 + . ..
a + 1, or equivalently an m-dimensional vector space over GF( p).

Example 2.1: Constructing the extension field GF(23): The extension field
GF(2%) can be constructed using the primitive polynomial f(x) = x3 + x + 1. If o
istheroot of f(x) then o® = « + 1. The elements of GF(23) are shown in Table 2.7.

Table2.7 Construction of GF(23).

Element expressed as the sum of Element expressed as 3-tuple
Element in GF(23) lower powers of « vector over GF(2)
0 0 000
1 1 001
o o 010
o? o? 100
o® a+1 011
ot a’ + o 110
ab e +a’=a+1+a? 111
ob a*+ot=c?+a+a+l=0?+1 101

To prove the field has closure, the element o’ can be expressed as «f. o =
@W+D)a=cP4+a=a+1+a=1thaise®@D =1wheecisa
nonnegative integer. Addition in GF(23) is accomplished by adding the vector rep-
resentation of the elements modulo-2. For example, o® + o® = (111) + (101) =
(010) = «. Multiplication is accomplished by taking the powers of the elements
and adding them modulo-7. For example, a*a® = «*+9Md7 — 42 The ad-
dition and multiplication tables for GF(2%) are shown in Tables 2.8 and 2.9,
respectively.

Table2.8 Addition table for GF(2%).

+ 0 1 o o? ol at a® b
0 0 1 o o? ol at a® b
1 1 0 o ob o a® at o?
o o o’ 0 at 1 a? o o®
o? o? ob ot 0 ob o o 1
o® o’ o 1 ob 0 ob o? ot
ot ot o® o? o ob 0 1 o?
o® o® ot ob of o? 1 0 o
ob ob o? ob 1 ot o? o 0
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Table2.9 Multiplication table for GF(23).

N
w
iN
(4]
<))

0 1 o o o o o o
0 0 0 0 0 0 0 0 0
1 0 1 o o? od ot o® ob
o 0 o a? o? ot a® ob 1
o? 0 o? o ot ob ob 1 o
os 0 os ot o® ob 1 o o?
ot 0 ot ab ob 1 o o? ol
ob 0 ob ob 1 o o? o? ot
ob 0 ob 1 o o? o? ot ob

Example 2.2: Constructing the extension field GF(3?): The extension field
GF(3?) can be constructed using the primitive polynomial f(x) = x2 — 2x — 1. If
the primitive element « isthe root of f(x) then o? = 2o + 1 and can be expressed
as a 2-dimensional vector space over GF(3), as shown in Table 2.10.

Table2.10 Construction of GF(3?).

Element in Element expressed as

GF(3?) Element expressed as the sum of lower powersof «  2-tuple vector over GF(3)

0 0 00

1 1 01

o o 10

o? 20 + 1 21

o® 202 +a=2Qo+ ) +a=4x+2+a=5x+2 22
=20 +2

ot 20% + 20 = 220 + 1) + 200 = 4o + 2 + 200 = 6 02
+2=2

od 200 20

ob 20° =220 + 1) =4a +2=a +2 12

a’ P+2e=20+1+20=4a+1=a+1 11

To add two elements together, their corresponding vectors are added modulo-3,
for example «* + o® = (02) + (12) = (11) = «’. To multiply two elements, their
powers are added modulo-8, for example «® + o7 = &+7mod8 — 5,

2.1.6 Minimal Polynomials and Cyclotomic Cosets

It was stated that a primitive polynomial defined in GF(2) was irreducible, implying
that it cannot be factorized, that isit hasno rootsin GF(2). However, that apolynomial
is irreducible in one finite field usually does not mean that it will be irreducible in
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other finitefields. By substituting each element of GF(8) into the primitive polynomial
x2 + x + 1it can be seen that this polynomial has three roots: X; = o, X, = «? and
X3 = a*. Thismeansthat x> 4+ x + 1 can be factorized to (x + a)(X + a?)(X + a?).

In general, given oneroot 8 € GF(2P), the remaining roots will be 82,i =1, 2, 3,
..., 2P~1 — 1 Theseroots are called the conjugates of 8 and the polynomial

M) = (x + BYX + BAX + B9 ... (x+ 77

is called the minimal polynomial [2] of 8, that is the degree of M(X) is minimal.
Therefore, the minimal polynomial of «, «? and a* in GF(8) is M(x) = X3+ x + 1,
whichisalso aprimitive polynomial. The minimal polynomialsfor the other elements
in GF(8) are calculated as follows.

For 8 = 0 the minimal polynomial isM(x) = x, and for 8 = 1, M(X) = x+ 1. The
conjugates for 8 = o2 are «® and ®. The minimal polynomial for o is then:

M(x) = (x + ®)(x + a®)(x + @°)
= [x* + (@® + a®)x + ] (x + °)
= (X% + a*x 4+ ?)(x + &)
=3+ (@ + oY+ (@®+aD)x +af
=x34+ x>+ 1

The powers of finite field elements associated with each minima polynomial
form cyclotomic cosets. The minimal polynomialsfor GF(8) and their corresponding
cyclotomic cosets are summarized in Table 2.11.

2.1.7 Subfields

Some elements within afinite field GF( p™) can also belong to a smaller finite field,
known as a subfield. These elements will have aminimal polynomial that matches a
known primitive polynomial that can define a smaller finite field. An example of a
subfield can be found in GF(16), defined by the primitive polynomial x* + x4+ 1. The
element «® has only one conjugate, namely «'°. The minimal polynomial for «® in

Table2.11 Elementsin GF(8) and their corresponding minimal polynomials.

Finite field element in GF(8) Minimal polynomial Cyclotomic coset
0 X —

1 X+1 {0}

a,a? ot X +x+1 {1,2,4}

a3, b, ob XC+x2+1 {3,6, 5}
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GF(16) istherefore:

M(X) = (X + &°)(x + &)
=X2+(a5+a10)x+a15
=X+ ((@®+a)+ (@ +a+1D)x+1
=x?+x+1

This minimal polynomial is known to be the primitive polynomial that defines
GF(4), and this implies that 8 = «® is a primitive element for the subfield GF(4)
within GF(16). This subfield then consists of the elements {0, 1, 8, g2} = {0, 1,
o®, a1},

More examples of subfields can be found in larger finite fields, such as GF(64),
defined by the primitive polynomial x® + x + 1. A list of minimal polynomials
for GF(64) and many others can be found in [1]. The element «?! has a minimal
polynomial of x? + x + 1, implying that it is the primitive element of the subfield
GF(4) with elements {0, 1, «?*, o*?}. Also, the element o® hasaminimal polynomial
of X3 + x? 4 1, implying that it is the primitive element of the subfield GF(8) with
elements {0, 1, 8, B2, B3, %, B°, ,86} ={0,1, a® o8, a3, o8 olf, a32}.

2.2 Algebraic Geometry Principles
2.2.1 Projective and Affine Space

The construction of AG codes requires a set of points that satisfy an irreducible
affine curve and a set of rational functions defined on the curve. Projective space is
(n + 1)-dimensional and elements in this space defined over some finite field are
called projective points, that is[3]:

(Clv 027 C37 D) Cn» Cn+1) )

wherec,i=0,1,...,n n+ 1, are elementsin some finite field.

Affine space is n-dimensional. Elements in this space defined over somefinitefield
are called affine points and are of the form [3] (cy, ¢y, C3, .. ., Cn, 1).

Finally, when points are of the form (cy, ¢, Cs, ..., Cy, 0), the space is called the
hyperplane at infinity [3]. All points in the hyperplane at infinity are called points at
infinity. For the construction of AG codeswe are interested in finding all affine points
and points at infinity that cause an irreducible smooth affine curve to vanish.

2.2.2 Projective and Affine Curves

A projective curve is an (n + 1)-dimensiona curve defined by projective points. It
is made up of n-dimensional affine curvesin the n + 1 different coordinate systems.
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For a 3-dimensional projective curve C(X, y, 2) there are three affine curves:
C(x,y,1),C(x,1,z)and C(1,y, 2.

Algebraic—geometric codes are constructed from irreducibl e affine smooth curves.
Anirreducible curve is a curve that cannot be expressed as the product of curves of
lower degrees. For example, the curve C(x, y) = x* 4 y? isnot irreducible over GF(2)
because:

X+ y)(x+Y)
=%+ xy+xy+y>) and xy+xy=0.
x4 y?

Similarly, the curve C(x, y) = x3 + y® isirreducible over GF(2) but isnot irreducible
over GF(3) because:

X+ )X+ Y)X+y)

= (X*+2xy + yA)(X +Y)

= X3 + X%y + 2x%y + 2xy? + xy? + y°.

=x343x?y+3xy’+y* and 3=0mod 3

=x3 4+ y3

A point on a curve is said to be nonsingular if all partial derivatives of the curve

do not vanish at this point. If al the points that satisfy the curve are nonsingular then
the curve is said to be nonsingular or smooth [4]. An important class of curve is the

Hermitian curve, which is defined over square finite fields GF(W?). The projective
Hermitian curveis:

C(x,y,2) = x4 yWz 4 yz¥. (2.1)
Thisis asmooth curve, and to prove it the three partial derivatives are calcul ated:
aC(x, VY, 2)
T\ 1DxW = xW
x (w + 1)x X
BC(X9 y’ Z) _ w—1 W W
5y =wy"rz4 2" =2,
aC(>;,Zy, 2) _ YW wyZh -t W

The only point that makes all three partia derivatives vanish is (0, 0, 0), but thisis
not a point in projective space, and so al the points are nonsingular and the curveis
smooth.

2.2.3 Finding Points on an Affine Curve

The projective points that satisfy the projective curve C(x, y, z2) = 0 are of the form
(a, B, 8), where «, 8, 6 are elementsin afinite field. For the construction of an AG
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code, only the affine points of theform («, 8, 1), that isz=1, and points at infinity of
theform («, 8, 0), that isz= 0, arerequired. To find al the affine points the projective
curve is broken down into its affine component curves. For each affine curve, the
affine points («, 8, 1) and the points at infinity («, 8, 0) that cause the curve to vanish
arekept. By using all the affine component curves more points can be found, resulting
in longer codes.

The affine form of the Hermitian curve from (2.1) in the (x — y) coordinate system
(withz=1)is:

C(x,y, 1) = x4y +y. (2.2)
Inthe (x — 2) coordinate system (withy = 1) itis:

C(x,1,2)=x"*"4z4 2", (2.3)
Inthe (y — 2) coordinate system (withx = 1) itis:

C(Ly,2=1+y"z+yz". (2.9)

The Hermitian curves are known to have w® + 1 points. For GF(2?), the Hermitian
curve will have 22 + 1 =8+ 1 = 9 points and is defined as:

C(x,y,2) = x>+ y?z+ yZ, (2.5)
with the affine curve in the (X — y) system defined as:
Cx,y) =x3+y?+y. (2.6)

Theaffine pointsthat satisfy C(x, y, 1) = O arefound by substituting all possibleval-
uesof xandy (withz= 1) in GF(2?), wherea? = « + 1, into (2.6). Thisisshown below:

C(0,0,1)=0*+0°+0=0

C0,1,1)=0+12+1=0

COu,1)=0C+a*+a=1+a=a?>#0
C(O,Otz,l)=03+ot6+ot2=1+a2=a;é0

C(1,01)=14+0°+0=1+#0
C(1,11)=1+12+1=1+#0
Clal=4+d’4a=1+1=0

C(lo®, ) =14+’ =14+a+a?=1+1=0

Cl,0,1)=0®+02+0=0a°=1+#£0
Cla,1,))=a®>+124+1=0a®=1+#0
Claa, )=+’ +a=1+1=0
Cla,0®, ) =c*+a*+a?=14+a+a’=14+1=0
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Table2.12 Eight projective points for the Hermitian curve in the (x — y) system.

P;=(0,0,1) P,=(0,1,1) P;=(1,a,1) P,=(1,0%1)
Ps = (o, a, 1) Ps = (o, o?, 1) P; = (a? a, 1) Pg = (?, a?, 1)

C@?0,1)=a®+0°+0=1+#£0

Cl@?1,1)=0®+12+1=0a%=1+#£0

C(az,oe,l)=a6+oz2+a=oe6+1=1+1=0.
Cl?a®D)=a®+a*+a?=a+a+e?=a®+1=14+1=0

Therefore, the affine points that satisfy C(x, y, 1) = 0 are given in Table 2.12.

We must also find the points of the other two affine curves, C(x, 1,2 = xX° + z
+ Zand C(1,y, 2 = 1 + y’z + yZ. There are eight projective points that satisfy
C(x, 1,2 = 0, asshown in Table 2.13.

However, P, is the only affine point, since it is of the form (x, y, 1), but it is also
in Table 2.12. There is also a point at infinity, P, = (0, 1, 0). Finaly, there are four
projective points that satisfy C(1, y, 2) = 0, as shown in Table 2.14. In this case, only
P, and P3 are affine points, since they are of the form (x, y, 1), and they are aso
present in Table 2.12. Therefore, the projective Hermitian curve in (2.5) has eight
affine points and one point at infinity, Q = (0, 1, 0).

All codes constructed from curves with one point at infinity are called one-point
AG or Goppa codes [4] and these are the most commonly used codesin the literature.
Elliptic and hyperdlliptic curves are other examples of curves that have one point at
infinity. An upper bound on the number of points N, including any points at infinity,
that satisfy a curve over afield GF(q) is the Hasse-Weil bound, defined as[3]:

IN[<(m—-1)(m-2),q+1+q, (2.7)

where mis the degree of the curve. Taking the Hermitian curve defined in (2.5) with
degreem = 3 and q = 4, the upper bound from (2.7) is:

IN|<(B-1)(3—2vV4+1+4
IN| < 0.

Table2.13 Eight projective points for the Hermitian curve in the (x — 2) system.

P;=(0,1,0) P,=(0,11) P:=(11 ) P,=(1,1,0a?
Ps = (o, 1, @) Ps = (a, 1, a?) P;=(? 1, a) Ps = (?, 1, a@?)

Table2.14 Four projective points for the Hermitian curve in the (y — 2) system.

Pi=(1a 1) P,=(1, 0, a? Ps= (1,02 1) Ps=(1, 02 )
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Therefore, the maximum number of pointsacurve can have with m= 3 and defined
over GF(22) isnine. For the Hermitian curve we have eight affine points and one point
at infinity, giving a total of nine points. Therefore, the Hermitian curves meet the
Hasse-Weil bound and are known as maximal curves. These curves are desirable
because they produce long codes. Other types of maximal curve include the elliptic
curves over certain finite fields. For example, the elliptic curve [3, 5]

CX,y)=x*+xX2+x+y*+y+1

isamaximal curve over GF(2%). It has degree m = 3 and from (2.7) it has 25 points.
Compare this to the Hermitian curve defined over GF(2%)

CX,y) =x>+y'+y,

which has m = 5 and from (2.7) has 65 points. We can see that codes from €lliptic
curves will be much shorter than codes constructed from Hermitian curves, however
they are still longer that Reed—Solomon codes, which are constructed from the affine
line

y=0

and have degree m = 1. For a finite field GF(q), the Hasse-Weil bound in (2.7)
simplifiesto:

INl=q+1,

so for GF(2%) the longest possible Reed—Solomon code is 16 4+ 1 = 17, which is
shorter than a code constructed from an elliptic curve. However, it will be seen later
that maximizing the degree of acurveis not the only design criterion for constructing
good AG codes.

2.2.4 Rational Functions on Curves

To construct the generator matrix of an AG code, a basis of rational functions on the
curve must first be defined. Each rational function is evaluated at each of the n affine
pointsto form arow of the generator matrix, where n is the block length of the code.
A rational function f(x, y, 2) is the quotient of two other functions, g(x, y, 2) and
h(x, y, 2), that both have the same degree, that is f (x, y, 2) = £%-%2. Defining aratio-
nal function onacurve changesitsbehaviour. For example, thefunction f (x, y) = y%l
defined over the cubic curve C(x, y) = x3 + y® + 1 =0 over GF(2?) can berewritten as:

=y +1
Y¥+1 (Y+D*+y+1)
X = = .
X2 NG

Xy +y+1
..y+1— X2
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The cubic curve has six points: P; = (0, 1), P> = (0, @), P3 = (0, «?), P4 = (1, 0),
Ps = (a, 0), Ps = (?, 0). In this case the function f(x, y) = %1 is defined for all
the points on the cubic curve except for P, = (0, 1), since f (0, 1) = =3

If the function was not defined on the curve it would have a zero of order 1 and a
pole of order 1 at this point. However, since it is on the curve the function evaluated
at (0, 1) gives:

yv+y+1
f(X»Y)ZT,

1°+14+1 1
fO,)=— -~ =2
0,1 7 0

which has no zeroes but has a pole of order 2 due to the x? in the denominator. The
order of afunction is denoted by v(f (X, y, 2)) and isthe sum of its zero order and pole
order. To construct an AG code, the basis of the rational functions must have a pole
at the points of infinity, but have no other poles at any of the affine points.

Example 2.3: Rational functions on the projective liney = 0: The points in
the (x, y, 1) system are of the form (o', 0, 1) for afinite field GF(q), where &' is
a primitive element, so there are q points in this system. In the (x, 1, 2) system
there are no points because y = 0. In the (1, y, 2) system the points are of the
form (1, 0, «'), but only (1, 0, 1) is of the form («, 8, 1). In this system there is
also the point (1, 0, 0), which is in the hyperplane at infinity (since z = 0) and
so isapoint at infinity. Therefore there are q affine points and 1 point at infinity.
Next, a sequence of rational functions on the projective line that have a pole only
a the point of infinity Q = (1, 0, 0) must be found. The sequence of rational
functions {’Z‘—i'}, i > 0, has a pole of order i a Q but has no poles at any of the
affine points because z = 1. From this example, we can see that the number of
points on the projective line cannot exceed the cardinality of the finite field the
line is defined over. The codes constructed from the line y = 0 are actually the
well-known Reed—Solomon codes described in Chapter 3, which can be viewed
as the simplest type of algebraic—geometric code. The small number of points on
the projective line is the reason why Reed—Solomon codes only have short code
lengths — no greater than the size of the finite field.

Example 2.4: Rational functions on the Her mitian curve: It iswell known that
a sequence of rational functions on the projective Hermitian curve in (2.1) can be
formed from % and £ [3]. Theterm % can be rewritten as:

XL = yWz 4y

x_yW+yzW‘1»
z X
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which has an order of w at the point at infinity Q = (0, 1, 0). Similarly, theterm %
can be rewritten as:

XW+1 — yWZ + yZW

e
1 YWyt
E XW+1
y yw+l + yZZw—l
E - XW+1

which has an order of w + 1 at the point at infinity Q = (0, 1, 0). Therefore,

for the Hermitian curve defined over GF(2?) in (2.3) with r = 2, v (%) = 2 and
v (£) = 3, other rational functions on the curve are formed by combining the
products of dlfferent powers of 2 and y and adding their orders together. For
example, 2 - 2 = 22 hasanorderof2+2_4 X. % =2 hasan order of 2 +
3=51 75;’ =% hasanorderof3+3 6 and so on.

In general the rational function %% ,H on the Hermitian curve has an order of [3]:

x'yl

v(zl—fj> —iw+ j(w+ 1). 2.8)

This sequence of rational functions is denoted by L(G), where G isadivisor on
the curve. A divisor of acurve assigns an integer value to every point of the curve.
An AG code is defined by two divisors, D and G. The divisor D assigns the value
D(P) = 1to every affine point and is the sum of all the affine points[3, 4]:

D=) D(R)R =) P. (29)
i=1 i=1

Thesum """, D(P) iscalled the degree of divisor D, d(D).

Similarly, the divisor G assigns an integer value G(Q) to each point at infinity
Q and is defined as the sum of al points at infinity. For curves with one point at
infinity, the divisor G is just the point at infinity multiplied by the degree of G,
d(G).

G=) G(Q)Q =d(G)Q (2.10)
i
The space L(G) contains rational functions of order up to d(G). Continuing the
example above, if G = 7Q with d(G) = 7 then:

Xy x% xy y? x3 x%
L(7Q) = { R R 23}.
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Notice that the order of > X is 6, which isthe same as the order of zz In thiscase
al functions with a power of X greater than or equal to 3 are removed to avoid
functionswith the same order. Alternatively, all functionswith a power of y greater

than 1 can be removed. Therefore, there are seven rational functionsin L(G):

2 2 2
L(G):{l,i,X,X_,ﬁ Y ﬂ}

2.2.5 Riemann—Roch Theorem

The Riemann—Roch theorem can be used to cal culate the number of rational functions
in L(G) with order up to and including d(G), and hence to determine the dimension
and minimum distance of the code. The number of rational functionsin L(G) iscalled
the dimension of G, I(G). The theorem states that there exists a nonnegative integer y
such that [3, 4]:

[(G)—d(G)=1-vy, (2.12)
provided that d(G) > 2y — 2.
The nonnegative integer y is caled the genus and isdefined as [ 3, 4]:
_ (m-1)(m-2)
= > ,
where misthe degree of the curve, and plays an important part in the size of the code
parameters.

(2.12)

Example 2.5: The number of rational functions on the Hermitian curve with
pole order less than or equal to 21 at the point at infinity Q = (0, 1, 0): The
rational function % has an order of w = 4, and ¥ has an order of w + 1 = 5.
Therefore, the sequence of functions of order up to and including 21 is:

xyx xy y? x3 x%y xy? y® x* x3y x?y? xy® y* x%y
L=\ 22 2 2 T R R A P A A B

All functions with a power of X greater than 4 have been removed to avoid
duplicate orders, so thereis no % in L(G) asiits order is the same as v( 7). The
orders of these functions are:

{1,4,5,8,9, 10, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21}

and there are 16 functions in L(G). These numbers are also known as nongaps.
Also, the orders 0, 2, 3, 6, 7 and 11 are not present, and these are known as gaps.
The number of gapsisequal to y.
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The degree of the Hermitian curve is m = 5 and, from (2.12), the genus is
y = 6and d(G) = 21. Next, 2y — 2 = 10, whichislessthan d(G), so applying the
Riemman—Roch theorem in (2.11) gives:

(G)=d(G)+1—y
=214+1-6 S
=16

which is equal to the number of functionsin L(G).

2.2.6 The Zero Order of a Monomial

We can define a set Z of monomials vy, (X, y) with a zero of order u at an affine
point P; as[6]:

Vo u(X, Y) = Ypoatwans (X, ¥) = (X=X Y — i) — X" (x —x)]°,  (2.13)

where A, § e N, 0 < A <wandé > 0. To evaluate the zero order, v/, o is divided
by (x — x;) until a unit has been obtained. The zero order is equal to the number of
divisions.

Example 2.6: Determining the zero order of a monomial at the affine point
(1, @) on theHermitian curve: Thefirst eight monomialswith respect to the point
pi = (X, Vi) = (1, o) from (2.13) are determined by:

Vpu(X, V) = Yawasax, y) = (x = DMy — a) — 1°(x - 1)),

wherew=2and0 < 1 < 2.

Therefore:
YpoX Y) =X —D[(y —a) = 13(x —1)] =1
V(X Y) =X =Dy —a) - 1*3(x - D]°=1+x
Yp 20X, y) = (X — DA[(y — ) — 13(x — 1)]° = 1 4 x?
Ypa ) =X -D(y—a) - Px D' =y+a+x+1l=0a’+x+y
Yp.a(X, Y) = (X = DIy —a) = 13X — D' = (x + (Y + o + x + 1)
=’ 4+ ax+y+ x>+ Xy
Yp (X, Y) =X — DAy —a) = 2(x = D' = (P + 1)(y + o + X + 1)

— 02+ X + a2x2 + y2 + x2y

Vs Y) =X =1y —a) - P(Xx - D’ =(Y+a+Xx+1)2=a+x*+y?

Vo706 Y) = (X — Dy — @) — 12(x — D] = (X + 1)(Y + & + X + 1)?
:a+ax+y+X2+Xy2.
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To evaluate afunction’s zero order at an affine point of the Hermitian curve xV+1
+ YW 4+ y =0, itisimportant to have the following egquation associated with the
curve [6]:

Y=Y (= x)" A+ xi(x — X))V

X x o) (2.14)

where e(y) = (y — yi)" ' + 1. Notice that e(y;) = (yi —=y)" * +1=1.
It can beseenthat Yy 3(X, y) = (Y —a) —(x—1) ande(y) =(y — o) + 1L
Initialize yOQ(x, y) = ¥p 3(X, y) = (Y — &) — (X — 1).
Thefirst division:

Yy O(x, y) = vOx, y) S A (X—1)2+(x_1)+1_1

x—1 x-1 N e(y)
=P+ (x—D+1-(y—a)—1
B e(y)

= (x — De(y) "t + (y — e)e(y) "t + (x — D?e(y) .

WehaveyP(p)=(1—-1) -1+ (¢ —a)-1+(1—-1)>%-1=0.
The second division:
® Cw
Oy = LI gt Y= eyt (x mety)
=e(y) " —[(x = 1?+ (x — 1) + Le(y) >+ (x — De(y)
=(e(y) ™ —ey) ) - (x - D(e(y) - e(y) ) — (x — D?%e(y) >

Wehave y@(p)=(1-1)-(1-1)-(1-1)-(1-1)2-1=0.
The third division:

@ 1 af-2
yO y = LU 2 ()2 ey) ) (x myery)
__&y-1 _ -2 _ -1y _ (y — -2
= x= De(y? (e(y) e(y) ™) — (x — De(y) %
y i

oY) 7 — (ey) 2 — e(y) ™) — (x — De(y)

=[(x = )*+ (x — 1) + Le(y) > — (e(y) > — e(y) ) — (x — De(y)
= (e(Y)° —e(y) 2 +e(y) ) + (x — D(e(y)
—e(y) %) + (x — 1’e(y) .

Wehavey®(p)=1-14+D+(1-1) - 1-D)+(1—-12?-1=1+#0.
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There are 3 divisionsin order obtain a unit. Therefore, the zero order of v, 3 at
piis3as Vp (g .3) = 3. ¥p.3 Can also be written as: ¥, 3 = (X — 1)3[(e(y) 3 —
e(y) 2+ e(y) ™) + (x — 1)(e(y) 2 — e(y) ) + (x — D*e(y) .

2.2.7 AG Code Parameters

There are two types of AG code: Functional Goppa codes, C, , and Residue Goppa
codes, Cq, which are the dual of functional Goppa codes. In both cases the block
length is the number of affine points, n.

For functional Goppa codes the message length is the number of rational functions
in the divisor L( G), as given by the Reimann—Roch theorem [3, 4]:

k=1(G)=d(G)+1—y. (2.15)

An accurate value of the Hamming distance of AG codes cannot always be cal cu-
lated, so alower bound called the designed minimumdistanced” is used. The genus of
the curve plays an important role in determining the distance of the code. The optimal
Hamming distance occurs when the Singleton bound is met [1, 2]:

d=n—-k+1 (2.16)
However, for AG codes the genus of the curve penalizes the minimum distance [4]:
d=n—-k—-y+1 (2.17)

In this case alarge genus will reduce the designed minimum distance of the code,
but long codes such as the Hermitian codes have alarge genus. Reed—Solomon codes
are constructed from an affine line, which has degree of one and agenus equal to zero.
Therefore they do not suffer any genus penalty and have optimal Hamming distances.

By substituting (2.15) into (2.16) the designed minimum distance of the codeis[4]:

d*=n—-W(G)+1-y)—y+1
—n—d(G) . (2.18)
For residue Goppa codes the message length k of the code is simply the code length
minus the message length of the functional Goppa codes, that is [4]:

k=n—1(G)=n—d(G)—1+y. (2.19)

Substituting (2.19) into (2.17) gives the designed minimum distance of the residue
Goppa code [4]:

d*=n-(nN-dG)—-1+y)—y+1

_d(G)—2y +2 (2.20)
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2.3 Conclusions

This chapter has presented some of the more important mathematical concepts as-
sociated with non-binary error-correcting codes, explaining groups, rings and fields,
minimal polynomials and cyclotomic cosets, and introducing algebraic geometry.
These are all important tools for the design of binary and non-binary error-correcting
codes and will be used often in the remaining chapters of this book.

Most of this chapter was dedicated to the principles of algebraic geometry since
the construction and decoding of algebraic—geometric codes is more mathematically
intensive than the other non-binary coding schemes covered in this book.
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3

Non-Binary Block Codes

3.1 Introduction

The two previous chapters have covered the necessary mathematics to enable the
reader to understand the theory of error-correcting codes. From now on, this chapter
and succeeding chapters will present the different types and classes of binary and
non-binary error-correcting code, focusing on their design, construction and decoding
algorithms. In this chapter, we first introduce binary block codes, beginning with the
Hamming code, one of the first block codes presented in 1953 by Hamming [1]. It
will be seen that this coding scheme is not suitable for practical applications, but
these codes are simple enough to demonstrate encoding and decoding block codes.
Following this, a very important type of block code known as the cyclic code is
presented. The cyclic code has improved error-correction and its encoder can be
simply implemented using shift registers. The first important class of cyclic code is
the Bose—Chaudhuri—Hocquengem (BCH) code [2, 3]. We describe the construction
of binary BCH codes and then move on to the construction of non-binary BCH codes
defined over finitefields. Thiswill lead to the most important and commonly used class
of non-binary BCH code, called the Reed—Solomon code [4]. Two different decoding
algorithms are given to decode non-binary BCH codes: Euclid’'s algorithm [5] and
the Berlekamp—Massey algorithm [6, 7].

We then explain the concept of coded modulation presented by Ungerboeck [8],
whereby the encoding and modulation processes are treated as a single entity and the
constellation set is increased to compensate for the redundancy in a code word, thus
keeping the data rate constant without requiring the bandwidth use to be expanded.
Block Coded Modulation (BCM) employs simple block codes and maps the symbols
of the code word to an expanded constellation set, while at the same time maximizing
the Euclidean distance between adjacent symbols. Binary BCM codes are introduced,
covering their encoding procedure and their decoding by constructing the trellis
diagram of the BCM codes and using the well-known Viterbi algorithm [9] to recover
the original message. This work is then extended to non-binary BCM codes and we

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd



74 NON-BINARY BLOCK CODES

demonstrate that the performance can be improved with only a small increase in
complexity.

The chapter finishes by discussing the applications of non-binary block codes
related to wireless communications, such as a cellular environment and fixed and
wireless broadband access (WiMax), and to magnetic and optical data storage.

3.2 Fundamentals of Block Codes

In any error-correcting coding scheme anumber of redundant bits must beincluded in
theoriginal messagein order for it to be possibleto recover that message at thereceiver.
In general, these redundant bits are determined by algebraic methods. All block codes
are defined by their code word length n, their message length (or dimension) k and
their minimum Hamming distance d (described later). When referring to ablock code,
itiswritten asa(n, k, d) block code.

One of the simplest types of block code is the parity check code, where for each
binary message an extra bit, known as a parity check bit, is appended to the message
to ensure that each code word has an even number of 1s. In this case the message is
k bits in length and therefore the code word length n = k + 1. For example, if k =3
then the code word length isn = 4 and the codeis:

000 — 0000
001 — 0011
010 — 0101
011 — 0110.
100 — 1001
101 — 1010
110 — 1100
111 — 1111

It can be seen that if asingle error is added to any of the code words it will result
in an odd number of 1sin the received word and will be detected. Unfortunately, the
code will not know the location of the error in the received word. Hence, parity check
codes can only detect one error and can correct none. To obtain the parity check bit,
one ssimply adds the three message bits modulo-2. If the message bits are denoted as
up, Uz and uz and the parity check bit is denoted as p; then the parity check equation
for the (4, 3) parity check codeis:

P1= U1 @ U2 D U3. (3.1

A simple encoder for thisisillustrated in Figure 3.1.

The number of errors that a block code can detect and correct is determined by its
minimum Hamming distance d. This is defined as the minimum number of places
where any two codewordsdiffer. For example, by observation the minimum Hamming
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Figure3.1 A simpleencoder for the (4, 3) parity check code.

distance of the above parity check codeisd = 2. Hence, if any two bits of acodeword
are flipped this will result in another valid code word, that is if two errors occurred
they would not be detected. In general, the number of errorsv that can be detected for
ablock codeis:

v=d-1 3.2

The error detection and correction of ablock code can be improved by increasing
the number of parity check bits or equivalently increasing the number of parity check
equations. For example, take the following three parity check equations:

P1=U1 S U3 B Uy
P2 = Uy & Uy @ Us.
Ps = U@ U3 @ Uyg (3.3
Each parity check bit in (3.3) is independent in order to ensure the minimum
Hamming distance is maximized. The corresponding encoder is given in Figure 3.2.
Thisisoneof thefirst block codesknown as Hamming codes. These havethefollowing
properties:
Codeword lengthn = 2™ — 1
Messagelengthk =2™ —m—1
Minimum Hamming distanced = 3,

where m > 3 and is a positive integer.

U,

U U,

Py | P2 | P3

Figure3.2 Encoder for the parity check equations of (3.3).
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A list of the code words for the (7, 4, 3) Hamming code is shown below, with the
parity bits highlighted:

0000 — 0000000
0001 — 0001101
0010 — 0010111
0011 — 0011010
0100 — 0100011
0101 — 0101110
0110 — 0110100
0111 — 0111001
1000 — 1000110
1001 — 1001011
1010 — 1010001.
1011 — 1011100
1100 — 1100101
1101 — 1101000
1110 — 1110010
1111 — 1111111

From (3.2), the Hamming code can detect two errors, improving on the parity check
code. However, we do not know how many errors this code can correct. We know that
changing a code word in d positions can result in another valid code word. Each code
word can be interpreted as the centre of acircle of a certain radiust that contains all
other vectors that differ from the code word in t places or less. Therefore, if t = d
then two neighbouring code words will overlap, as shown in Figure 3.3. If t = d/2
then the two circleswill meet at their circumferences. Thisimpliesthat for t < d/2 the
circlewill contain unique n-dimensional vectorsthat do not occur in any other circle.
Hence, if the received word matches any of these vectors we know that it can only be
one code word. So the number of errorst that a block code can correct up tois:

d d-1
t < LEJ o t< LTJ (3.4)

where | | is the floor function and any value inside is rounded down to the nearest
integer. This isimportant for the situation where d is even and the number of errors
that can be corrected would not be an integer. Since the Hamming code hasaminimum
Hamming distance d = 3 it can correct one error.
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Figure 3.3 Representation of two code words that differ in d places. Any vector that differs from a
code word in less than d/2 placesis unique and can therefore be corrected.

3.2.1 Generator and Parity Check Matrices

The encoders of Figures 3.1 and 3.2 can be represented as a (k x n) matrix for
convenience. Each column in the matrix corresponds to the connections from the
message and the code word, that is a connection is denoted by a 1 and no connection
by a0. For example, the matrix for the parity check code iswritten as:

T
Il
cor
or o
=X
el

Taking thefirst column, thereisonly one connection in Figure 3.1 between the first
element of the code vector and the first element of the message vector, and this is
denoted as 1. There are no connections between the first elements of the code vector
and the second and third el ementsin the message vector so these are both denoted asO.
Similarly, for the last column there are connections between the final element of the
code vector and all three elements of the message vector so this column contains al
1s. Multiplying a 3-bit message by thismatrix will generate acodeword, so the matrix
is called a generator matrix, denoted as G. The generator matrix of the Hamming
code encoder in Figure 3.2 is:

(3.5)

oNeoNoeN
cNeoN o]
O, OO
O OO
PR OR
OR Rk
PR RO

It can be seen from (3.5) that every code word can be obtained by adding
different combinations of the rows in G. For example, encoding the message
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u=1[1111]gives

c=u-G=1-[1000110]®1-[0100011]®1-[0010111]®
1.[0001101]=[1111111].

A second important matrix in error-correction coding is the parity check matrix,
denoted by H. It has the property that any row in H is orthogonal to the rows of G,
that is the inner product of arow in G and arow in H will be zero. Thisisimportant
as it allows us to validate any code word in a block code since multiplying a code
word by H should give an al-zero vector, indicating that the code word is valid, as
given by [10]:

H-c' =0, (3.6)

where c' is the transpose of a code word and 0 is the (n — k) x 1 column vector
containing all zeros. It can be seen that G is of the form:

G = [Ik|P], (3.7

wherelisthek x kidentity matrix and P isaparity matrix. Thisiscalled asystematic
generator matrix and generates a code word which contains the original message with
parity bits appended to it. The (n—Kk) x n systematic parity check matrix isrelated to
G by:

H=[P"lh], (3.8)
wherePT isthetransposeof Pand | ,,_y isthe(n—k) x (n—Kk) identity matrix. Theparity

check matrix of the (4, 3, 2) parity check code is, by (3.8), smply H =[1111].
Similarly, the parity check matrix for the (7, 4, 3) Hamming codeiis:

0
0. (3.9)
1}

As an example, multiplying H by the transpose of the code word c=
[1000110] resultsin:

O Rk
B RO
e
==
cor
or o
==

OrProoor
Il
1
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3.2.2 Decoding Block Codes

Aswell as validating code words, the parity check matrix can also be used to decode
areceived word containing errors. It has been seen that multiplying the parity check
matrix by any code word resultsin an all-zero column vector. Therefore, if the parity
check matrix is multiplied by a received word containing errors, the column vector
will contain nonzero elements. These values are known as syndromes and the column
vector is asyndrome vector, s[10].

s=H-r', (3.10)

wherer isthe received vector defined asr = ¢ + eand eisan error vector. Therefore,
(3.10) can be written as:

s=H-(c+& " =H-c"+H.e' =H.¢". (3.11)

We can see that the syndromes are only dependent on the error pattern. The
(7, 4, 3) Hamming code can correct a single error and so there are seven possible
error patterns:

[1000000],[0100000],[0010000],
[0001000],[0000100],[0000010]
and [0000001].
Multiplying H by the transpose of each of these error patterns gives the seven
unique syndrome vectors.
Now suppose the code word ¢=[1000110] has been transmitted and the

received vectorr = [1100110] hasasingle error in its second position as high-
lighted. From (3.10) the syndrome vector is:

PR o
e e
R o
oo
or o
N eNe

oORr R

ORrRFPOORE
Il
—

L ooking up thissyndrome vector in Table 3.1 showsthat the associated error pattern
ise= [0 10000 0]. Therefore, adding this error pattern to the received word gives
the decoded code word €:

1100110
@ 0100000 .
1000110
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Table3.1 Error patterns and their associated syndrome
vectors for the (7, 4, 3) Hamming code.

Error pattern e Syndrome vector s
1000000 110
0100000 011
0010000 111
0001000 101
0000100 100
0000010 010
0000001 001

However, for block codesthat can correct more than one error this method becomes
prohibitive.

3.3 Cyclic Codes

A cyclic code is a block code which has the property that for any code word, a
cyclic shift of this code word results in another code word [11]. Cyclic codes have
the advantage that simple encoders can be constructed using shift registers, and low-
complexity decoding algorithms exist to decode them. A cyclic code is constructed
by first choosing a generator polynomial g(x) and multiplying this by a message
polynomial m(x) to generate a code word polynomial c(x).

3.3.1 Polynomials

There are two conventions for representing polynomials. A polynomial f(x) can be
of the form fg + fix + fox2 +---f.x", where f; € GF(@) andi = 0, 1,..., n. In
this case the corresponding vector would be [fo 1 f5 ... f,]. Alternatively, f(X) can
be of the form f,x" + f,_1x""1 4+ ... + fq and the corresponding vector is[f, f,_1
fa_2... fg]. Both conventions are acceptable but in this book the latter representation
is chosen. So for the vector [1 1 0 1] the polynomial would be x® + x? + 1.

The (7, 4, 3) Hamming code is actually also a cyclic code and can be constructed
using the generator polynomial g(x) = x% + x? + 1.

For example, to encode the binary message 1010 we first write it as the message
polynomial m(x) = x3 + x and then multiply it with g(x):

c(x) = m(x)g(x)
=0+ X)C+x%+1)
=X+ X+ 3+ x + X3+ x.
=x8+x°+ x* +x
This code word polynomial correspondsto 111001 0. The completelist of code
wordsis shown in Table 3.2.



CYCLIC CODES 81

Table3.2 Codewordsfor the (7, 4, 3) cyclic Hamming code.

Binary Message Code word Binary

message polynomia m(x) polynomial c(x) code word
0000 0 0 0000000
0001 1 X+ +1 0001101
0010 X X+ X3 4 x 0011010
0011 X+1 XX+ x+1 0010111
0100 X2 o4+ x 4+ %2 0110100
0101 X+ 1 ¥+t +x3+1 0111001
0110 X2 4+ X XS+ +x 0101110
0111 X+x+1 XHx+1 0100011
1000 x3 X8 4+ x5 + 3 1101000
1001 xX+1 X +1 1100101
1010 X3 4 X X438+ X+ x 1110010
1011 X+ x+1 W+ x4+ 3 +x+x+1 1111111
1100 X3 4 X2 X4 x4+ 1011100
1101 X+xe4+1 XExt4+1 1010001
1110 X4+ X2+ x X+ X2 4+ x 1000110
1111 X+ +x+1 X4 +x4+1 1001011

Taking a code word from Table 3.2 and shifting each element results in another
code word. For example, the code word 0110100 shifted one place to the left gives
the vector 1101000, which is another valid code word in Table 3.2.

Multiplying a message polynomial by the generator polynomial is equivalent to
multiplying the binary message by a generator matrix G where each row containsthe
coefficients of g(x) shifted one place to the right with respect to the previous row.

For the (7, 4) cyclic Hamming code the generator matrix would be:

0 0

O OO
OOkr Pk
OrrFrOo
=k~ O
OoOrr OO

1 0
0 0
1 1

Multiplying the messagem = [1 0 1 0] by G gives the code word:

1101000
0110100

[1010]|g 51 1 0 1 of/=[1110010],
0001101

which matches the code word in Table 3.2.

It can be seen that the code words of the cyclic code are nonsystematic and so
recovering messages is more difficult. One method would be to divide the code word
polynomial by the generator polynomial to obtain the message polynomial, but this
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is an unfeasible method for larger cyclic codes. However, it is desirable for the code
word to bein systematic form so that it is simpler to recover the transmitted message.

3.3.2 Systematic Cyclic Codes

A systematic cyclic code word is made up of two polynomials: amessage polynomial
m(x) and a parity polynomial p(x), where the degree of p(x) islessthan (n — k). The
message polynomial is of the form:

m(x) = mxX 4+ me_ixK 4 - 4 max + mo,
where k is the message length. It isfirst multiplied by X", resulting in:
n—k

X"*Km(x) = muxX™ 4+ M_aX™ L+ - My X mnex

It isthen divided by the generator polynomial g(x), giving [10]:

x"¥m(x) P(x)
a0~ 97 4
quotient re}?aizn—(;er , (3 12)
x"*m(x) + p(x) — q(%)

g(x)

where q(x) is a quotient polynomial. From (3.12) it can be seen that the term
x"~*m(x) + p(X) isavalid code word polynomial sinceit is afactor of g(x).

Example 3.1: Generating a systematic code word using the (7, 4, 3) cyclic
Hamming code: First multiply m(x) by x"—k = x3:

x3m(x) = x84+ x%.

Now divide this by the generator polynomia g(x) = x® 4+ x? + 1:

x3+x2+1
X3+ x2+1)x8 + x4
x5 + x° + X8
X5 4 x4+ x3
x° + x* + x?
X3 + x2
x3+x24+1

1
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0 2 3 n—k—2 n—k-1 n—k
X X X X X X X
Switch 1
g0 gl g2 g3 gn—k—2 g n—k-1

~ D NP, D Jjé

Input message symbol sequence Switch 2

Figure3.4 A genera systematic cyclic code encoder.

In this case the quotient is q(x) = x> + x? + 1 and the remainder of parity
polynomial isp(x) = 1. Hence the systematic code word polynomial ¢(x) = m(x) +
p(x) = x° + x* + x? + 1 and the codewordisc=[1010001].

This operation can be achieved using an (n — k)-stage shift register, as shown
in Figure 3.4. Initially, the shift register isinitialized to zero and each one of the
k input bits is fed into the (n — k)-stage shift register. At the same time switch
2 ensures that the output also has those k input bits. After the final bit is fed in,
switch 1 isopen and switch 2 moves to its second position, emptying the contents
of the shift registers, which are the redundant parity bits. An example of the (7, 4, 3)
cyclic Hamming code systematic encoder isshown in Figure 3.5. Thisisa(n—k) =
7 — 4 = 3-stage shift register in which each delay element corresponds to a power
of x in the parity polynomial p(x).

1 X X2 X3
O¢—O
Switch 1
1 0 1 Feedback
Input message symbol sequence 2 o

Figure3.5 The systematic encoder for the (7, 4, 3) cyclic Hamming code.




84 NON-BINARY BLOCK CODES

Table3.3 Contents of the shift register for each cyclein the
systematic encoder.

Shift register contents
Input Feedback 1 X X2
1 1 1 0 1
0 1 1 1 1
1 0 0 1 1
0 1 1 0 0

If the input messageism = [1 0 1 0] then Table 3.3 shows the contents of the
shift register at each cyclein the systematic encoder.

The contents of the shift register for the final information bit show that the
parity polynomial is p(x) = 0x* + Ox + 1 = 1 and the systematic code word is
c= [1010001].

3.4 Bose-Chaudhuri-Hocquenghem (BCH) Codes

One of the most important classes of cyclic code is the Bose-Chaudhuri—
Hocquenghem (BCH) code [2, 3]. When constructing a cyclic code the actual value
of the minimum Hamming distance is unknown, but BCH codes have a lower bound
on the minimum Hamming distance, called the designed minimum distance, denoted
asd'. Thisis dueto the BCH bound, defined as follows[12].

The BCH Bound: For any g-ary (n, k) cyclic code, choose a value of m that
ensures the extension field GF(q™) is minimal and contains a primitive nth root of
unity «. Choose a generator polynomia g(x) of minimal degree in GF(g)x so that
g(@) = g(@?) = glah) = - = g’ ). )

From the above, the cyclic code has minimum distanced > d [12].

The value of d* is determined by deciding how many errors the BCH code should
be able to correct. This can be achieved by rearranging (3.4) to get:

d* =2t + 1. (3.13)

Example 3.2: Constructing a binary BCH code of length n = 15 bits: The
BCH bound tells us that we must choose the smallest extension field GF(2™) with
an nthroot of unity, whichinthiscaseisa15throot of unity. The smallest extension
field that satisfies thisis GF(16). Next, we must decide how many errors the BCH
code will be able to correct; for this example it can correct t = 2 errors, giving a
designed minimum distanceof d” = 5. Finally, we need agenerator polynomial g(x)
where g(a) = g(@?) = g(a®) = g(e*) = 0. To obtain this the minimal polynomials
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of GF(16) are required, which are given in Table 2.11, but are repeated here for
convenience:

Cyclotomic Cosets Minimal Polynomials M(x)

(1,2, 4,8 Mi(X) = x* + x + 1
{3,6,12, 9} Ma(X) =x* + x4+ x> +x+1
{5, 10} Ms(X) = x> + X+ 1
(7,14, 13, 11} M7(x) = X* + 3 + 1

The minimal polynomial for o and «? is M1(x), the minimal polynomial for o®
is M3(x), and for o* it is also My(X), so to satisfy the BCH bound the generator
polynomial must be g(x) = M1(x)M3(X).

gx) = A+ x+ DX+ x3+x2+x+1)
= x8 + X" + xS+ (A+D)x°+(1+1+D)x* + (1+1)x3 + (A1+1)x? 4+ (1+1)x+1.
=x8+x"+x8+xt+1
This means that the message length of the code is k = n — deg(g(x)) = 15 —
8 = 7, resulting in the (15, 7, 5) binary BCH code.

The design procedure for constructing non-binary BCH codesisthe same asfor
the binary case.

Example 3.3: Constructing a non-binary BCH code over GF(4) of length
n = 15 symbols: In this case we must now find the smallest extension field GF(4™)
with a15th root of unity. Again thisisthe extension field GF(16) withm= 2. The
elements {0, 1, o®, «'°} in GF(16) form a subfield of GF(4), so let 8 = «® be a
primitive element in GF(4). The cyclotomic cosets and minimal polynomias of
GF(4?) are given in Table 3.4.

Table3.4 Cyclotomic cosets and minimal polynomials for GF(4?).

Cyclotomic cosets Minimal polynomials M(x)
{1,4} Mi(X) =X + X+ B
{2,8} My(X) = X2 + X + B2
{3, 12} Ms(X) = x> + f2x + 1
{5} Ms(X) = X + B

{6, 9} Mg(X) = X% + Bx+ 1
{7,13} M7(X) = X2 + BX + B
{10} M1o(X) = X + B2

{11, 14} M (X) = X + B3x + B2
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To obtain Table 3.4, it must first be observed that the conjugates of o' in GF(4?)
aea®,i=1,2, ..., thatis, the conjugates of o are o, «®, «®, ..., but o' =
o and &% = o* o the cyclotomic coset would be{1, 4}. The associate minimal
polynomial is:

Mi(X) = (X + &)(X + o*) = X2 + (o + a*)x +
=x2+x+ B.

To correct two errors, the generator polynomial will beg(x) = M1 (X)M2(X)M3(X):

g(x) = (X% + x + B) (X2 + x + B + B2 + 1)
=X+ (L + D3 + (B + 1+ B)X° + (B2 + B)x + (X + B2 + 1)
=+ X+ DX+ B+ 1)
=X+ B+ X+ X+ (B2 + DXP+ (B2 +Dx + 1
=x® 4+ B2+ x + 3+ Bx2+ Bx + 1.

There are two important features of this non-binary BCH code. Firstly, the
message length of this codeisk = n —deg(g(x)) = 15— 6 = 9, which means there
is less redundancy in the code than in the binary BCH code in Example 3.2 (the
binary BCH code has code rate of 0.47, compared with the 4-ary BCH code which
has acoderate of 0.6). Secondly, although both the (15, 7, 5) binary BCH code and
the (15, 9, 5) 4-ary BCH code correct up to two errors it should be noted that the
4-ary BCH code corrects two symbol errors. In GF(4) each element is represented
by two bits, which implies that it can correct up to 4 bit errors, provided the bit
errors span two symbols, whereas the binary BCH code can only correct up to 2
bit errors. Of course it must be remembered that the actual minimum Hamming
distance of these codes could be greater than the designed minimum distance and
so they may be able to correct more than two errors.

From these two examples, we now begin to see the advantages of using non-binary
block codes.

3.5 Reed—Solomon Codes

A BCH code defined over GF(q) of length n can always be constructed provided
that there is an nth root of unity in some extension field GF(q™). A specia case
occurs if we construct a BCH code of length n = g™ — 1 over GF(g™). Obviously,
GF(g™) is the smallest extension field with a (g™ — 1)th root of unity. In this case,
each cyclotomic coset will contain only one element. For example, the conjugates of
the primitive element « will be 9", «®", ..., which is equal to «. Therefore, each
minimal polynomial of ' will be (x — o'),i=1,2,3...,q" — 2.
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Example 3.4: Constructing a nhon-binary BCH code over GF(16) of length
n = 15 symbols: The 15th root of unity in GF(16) is the primitive element «
and the cyclotomic cosets and their associated minimal polynomials are given in
Table 3.5.

Table3.5 Cyclotomic cosets and minimal polynomials for GF(16).

Cyclotomic cosets Minimal polynomials M(x)
{1} M1(¥) =X+«
{2} Ma(X) = X + o2
{3} M3(X) = X+ o®
{4} Ma(®) = x + o
{5} Ms(x) =X+ o®
{6} Mg(X) = X+ a®
{7} M7(X) =X+ o’
{8} Mg(x) = X+ o®
{9} Mg(X) = X + o
{10} Mio(X) = X + o™
{11} M]_j_(X) =X+ ot
{12} Mip(x) = X + o™
{13} Mi3(x) = X + o™
{14} M14(X) =X+ a4

To correct up to t = 2 symbol errors the generator matrix will be g(x) =
M1(3M2(Xx)M3(x)Ma(X).

9(x) = (X + &)(x + &) (x + &¢®)(x + &)
=P+’ x+ S+ a'x+a)
— X4+ (Ol7 +a5)x3 + (Ol7 +0(12 +053)X2 + (0512 + Ollo)x +a10
= x* + o + %% + o3x + «°.
The message length of the codeisk = h—deg(g(x)) = 15—-4 = 11, resulting in
a (15, 11, 5) 16-ary BCH code. Once again it can be seen that the code rate of this
code is even higher than the 4-ary BCH code of Example 3.3, and it can correct
two symbol errors, where one symbol now represents 4 bits. This meansthat it can
correct up to 8 bit errors, provided they span two symbols.

Non-binary BCH codes defined over GF(gq™) of length n = ™ — 1 are caled
Reed—Solomon codes [4] and are the best-performing BCH codes. Hence, the
non-binary BCH code of Example 3.4 is the (15, 11, 5) Reed-Solomon code.
Reed—Solomon codes aso differ from other BCH codes in that their minimum
Hamming distance is equal to the designed minimum distance.
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An important upper bound on the minimum Hamming distance in error-correction
isthe Sngleton Bound, defined as[10]:

d<n-k+1 (3.19)

The Reed—Solomon code of Example 3.4 meets this bound, and this is the case
for all Reed—Solomon codes. Any code with a minimum Hamming distanced = n—
k + 1 is known as maximum distance separable (MDS) and has optimal minimum
Hamming distance. Therefore, Reed—Solomon codes can correct:

tZLd;lJ:Ln—kzl—ljzln;kJ. B

Rearranging (3.15) gives a message length of k = n — 2t. In summary,
Reed-Solomon codes defined over GF(q™) have the following parameters [12]:

Codeword lengthn =q™ - 1
Message lengthk = n — 2t
Minimum Hamming distanced = n — k + 1,

and the generator matrix g(x) is of the form [12]:

2t
g() =]]x+d). (3.16)
i=1
The parity check matrix of a Reed—Solomon codeis[12]:
_1 o O[Z otqm_z ]
1 o? o ... o938
He|1 o o ... oo (3.17)
T R R

To abtain the 2t syndromes the parity check matrix is multiplied by the transpose of
the received vector, asin (3.10). Thisis equivalent to substituting successive powers
of « into the received vector.

3.6 Decoding Reed—Solomon Codes

In Section 3.2.2 it was shown how syndromes could be determined from the received
word and used to identify the correct error pattern and obtain the originally transmitted
code word. This method becomes too complex for larger codes and alternative de-
coding algorithms are needed. To decode binary codes only the locations of the errors
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in the received word are required, since the value at these location can be flipped,
that isa‘l becomesa‘0’ and vice versa. However, for a non-binary code an error
value can be many different values and a secondary processis needed to evaluate the
error value. So, two algorithms are required to decode a non-binary block code: an
error-locating algorithm and an error-evaluation agorithm.

For decoding we will make use of two polynomials: an error-locating polynomial
A(X) and an error-magnitude polynomial €2(x). These two polynomials are related to
each other by the key equation, given as[12]:

A1+ S(X)] = 2(x) mod xZ+, (3.18)

where §(x) is the syndrome polynomial.

3.6.1 Euclid’s Algorithm

Euclid’'s agorithm [5] is used to determine the greatest common divisor (GCD)
between two elementsa and b, witha > b. If aand b are elementsthen aisdivided by
b to obtain aremainder r. If the remainder is zero then GCD(a, b) = b, otherwise we
leta= b, b=r and repeat the division to obtain another remainder. Thisis continued
until theremainder r = 0. Euclid’s algorithm can be extended, by using the quotient g
from the division process, to al so determine two further elements, u and v, that satisfy
the relationship:

ua + vb = gcd(a, b). (3.19)

3.6.1.1 Euclid’s Extended Algorithm

1. Initidization: rttY =a,r@ =b, u-Y =1, u® =0, (D =0, V@ = 1.

2. k=1

3. rl0 = rk=2 k-1 gstore the quotient g* from this division.

4. If r® = 0 terminate the algorithm, otherwise u® = uk -2 — guk -1 and v =
vk=2) _ gylk=1)

k=k+ 1.

Goto step 3.

oo

As an example, take the elements a = 121 and b = 33 and determine their greater
common divisor. The values for each iteration are given in Table 3.6.

It can be seen that each row in Table 3.6 satisfies (3.19).

We can also use Euclid's extended algorithm to decode Reed—Solomon codes. The
key equation of (3.17) and (3.18) can be rewritten as:

OX)x2 L + A1+ SX)] = Q(x), (3.20)
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Table3.6 Euclid'sagorithm to determine GCD(121, 33).

k r® q(k) u® vk

-1 121 — 1 0
0 33 — 0 1
1 22 3 1 -3
2 11 1 -1 4
3 0 2 3 -11

where ©(x) isapolynomial. It is now in the form of (3.19), with u = O(x), a = x?*1,
v=A(X), b= 1+ Sx) and GCD(x**1, 1 + Y(x)) = Q(x).

3.6.1.2 Euclid’s Algorithm to decode Reed—Solomon Codes [5, 12]

1. Initidization: QEY(x) =x*+1, QO =1 4+ gx), OV (x) =1, 8O(x) = 0, ACD
(x)=0,A0x) =1

2. k=1

3. Find the remainder Q®(x) from the division of Q-2 py Q& -1 and store the
quotient g®.

4. 1f QM(x) = 0 terminate the agorithm otherwise O©®(x) = ©Kk-2(x) — q®

Ok-D(x) and AR (X) = A®D(x) — g AkD(x).
. k=k+ 1.
. Gotostep 3.

o O

Theerror |ocations arethen determined by first finding theroots of the error-locating
polynomial. The locations are the inverses of these roots.

Example 3.5: Determining A(X) and Q(x) for the (7, 3, 5) Reed—Solomon
code using Euclid’'s algorithm: The generator polynomia for the (7, 3, 5)
Reed—Solomon codedefined over GF(8) isg(x) = x* + a®x® 4+ x? + ax + o>. Let
the message polynomial be m(x) = x2 + ax + «?; the code word polynomial is
c(x) = X8 + x° + a®x* + o®x3 + a®x2 + %% + . At the receiver it is assumed
that two errors have occurred in the received word polynomial r(x), in the third and
sixth positions, so that r (x) = x® + x® + ax* + %3 + o®x? + a?x + o°.

The 2t = 4 syndromes are found by substituting o, «?, «® and o* into r(x) as
follows:

S=r@=ac+o°+a-a*+a®-a®+a* a®+a® a+a®
=a®+a+a®tata®+ad+a’
=o¢6+a—|—a3
=@+ D)+a+(a+1)

:O[z
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S=r@)=cP+a%+a-a®+a® o+ a*+0? o’ +a
=+l +a’+at+1+a+a’
=a®+a?+1
=(@+1)+a®+1

:0[4

S=r@®)=a®+a®+a-a?+a*> o +a* a®+a? o*+0a°
=o' +a+ab+1+a’+a®+0a°
=a*+a+a®+1+40a?
= (@4 a)ta+(@®+1)+1+0a?

:az

S=reh=c?+a®+a-a®+a® a4+ a®+o? a*+a°
:a3+a6+(x3+a3+a4+o{6+a5
=a+a*+a°
=a@+D)+@+a)+@+a+1)
=
Therefore, 1 + S(X) = 1 + a®X + a**x% + a2 + ax?.
Euclid's agorithm isinitialized as follows:
QD) = x5, QO) = 1+ a®x + a*x® + a®x® + ax?, ACY(x) = 0,
AO)(x) =1, 0V (x) = 1, 0O(x) = 0.

We must now divide Q1 (x) by Q©(x) to determine the remainder QM (x):

abx +1

ax? + a?x3 4+ a*%? + a®X + 1) X5
X% 4+ ax? 4+ a®x3 + ax? + a®x
ax4 4 a3x3 4+ ax? + abx
ax* + a3 +atx?+a’x+1
a®x3 +a?x2+x+1

S0, QW (X) = &% + a®x? + x + 1 and the quotient P = «®x + 1. Hence:

OVx) =0 x) +qPe0(x) =1+ («® +1)-0=1
and AOX) = ACYX) +qPAO0X) =0+ (% + 1) - 1= a®x + 1.
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For the second iteration we must now divide Q@ (x) by QM (x) to determine the
remainder Q@ (x) and g@:
o®x + o
5% + a2 4+ X + 1) ax? + a2x3 + a*x2 + a2 + 1
ax? + a®x3 + a3x? + o3x
a3x3 + abx2 +adx +1 -
o3x3 + X%+ a®x + b
a?x2 4+ ot

S0 Q@ (x) = a®® + «* and the quotient g? = «3x + «>. Hence @@ (x) =
OOKX) + g2 ODX) =0+ (3 + a®).1 = a3 + a® and AP (X) = AO(x) +
q? AOK) =1 + (3% + o®)(a®% + 1) = a®? + ab% + o*. The agorithm is
now terminated, since the iteration step k = t. The example is summarized in
Table 3.7.

Table 3.7 Euclid'sagorithm for Example 3.6.

k Q®(x) q® oM () AP
-1 X2 — 1 0
0 axt + a3 4+ a* + a?x+ 1 — 0 1
1 O+ o +x+1 abx+1 1 abx+1
2 o2 4+ ot a®x + o o3x 4 o a4+ abx + o

The error-locating polynomial is therefore A(X) = A@(X) = a®? + ax + o*
and the error-magnitude polynomia is Q(x) = Q@ (x) = «> + a®® + x + 1.
The error-locating polynomial can be factorized to A(X) = (X + a*)(ex + 1) and
the two roots are x; = o2 and x, = «®. The error locations are the inverses of these
roots and are X; = o* and X, = «, corresponding to the x* and x terms in the
received word. It can be seen that generated polynomials from Euclid’s algorithm
satisfy (3.20).

OX)X° + AX)(1 4+ S(X)) = (3% + ®)x° + (¢®Xx? + a®% + o)
x (14 a®X + a®%? + a?x3 + ax?)
= a3x8 + %% + o3x8 + (a* + 1X°
+ (@8 + o + «®)x* + (0o +a®)x3
+(@® + o+ a)x®+ (@ + a®)x + o*
= a®x® + a* = Q(x).
Since this is equivalent to the key equation of (3.19) we actually do not need to

generate ©(X) to be able to obtain the error-locating and error-magnitude polyno-
mials.
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3.6.2 Berlekamp—Massey’'s Algorithm

Berlekamp—Massey’s agorithm [6, 7] is more difficult to understand than Euclid’'s
agorithm but has a more efficient implementation.

3.6.2.1 Berlekamp—Massey’s Algorithm

1. Initidization: k=0, AQ(X) =1,L =0, T(X) = x.
2. k=k+ 1.
L
3. Computethe discrepancy A® = § — Y A% Vs .
i—1
If A® =0, gotostep8.
Modify the connection polynomial: A®(x) = Ak=D(x) — AWT(x).
If 2L > k, go to step 8.
SetL=k—Land T(x) = 25,
Set T(X) = XT(X).
If k < 2t, goto step 3.
Determine the roots of A(x) = A@)(x).

© N UM

Example3.6: Determining A(x) and Q(x) for the (7, 3, 5) Reed—Solomon code
using Berlekamp—Massey’s algorithm: Assuming the same received word asin
Example 3.5, r(x) = X8 + x® + ax* + o + o3%% + a’x + «®, the syndromes
werefoundtobe S, = o?, S = a*, S = o? and S; = «. The algorithm proceeds
asfollows:

First, initialize the algorithm variables: k = 0, AQ(x) = 1, L = 0 and T(X) = x.

0
A =g _ ZAi(O)Sl—i =S =d?
i=1
AD (x) = AO (x) — AOT (x)
=1-—a?x.

Atstep5,2L =2 x 0= 0, whichislessthank,sogotostep6: L =k — L =
1-0=1.

At step 7, T(X) = XT(X) = o°x. At step 8, k < 2t = 4, so go to step 3.
For k = 2, the discrepancy A® and error-locating polynomial A@(x) are:

1
AP =g — Z Ai(l)Sz_i =a*—a%?=0
i=1
AP (x) = AW ) — APT (x) = AQ (x) = 1 — .
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A® = 0, meaning there is no discrepancy and the error-locating polynomial
does not need to be modified, so go to step 7: T(xX) = XT(X) = a®X2.

At step 8, k < 2t, so go to step 3.

For k = 3, the discrepancy A® and error-locating polynomial A®(x) are:

1

A(3)253_2:[\i(1)%_i —a? 2t =’ +a’+1=1
i=1

AP (x) = A@ (x) — AOT (x) =1 — a’x — a°%>.

At step 5, 2L = 2, which isless than k, so go to step 6.
L=k—-L=3-1=2
AD(x)  1—a?

12
G = 1 =1-—aX.

T(x) =

Atstep 7, T(X) = XT(X) = X — a®x?. At step 8, k < 2t, S0 go to step 3.
Finally, for k = 4, the discrepancy A® and error-locating polynomia A®(x)
are:

2
29 =83 A0S =S [P S AP ]
i=1
= a+a2a2+a5a4 =a+ ot + o’
—a+a’+a+a’=0
AP ) =APX) - AT () = A®D (x) —0=1— a’)x — &®%?

At step 3, A® = 0, meaning there is no modification to the error-locating
polynomial, so go to step 7: T(X) = XT(X) = x> — a?x.

At step 8, k = 2t, so go to step 9 and end the algorithm.

Theerror-locating polynomial A(x) = A®(x) = 1 — a®x — a®x? can befactorized
to A(X) = (1 — o*X)(1 — ax), which has the roots X; = «® and X, = «®. This
completes the Berlekamp—Massey algorithm. A summary of the above exampleis
shownin Table 3.8.

Table3.8 Summary of the Berlekamp—Massey algorithm steps.

k S AM(x) A® L T(X)

0 — 1 — 0 X

1 o? 1—a? o? 1 a®x

2 ot 1— a® 0 1 %2

3 o? 1— a?x — a®%? 1 2 X — a®x?
4 o 1— a?x—a®%? 0 2 X2 — %3

However, the decoding processis still unfinished asthe error magnitudes at these
locations need to be calculated.
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3.6.3 Determining the Error Magnitudes Using Forney’s Formula

Forney’s formula [13] is a very efficient method for finding the error magnitudes
and only requires the error locations, the error-locating polynomia and the error-
magnitude polynomia 2(x) given by (3.19). If errors have occurred at the positions
i1, 02,13, ... is, the error magnitudes are determined by Forney’s formulaas[12]:

=X (X )

%= A (321)

where A’(X) is the formal derivative of the error-locating polynomial. The formal
derivative of a function f(x) = fo+ fix + fox%>+ - + f,x" whose coefficients
belong to somefinite field GF(q) isgiven as[12] :

f/(X) = f1+ 2fox + 3fax? + - - - + nfp_x" L. (3.22)

Completing the previous example, the error locations were found to be at X; = o*
and X, = «. The error magnitude Q(X) is:

Q(X)=AX)[1+S(x)] mod x**
= (1 — a®x — ®X?)(1 + &®x 4+ a*x% + o3 + ax*) mod x°
=1+ (@ + D)X + (@* + o* + O)XP+(a? + o® + )53+ (o + o + 2?)x?
=1+ + (@ +?+ 1+ D3+ (@ + o® + o + ?)x*
=1+ a°X°

Applying (3.22) to A(X), the formal derivative of the error-locating polynomial is:

f/(X) = f1+ 2fox +3fax2+ -+ + nfy_x"1
A (X) = o + 20

=a2+ (015+015)X

= a?.

Therefore, the error magnitude at the location X; = a* is:

2
X (Xt o (140 (@) )_a4(1+a5a6)_a4(1+a4) __ 1 4
A (Xl_l) B a? N o? T a2 a2 T

Similarly, the error magnitude at the location X; = « is:

XX (@@ a(l+e%e®)  a(lt+ad)  o?
O ) R R e R
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This resultsin an error polynomial of e(x) = x* + x. Therefore, the decoded code
word isr(x) + &(x), giving:

r(x) +ex) = (X + x° + ax* + &®x® + %% + a®x + ) + (x* + X)
=x0+ X%+ (@ + D)X+ a3 + a®%® + (0? + 1) X + a®
= X%+ x% + &3%x* + o®%® + o®%® + a®% + ®,

which matches the transmitted code word polynomial ¢(x).

3.7 Coded Modulation

When conventional coding techniques are introduced in a transmission system, the
bandwidth of the coded signal after modulation iswider than that of the uncoded signal
for the same information rate and the same modul ation scheme. In fact, the encoding
process requires a bandwidth expansion that is inversely proportional to the code
rate, being traded for a coding gain. Thisis the reason why, in the past, conventional
coding schemes have been very popular on power-limited channels (where bandwidth
isreadily available) but not on bandwidth-limited channels.

Thefirst important contribution to coding on bandwidth-limited channelswas made
by Ungerboeck in 1982 [8]. He presented trellis coded modulation (TCM) as a coded
modulation scheme that accommodates the redundancy of a code on an expanded
signal set, and showed that excellent coding gains over uncoded modulation can be
achieved with no bandwidth expansion required. TCM codes are explained in Chapter
7 of this book.

As well as combining convolutional codes with modulation, it is also possible
to combine block codes with modulation; this is known as block coded modulation
(BCM). BCM codes have the advantage of being simpler to design than TCM codes,
but the decoding complexity can become too high for larger BCM codes.

3.7.1 Block Coded Modulation (BCM) Codes

The encoding procedure involves adding redundant bits or symbols to the message.
This redundancy does not contain any message bits and transmitting it results in
the overall data rate being reduced. The Quadrature Phase Shift Keying (QPSK)
modulation scheme carries two information bits per QPSK symbol without coding.
However, if the information is encoded with encoder of code rate R = 0.5 then half
the bits in the code word are redundant bits and so each QPSK symbol only carries
oneinformation bit. One solution isto increase the size of the constellation to 16-PSK
(or aternatively 16-QAM), where each 16-PSK symbol carries four information bits
without coding. Therefore, using an encoder with R = 0.5 and 16-PSK means that
each 16-PSK symbol carries two information bits, which is the same as uncoded
QPSK.



CODED MODULATION 97

One praoblem with this solution is that as the constellation size is increased the
Euclidean distance between constellation points decreases, resulting in poorer perfor-
mance. However, combining code design with the modulation scheme can ensure that
code words have a minimum Euclidean distance greater than the Euclidean distance
between neighbouring constellation points. The combination of convolutional codes
and modulation is known as trellis coded modulation (TCM), while the combination
of block codes with modulation is known as block coded modulation (BCM).

3.7.2 Multi-Level Block Coding

A genera block diagram of a binary BCM encoder is shown in Figure 3.6. The
encoding process takes m parallel messages u®, u@, ..., u(M of lengthsky, ko, . . .,
km bits and each message is encoded by one of m parallel block encoders, resulting
in m code words all of length n bits with minimum Hamming distances di, do, . . .,
dm. This arrangement of block encoders is called multi-level block coding and was
proposed by Imai and Hirakawa[14] . Finally, each bit from the mencodersis mapped
onto a 2M-ary constellation [15].
From Figure 3.6, we can see that the code rate of the multi-level block codeis:

m

i=1

R= paat (3.23)

An example of a BCM code using m = 3 block encoders which are mapped onto
a2® = 8-PSK constellation is given in Figure 3.7. The top block encoder isan (8, 1,
8) repetition code, which takes a message of k; = 1 bit and repeats that value eight
times, for example 0 — 00000000 and 1 — 11111111. The second block code isthe
(8, 7, 2) parity check code, as explained in Section 3.2. It takes a 7 bit message and
appends a parity check bit, which is either zero if the number of ‘1'sin the message
is even or one if the number of ‘1'sin the message is odd. Finally, the last encoder

1)
o _(,® 0 ) (n, k;, d;) c
u =\u u e u —_—> >
( ! 2 k ) Block code
c®
u@ :(Ul(z) u® ug)) , (n, k,, d,) »  2mary
1 Block code . BCM codeword
signal | —
set
; (m)
um :(ul(”“ um L uﬁ?)—» (n Kk, d) LC
Block code

Figure3.6 Genera multi-level BCM encoder.
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isnot an encoder at al since ks = n = 8 and so there is no redundancy added. From
(3.23) the code rate of thisBCM codeis R = tfetke — 14748 _ 16 _ 2 A that
remainsisto map each bit from the three encodersto the 8-PSK constellation, which
is explained next.

3.7.3 Set Partitioning

The BCM encoder output is a constrained sequence of constellation symbols and
the mapping of the multi-level block encoder to these symbols is very important
for ensuring that the minimum Euclidean distance, or free distance, of the BCM
code is maximized. To achieve this, Ungerboeck proposed the Set Partitioning [8]
of the constellation, whereby the points in the constellation are recursively divided
into subsets, with the Euclidean distance between neighbouring points in each subset
being increased. Figure 3.8 shows set partitioning of the 8-PSK constellation as an
example. Thisiscalled a partition tree.
Ungerboeck’s rules for set partitioning any constellation are [8]:

e Thesignalsin the bottom level of the partition tree are assigned parallel transitions.

e Parallel transitions must appear in subsets separated by the largest Euclidean dis-
tance.

 All signal points should be used equally often.

2

3 ! \0.765\/5
¢ 4 0 c
5 7

000 001 010 011 100 101 110 111

Figure 3.8 The set partitioning of the 8-PSK constellation.
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From Figure 3.8 we can see that the coded bit from the repetition code c; in
Figure 3.7 selects one of two QPSK subsets with constellation points separated by
a Euclidean distance of 0.765./¢. The coded bit from the parity check code c, then
selects one of two subsets with constellation points separated at a greater distance of
2,/¢. Findly, the uncoded bits c; select signals in the bottom level of the partition
tree.

It can be shown that the minimum squared Euclidean distance between any two
sequences of the BCM code, otherwise known as the free distance d?,, is[15]:

dfee = Min (AZdy, ASdy, Adds, ..., AZdm), (3.24)

where A2,i =0, 1,2, ..., misthe squared Euclidean distance between neighbouring
pointsin asubset intheith level of the partition tree and d; isthe minimum Hamming
distance of the ith block encoder of the BCM code. A measure of the performance
of the BCM code over an uncoded constellation can be determined by finding the
asymptotic coding gain (ACG) y [10]:

_ dfzree/e
dr%in/g/ ’

(3.25)

where d2, . is the squared Euclidian distance between points in the uncoded constel-
lation, ¢ is the energy of the coded constellation and ¢’ is the energy of the uncoded
constellation. For the BCM code in Figure 3.7 the minimum Hamming distances are
d; = 8, d; = 2 and d3 = 1. The corresponding Euclidean distances from the subsets
of 8-PSK in Figure 3.8 are AZ = 0.585¢', A3 = 2¢’ and A3 = 4¢’. Therefore, from
(3.24) the free distance of the BCM code is:

dfzree = min (0.5858’ x 8,2¢' x 2,4¢" x 1) = min(4.68¢’, 4¢’, 4¢") = 4¢’.

Since the uncoded and coded modulation schemes are QPSK and 8-PSK respec-
tively, the energy of both constellations is the same; that is, ¢ = &’. The minimum
squared Euclidean distance between neighbouring points of QPSK constellation is
d2., = 2¢, giving an ACG of:

_ dfzree/e _A/e 4

= = =-=2 or 3dB.
dz./e 2¢/e 2

3.7.4 Construction of a Block Code Trellis

The decoding of a BCM code can be achieved efficiently by representing it as a
trellis diagram and applying the Viterbi algorithm. Wolf [16] showed how a trellis
diagram of alinear block code could be constructed using its parity check matrix, and
this method was extended by Paravalos and Fleisher [17] to construct BCM trellis
diagrams.
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Since the BCM encoder is made up of a number of block codes, its trellis is a
combination of the trellis diagrams of the component codes. The state transitions in
thetrellis are determined by [17]:

SO+ =30+ s, (3.26)
i=1

where A isan index denoting the depth of thetrellis, | € S, (aset containing the index
of all states created up to depth 1), & € S, ;1 (aset containing the index of all states
inS, plusall new states formed between 1 and 1 + 1), h; ;1 isavector representing
column A + 1 of the parity check matrix of the ith block code and §; = {0, 1} isa
binary input.

The trellis construction consists of four steps:

[EEN

. Each trellis begins and terminates at the all-zero state.

. The depth of each trellisspansfromA =0to A =n.

3. The number of states depends on the number and type of block codes used and the
constellation size. It grows while proceeding further into the trellis. To begin the
construction, a number of 2™ states is assumed. If a number of information bits
are presented to the mapper uncoded, the initial number of states reduces to 2™,
wherer isthe number of absent encoders.

4. Each transition is determined by (3.26).

N

The following should be observed:

1. When the construction is complete all trellis paths that do not terminate at the
all-zero state are removed as they do not represent valid code sequences.

2. Transitions in a trellis are assigned a symbol from the signal constellation. Each
path within the trellis corresponds to a possible BCM sequence.

3. Dueto the variation in component code sizes, the parity check matrix vectors used
in (3.26) have different dimensions. When the size of one parity check vector is
less than the size of the state binary vector s, an appropriate number of zeroesis
appended at the top of the vector. Alternatively, a vector with more elements than
the state binary vector sis reduced from top to bottom using modulo-2 addition.

Thegiven procedureyieldsthefinal BCM trellisonly in caseswherethetop encoder
employs the repetition code and the remaining encoders are simple codes.

Example3.7: BCM codetrellisconstruction: Using the BCM codefrom Figure
3.7, anexampleof constructing atrellisisnow given. The BCM encoder consists of
three block encoders: the (8, 1, 8) Repetition code, the (8, 7, 2) Parity Check code
and 8 bits of uncoded information. The parity check matrices of the Repetition
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code, Hg, and the Parity Check code, Hp, are:

0

Hg = and Hp=[11111111]

PR RRRREPR
loNeoNoNoNoNalEy
lcNeoNoNeNeN e
OO0OOrO0OO0OO
OO0ORrO0OO0OO0OO
OrO0OO0OO0OO0OO
POOOOOO

cNoNoNol el

The trellis will consist of 2M~" = 23-1 = 4 states with two subtrellises each of
two states. To accommodate two states per subtrellis, the parity check matrices
are adjusted to attain a row size equal to the size of the binary state vector. Thus,
the reduced vectors of Hr are obtain by top-to-bottom modulo-2 addition and the
resultis:

HR/=[11111111] Hp/:[llllllll].

Now the state transitions will be determined by (3.26):

1. Atdepth A = 1, (3.26) will become:
$(1) = s(0) + 1hy 1 + 62h2 1.

In thefirst subtrellis, the values of §; for thefirst path are 5, = 0, §, = 0 and for
the second path §; =0, 6, = 1.

So(1) = [0] + 0 x [1] + 0 x [1] = [C]
$(1) = [0] + 0 x [1] + 1 x [1] = [1].

In the second subtrellis, the values of §; for thefirst path are §; = 1, §, = 0 and
for the second path §; = 1, §, = 1.

$(1) =[01+1x[1] +0x [1] =[1]
s3(1) =[0] + 1 x [1] +1x [1] =[0].

Note that the uncoded information is transmitted on the third BCM encoder
level. This means that the parity check matrix does not exist and hence all
corresponding transitions lead to the same state, causing parallel transitionsin
the trellis diagram.

2. At depth A = 2, (3.26) will become;

$(2) = S(1) + 81h12 + 82ha 0.
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First Subtrellis

%(2) =[0] + 0 x [1] + 0 x [1] = [O]
$1(2) =[0] + 0 x [1] + 1 x [1] =[1]

$(2) = [1] +0x [1] + 0 x [1] = [1]
%(2) = [1] + 0 x [1] + 1 x [1] = [0].

Second Subtrellis

(2 =[0+1x[1]+0x[1] =[1]
$5(2)=[0]+1x[1+1x[1] =[]

(2 =[1 +1x[1+0x[1] =[0]
$(2) = [ +1x[1+1x[1]=[1].

3. Atdepth 1 = 3, (3.26) will become:
$(3) = 5(2) + d1hy1 3 + 820z 3.
First Subtrellis

S(3) = [0] + 0 x [1] + 0 x [1] = [O]
s53)=[0]+0x[1+1x[1] =[]

$(3) =[1] + 0 x [1] + 0 x [1] =[1]
$3(3) =[1] +0x [1] +1 x [1] =[Q].

Second Subtrellis

u(3) =[0+1x[1]+0x[1] =[1]
s$5(3)=[0]+1x[1]+1x[1] =[]

$5(3) = [1] + 1 x [1] + 0 x [1] = [0]
s(3) = [1 + 1 x [1] +1x[1] =[1].

The construction continues until A = n = 8. The fina trellis is shown in
Figure 3.9.

3.7.5 Non-Binary BCM Codes

In 1994, Baldini and Farrell [18] introduced a class of non-binary BCM code over
ringsof integerssuitablefor M-PSK and M-QAM. Theideaof non-binary BCM codes
isto transmit mbits per channel symbol by using amodulator with g > 2™ waveforms
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SRR

Figure3.9 TrellisforaBCM code using 8-PSK modulation.

[uN

to accommodate the extra redundancy. The non-binary BCM encoder structure is
shown in Figure 3.10. The binary source generates m + 1 parallel bits, which are
Gray mapped onto one of 2™ channel symbols & € Zg,1=0,1,...,k=1.These
are then fed to the multi-level encoder to generate the BCM coded symbols X; € Zg,
i =0,1,...n,whichwill increase the minimum Euclidean distance.

One class of block code that can be used in the BCM encoder is the systematic
linear circulant block code. Its generator matrix is of the form given in (3.7), where
its parity block P is[18]:

[ P11 Pe1 Peez1 - P31 PagT
Po1 Pu1 P - Ps1 P31
P= : : : oo :
P11 P21 Pc3z1 -+ Pu1 Pe1
L Pcr Pee11 P21 o0 Pag Pra
b, a eZk
Binary b, Mapping i~ Multilevel
Source ‘ a; =f(by, by, ..., by Encoder
b

m+1

Multilevel Source

Figure3.10 Non-binary BCM encoder structure.

n
X €y

(3.27)
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Each column of P in (3.27) is a cyclic shift upwards of the preceding column. To
identify this type of code the values of the first column of P are used, that is Py 1,
P21, ..., Pke11, Pk1. An example of a systematic linear circulant block code over
Zs = {0, 1, 2, 3} is the (10, 5) block code denoted by 12233 [18]. Its generator
matrix is:

1 00 0O 1 33 2 2
01000 2 1 3 3 2
G=(0 01 0O 2 21 3 3
0 0010 3 2 213
0 00001 3 32 21

and it has a minimum squared Euclidean distance of d2., = 12. From (3.25) its
asymptotic coding gain over uncoded BPSK is4.77 dB.

Another class of multi-level block codeisthe pseudocyclic multi-level code, which
has a generator matrix of the form [18]:

91,1 g1’2 ce ce Ouir 0 0 Ce 0
0 91,1 012 e e Ouir 0 ... 0

G=| . 7 | (3.28)
0 0 cer 011 Q2 v e cee Our

where g; j € Zq and r depends on the coded g-PSK modulation scheme and the code
rate.

It is also possible to construct non-binary BCM codes that are invariant to phase
rotations, that is a phase shift of the received symbols results in another valid code
word. Codes that are phase invariant to rotations of (360/qg)° are called transparent
codes. A code is transparent if it contains the all-one sequence (1, 1, 1, ..., 1) asa
valid code word. Since the BCM code s linear, adding any two code word modulo-q
will result in another code word. Adding the all-one code word to another code word
is equivalent to rotating all the coded symbols by 90°, which produces yet another
valid code word.

To ensure that the all-one code word is present in the non-binary BCM code, the
generator matrix from (3.28) is modified so that the bottom row is all ones[18].

g1 912 -+ -+ Our O 0O --- 0
0 9gu1 92 -+ -+ G O --- 0

e=| T e
1 1 ... 1 1 e e oo

Now the pseudocyclic multi-level code is transparent. To remove phase rotations
from the received symbols a differential encoder can be added before the transparent
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" ab)
u@) — ab) Transparent Trans t - a(b)
: Encoder Decoder D
+
D
Differential Differential
Encoder Decoder

Figure3.11 A differential encoder and decoder added to the non-binary BCM system to remove phase
rotations.

encoder [18], as shown in Figure 3.11. Similarly, adifferential decoder is added after
the transparent decoder to obtain the decoded message.

3.8 Conclusions

In this chapter an introduction to block coding was given, beginning with the simplest
binary block codes, such as the parity check codes. A class of block codes known
as cyclic codes was then presented, with particular attention given to BCH codes.
These codes have good parameters and, using BCH codes, it was demonstrated how
extending to anon-binary alphabet can improve these parameters, for example giving
large Hamming distance and higher code rates. A specia class of non-binary BCH
codesisthe Reed-Solomon codes, which arethe most commonly used error-correcting
codes today and can be found in optical and magnetic storage, high-speed modems
and wireless communications. Finaly, the concept of block coded modulation was
introduced, whereby the block encoder and modulator are treated as a single entity
to avoid increasing bandwidth use. Proper mapping of the coded symbols to channel
symbols ensures that the loss in performance due to the expansion of the signa
set is more than compensated for by the coding gain of the BCM code. Further
performance gains can be achieved by using non-binary block codes in the coded
modulation scheme, but with an increase in the decoding complexity.
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Algebraic—Geometric Codes

4.1 Introduction

Algebraic geometry is a powerful mathematical tool for constructing very long non-
binary block codes with excellent parameters, such as high code rate and large
Hamming distance. In 1981, Goppa showed how algebraic geometry could be used to
construct non-binary block codes called Goppa codes or algebraic—geometric (AG)
codes [1]. These codes are constructed from the affine points of an irreducible pro-
jective curve and a set of rational functions defined on that curve. The simplest type
of AG code is the well-known Reed-Solomon code, which can be constructed from
the affine points of a projective line. The length of an AG code is equal to the number
of affine points, which in the case of a line can be no greater than the cardinality of
the chosen finite field. Hence, constructing codes from a line will result in short code
lengths, as is the case for Reed—Solomon codes. More affine points can be obtained
by instead choosing a projective curve, which can result in much longer codes with-
out increasing the size of the finite field. The most desirable curves are those that
have the maximum possible number of affine points, known as maximal curves, since
these produce the longest possible codes. However, constructing AG codes requires
an in-depth knowledge of the theory of algebraic geometry, which is very difficult
to understand, and this could be one of the reasons why AG codes have yet to be
implemented.

In 1989, Justesen et al. [2] presented a construction method that only requires a
basic understanding of algebraic geometry, but this method can still produce AG codes.
This method has the disadvantage that less AG codes can be constructed than through
more complicated algebraic—geometric approach, but many can still be produced. The
notation used by Justesen for the construction of AG codes discussed in this chapter
is also used in the hard-decision decoding algorithm explained later in this chapter.

In this chapter, the construction of AG codes is presented using the theory of
algebraic geometry discussed in Chapter 2. This is followed by Justesen’s simplified
construction method, which is described in detail. Comparisons are made between

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd
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Reed-Solomon and Hermitian codes, illustrating the limitations of Reed-Solomon
codes in terms of code length and the number of codes that can be constructed.

The next section presents the construction of systematic AG codes. Unfortunately,
Hermitian codes are not cyclic like Reed-Solomon codes, and so it is not possible
to use a multi-stage shift register to produce systematic AG codes. Traditionally,
systematic block codes are created by performing Gauss—Jordan elimination on the
nonsystematic generator matrix.

4.2 Construction of Algebraic-Geometric Codes

The construction of AG codes can be accomplished using the theory described in
Chapter 2. Firstly, an irreducible affine smooth curve over a finite field must be
chosen. Curves that can be used to construct good AG codes are Hermitian curves,
elliptic curves, hyperelliptic curves and so on, and all have a single point at infinity.
Next, all affine points and the point at infinity must be found, as explained in Chapter 2.
To determine the message length k and designed minimum distance d of the code, the
degree a of the divisor aQ must be chosen, where Q is the point at infinity, using [3]:

2y —2<a<n, 4.2)

where y is the genus of the curve and n is the number of affine points (code length).
The code parameters can then be calculated using (2.13) and (2.16) for a functional
Goppa code or (2.17) and (2.18) for a residue Goppa code.

To construct the generator matrix of the code, a set of rational functions with pole
order up to and including a at Q must be determined, but these functions must not
have poles at any of the affine points. From Chapter 2 we know the set of rational
functions

L(aQ):{w},O§i<m, j=0

Zi+i

(where mis the degree of the curve and the pole order of each rational function is
4i + 5j) satisfy this requirement for the Hermitian curve. There are k rational function
in L(aQ), which are evaluated at each of the n affine points to generate the k rows of
the (k x n) generator matrix G. Now an example of AG code construction is given.

Example 4.1: Construction of the (8, 5, 3) Hermitian code using algebraic
geometry: In this example, the Hermitian curve over GF(22) defined by (2.1) with
y =1 is chosen to construct a residue Goppa code. The curve has eight affine
points, shown in Table 2.12, and one point at infinity, Q = (0, 1, 0). The degree a
of the divisor aQ is chosen using (4.1), which can vary between zero and eight.
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In this example we choose a = 3 and from (2.19) the message length is:

k=n—1(G)=n—d(G)—1+y
—=8-3-1+1=5 :

and from (2.18) the designed minimum distance d is:
d*=n—-MN-d(G)—1+y)+1—y
=d(G) -2y +2 )
=3-2+2=3

So we have the (8, 5, 3) Hermitian code. The k = 5 rational functions that have
pole orders up to and including a =5 are:

Since all the affine points have z= 1, L(5Q) can be written as:

2
5?9

’

n[ &

L(5Q) = {1,

N | X

y X
V4

L(5Q) = {1, x,y, X%, xy} .

The code word is then obtained by evaluating a message polynomial at each
of the eight affine points of the Hermitian curve. From Chapter 2, the eight affine
points of the Hermitian curve over GF(4) are:

Po=(0,0), P, =(0,1), P, =(1,a), P; = (1,0?), Py = (o, @),
Ps = (. @), Ps = (¢, ) and P; = (?, ).

Let the message polynomial be f(x, y) = 1 + y + x2. Then each coded symbol
CiZf(Pi),i:].,Z,...,B.

a=f(P)=10,00=1+1+1=1,

C = f(Pg): f(O,l):1+1+0:0,
c=f(P)=fl,a)=1+14+0a?=0a?
a=FfP)=f1a)=1+1+a* =0,
cs=f(Ps)= fla,) =1+ a+a®=0,
= Tf(Ps)= f(x,a®) =1+’ +0a? =1,
co=fP)=fl@*a)=1+a+a*=1,
cg= f(Pg) = f(a?, a®) =1+’ +a* =0,

Hence the code word isc = 1, 0, &2, @, 0, 1, 1, 0.
This is also equivalent to multiplying a message vector m by a generator matrix
G. To construct the rows of the generator matrix of an AG code, each monomial
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¢i,i=0,1,...,k inL(5Q) is evaluated at each affine point, as shown in (4.2).

[ 1(P))  #1(P2)  ¢1(P3) -+ ¢1(Pn) |
$2(P1)  ¢2(P2)  2(P3) - @a(Pn)
G=|9(P) @3(P) 3(Ps) - @3(Pn) | . (4.2)
L aP) 3P (P (P

If the first monomial is written as ¢ = x°y° then evaluating it at each point
will give a row of all 1s due to powers of 0 in the x and y term. The remaining
monomials are evaluated at each of the eight points using Table 2.12.

The second row of the generator matrix is obtained by evaluating the monomial
f(x, y) = x at all eight affine points. In this case each of the eight elements of this
row is just the x-coordinate of one of the eight affine points.

f(0,00=0, f(0,1) =0, f(l,a) =1, f(1,a?) =1, f(o, @) = a,
f(a, @) = a, f(@? a) = a?, f(@? o?) =a?.

The third row of the generator matrix is obtained by evaluating the monomial
f(x, y) =y at all eight affine points. In this case each of the eight elements of this
row is just the y-coordinate of one of the eight affine points.

f(0,00=0,f(0,)=1, f(l,a) = «, f(l,az) = o?, f(a, o) = «,
f(o, a®) =a?, f(@? a)=a, f(a?, a?) =a?.

The fourth row of the generator matrix is obtained by evaluating the monomial
f(x, y) = x? at all eight affine points. In this case each of the eight elements of this
row is the square of the x-coordinate of one of the eight affine points.

f(0,00=0, f(0,1) =0, f(1,a) =1, f(1,a?) =1, f(a, @) = 2,
f(a, az) — az, f(o(z, o{) =, f(Otz, 012) = «.

The fifth row of the generator matrix is obtained by evaluating the monomial
f(x, y) = xy at all eight affine points. In this case each of the eight elements of this
row is the product of the x-coordinate and y-coordinate of one of the eight affine
points.

f(0,00=0, f(0,1) =0, f(1,a) =a, f(1,a?) =a?, f(a,a)=a?,
f(a, Q{Z) = 1, f(o(z, O[) = 1, f(O[Z, Olz) = .

Therefore, the generator matrix is:

1 1

QP QPR
QR R R R B~
PR R R B
PR R R B
QR R R R B~

1
1
o
1
o

O O oo
(oMol o)
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The construction method for one-point AG codes is summarized below [3]:

1. Select an irreducible affine smooth curve and a finite field.

2. Find all the affine points of the form («, 8, 1) and point at infinity Q = («, 8,
0), where « and 8 are elements in the finite field, that make the curve vanish.

3. Choose the degree a of the divisor aQ using (4.1) and calculate the message
length k and designed minimum distance d* of the code using (2.13) and (3.16)
for a functional Goppa code or (2.17) and (2.18) for a residue Goppa code.

4. Determine a set of rational functions L(aQ) that have pole orders up to and
including a at the point at infinity Q, but do not have poles at any of the affine
points.

5. Evaluate each rational function in L(aQ) at each affine point to obtain the
nonsystematic generator matrix G of the AG code.

4.2.1 Smplified Construction of AG Codes

In this section, a simplified construction method attributed to Justesen [2] is described,
which only requires a basic knowledge of algebraic geometry to construct an AG code.
The first difference of this method is that projective curves are not considered. Only
affine curves in the (x — y) coordinate system are used and the point at infinity is
excluded. Another difference is the use of a set of monomials in two dimensions
instead of a set of rational functions in three dimensions to obtain the generator
matrix.

To construct an algebraic—geometric code using Justesen’s construction, a nonneg-
ative integer j is first chosen that is bounded by [2]:

n—1
—-2<j< . 4.3
m-2<j<| 2] “3)
(4.3) is derived from (4.1). In the simplified construction the degree of the divisor
G is a multiple of the degree of the curve C(X, y), that is deg(G) = mj, where j is a
nonnegative integer. Substituting deg(G) = mj and (2.12) into (4.1) gives:

—1)(m-2 .
2%—2<m1 <n
=m—-3m+2—-2<mj<n

mm-—3) . n

—<J<_

-1
.'.m—ZSjS{n J
m

The codes obtained using Justesen’s simplified construction are residue Goppa
codes. Therefore, since deg(G) = mj, the code parameters from (2.17) and (2.18) can
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be written as:

k=n-mj+y-1

d* =mj — 2y +2 (4.4)

However, since deg(G) is limited to being a multiple of the degree of the curve, less
AG codes can be constructed than with the algebraic—geometric construction. This
is the only disadvantage of the simplified method, but many AG codes can still be
constructed using it.

A monomial basis is defined as:

f={yl}, 0<i<m, b >0, (4.5)

which contains k monomials. Hence, as before, the monomials are evaluated at each
point to obtain the generator matrix of the code.

Example 4.2: Construction of the (8, 5, 3) Hermitian code over GF(2?) using
the simplified method: In this example, the same Hermitian code is constructed
as in the previous example, but using Justesen’s simplified construction method.
Again, the Hermitian curve defined in (2.1) is used. From the previous example,
we know that the Hermitian code over GF(22) has n = 8 points, but these are not
projective points and so there is no zcomponent. The points are given in Table 4.1.

Table 4.1 Points of the Hermitian curve over GF(2?).

P]_ = (0, 0) P2 = (0, 1) P3 = (l, (X) P4 = (l, 0[2)
Ps = (o, @) Ps = (a, az) P; = (az, a) Ps = (oez, oez)

The degree of the Hermitian curve is m = 3, so from (4.3) the parameter j can
have values of:
3-2<j=|%]

=1<j=<2

The genus of the curve is y = 1, and taking j = 1 the parameters of the code
from (4.4) are:
k=8-3x141-1=5
d*=3x1-2x1+2=3"

Since k = 5 there will be five monomials in the monomial basis. These are
{1, x,y, X2, xy}. To construct the generator matrix G, each monomial is evaluated
at each of the eight points, and thus we obtain the same generator matrix as in
the previous example. This example shows that, using Justesen’s construction
method, all that is required is the degree and genus of the curve and the points
on the curve. It does not require an in-depth knowledge of algebraic geometry to
construct AG codes.
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Table 4.2 Comparison of Reed—Solomon and Hermitian code lengths for different
finite fields (figures in parentheses are for doubly-extended Reed—Solomon codes).

Finite field size q Reed-Solomon code length Hermitian code length
4 3(5) 8
16 15 (17) 64
64 63 (65) 512
256 255 (257) 4096

4.2.2 Comparison of AG Codes with Reed—Solomon Codes

Reed-Solomon codes are the most commonly used codes due to their efficient decod-
ing algorithms and good performance over channels with burst errors. However, they
do have limitations, such as short code length and the fact that there are not many of
them. Table 4.2 shows how the lengths of Reed-Solomon codes and Hermitian codes
vary for increasing finite field size.

It can be seen that the length of the Hermitian codes increases dramatically for
increasing finite fields since for a finite field size of q the length n = g®2. However,
the length of the Reed—Solomon code is restricted to the size of the finite field and
has lengthn=qg — 1, or g + 1 if doubly extended.

The number of possible AG codes for a given finite field can be found from (4.1).
If 2y — 2 < deg(G) < n then 2y — 1 < deg(G) < n — 1. This means that there are
(n—1)—(2y — 1) = n— 2y possible AG codes for a given finite field. As stated
previously, a Reed-Solomon code is constructed from an affine straight line which
has a genus y = 0. This implies there are n possible Reed—Solomon codes for a given
finite field. A comparison of the numbers of Reed-Solomon and Hermitian codes for
increasing finite field size is given in Figure 4.1.

It can be seen that the number of possible Hermitian codes increases exponentially
with increasing field size, with a possible 3855 Hermitian codes defined over GF(28).
In contrast, the number of Reed—Solomon codes is again restricted by the size of the
finite field.

4.2.3 Systematic Algebraic—Geometric Codes

Evaluating the elements in the monomial basis at each point on the curve produces a
generator matrix in nonsystematic form. Traditionally, systematic codes are achieved
by applying Gauss—Jordan elimination [4] to the nonsystematic generator matrix.
However, this approach had not been used to construct systematic AG codes since
for large generator matrices the complexity could be too high. In the literature, only
Heegard et al. [5] have considered the construction of systematic AG codes. They show
how systematic encoding of algebraic—geometric codes can be achieved in a method
analogous to the systematic encoding of Reed-Solomon codes by using the cyclic
properties of the automorphisms of a curve. This method requires fewer operations
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Figure 4.1 A comparison of the numbers of Reed—Solomon and Hermitian codes for increasing finite
field size.

than applying Gauss—Jordan elimination on the nonsystematic generator matrix, but
it necessitates a good knowledge of algebraic geometry. However, since their paper
was written, computers have become much more powerful and it has been found that
Gauss—Jordan elimination can be performed quickly even on large generator matrices
from Hermitian codes defined over GF(2°). Gauss—Jordan elimination is made up of
two algorithms: Gaussian elimination and Jordan elimination. Gaussian elimination
converts the matrix into echelon form and Jordan elimination then ensures the matrix
is in row-reduced echelon form. For the case of a nonsquare matrix, such asa k x n
generator matrix, a k x k submatrix of the generator matrix in row-reduced echelon
form is the k x k identity matrix l,. The remainder of the generator matrix isa k x (n
— K) parity matrix P. The generator matrix is now in systematic form, G = [l | P].
The algorithms for Gaussian elimination and Jordan elimination are described below.

4.2.3.1 Gaussian Elimination

The Gaussian elimination algorithm uses the following notation: G; is used to denote
all the elements in row j of G, G;; denotes a single element located at (i, j) in G, and k
is the message length of the AG code. When Gaussian elimination is used on a matrix
containing real numbers, elimination of a column occurs by multiplying previous
rows by a factor and subtracting them from the row that is being operated on. In the
case of a matrix containing finite field elements, Gaussian elimination is performed
in the same way, using modulo-q addition instead of subtraction. Modulo-q addition
can be used if the row to be subtracted is multiplied by the additional factor g — 1.
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Initialize: i =0,j =0

1. Check that column i does not contain all zeros. If it does theni =i 4+ 1 and go to
step 1. Else go to step 2.

2. Find the row p with largest first element.

3. Swap row p with largest first element with row j.

4. Eliminate elements in column i from row j + 1 to row k — 1.
Forrow=j +1tok-1:

G
Grow = Grow +(q — 1) ( C:_m_WGJ') :
1]

(62}

.i=i+1andj=]j+ 1. Ifj=kago to step 6. Else go to step 2.

. Forron=0tok — 1:
Divide Gyqw by the first nonzero element in G, s0 that the main diagonal of G
contains all 1s.

(o))

4.2.3.2 Jordan Elimination

1. Initialize:i=0,j=0.
2. If Gjj = 0, swap column i with the nearest column that has a 1 in row j.
3. Eliminate elements in column i from row j — 1 to row 0.

Forrow=j — 1toO:

G.
Grow — Grow + (0 — 1) ( (;*"’We,-) :
I’J

4. i=i+1andj=]j+ 1. Ifj =k STOP. Else go to step 2.

Example 4.3: Construction of the systematic (27, 13, 12) Hermitian code over
GF(3%): Using the primitive polynomial x> = 2x + 1, the finite field GF(3?) is
shown in Table 2.10. The Hermitian code defined over GF(3?) is C(x, y) = x* +
y® + yand has 27 points that satisfy C(x, y) = 0, given in Table 4.3.

Table 4.3 The 27 points of the Hermitian curve over GF(3?).

P.=(0,0) Po=0,a¢%) Ps=(0,0%) Py=(L1) Ps=(La) Ps=(10?
P7 = ((X4, l) PS = (a4r a) PQ = (Ol4, aS) PlO = (a! (XA) Pll = (O[, 0[7) PlZ = ((X, aS)
Pa=(a',a*) Pu=(a’,a’) Pis=(' o) Pr=(1) Py=(°a) Pp=(’da’)
P19:(a5,0t4) on=(015| 017) P21=(015' 015) Pzzz(azy 1) Pzaz(azy @) P24:(a2,a3)
Pis=(c? a*) Pr=(a?a’) Py=(a?ad)
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4-1)4-2)
From (4.3), the parameter j can vary between 2 and 6. Taking j = 4, we get a

The genus of the curve from (2.12) is:
message length k = 13 and designed minimum distance d” = 12. The monomial

basis from (4.5) therefore has the 13 elements {1, X, y, X, Xy, ¥2, X%, X2y, xy?, V3,

x3y, x2y?, xy} and the nonsystematic generator matrix is:

G
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—dojooRoooyooo W AHOO0O00000O0O0O0O
A OO0 O0O0O0O00O0O0O00O O A ___1000000000000

O

The swapping of rows also swaps the monomials but this does not affect the
code. After Gaussian elimination we can see that the main diagonal of 1s does not
continue at the twelfth column. Therefore, column 12 is swapped with column 13.
Next, column 16 is swapped with column 13 so that the main diagonal is complete.
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After applying Jordan elimination to G:

G =

(1000000000000 (a®a* @ a%a® 0 c*a’ a® 1 o & 0 o]
0100000000000 {a” o a o®a®a® 1 a® a? a® o? o® af &2
0010000000000 ia*a®a 1 1 1 a®ada® a o a o ab
0001000000000 (a*a’ a* 1 a?a® 0 0 o o o a* o® o
0000100000000 ia?aa*a’" a”" a®af®a?® 0 a?a®a’ 0 @
0000010000000 a 0 a*a®> 1 0 a*a®a®a® a o? af o
0000001000000 (afa®a®a®a?a® 1 a” 1 a o o @ @
0000000100000 ia* 0 a® 1 a®abfoa*a?a?a®a® 0 a o
0000000010000 :a® a o® a 0 a* 1 a*a®afa?aba?®
0000000001000 a*1a*a* 1l aaa’adba® 0 1 aa?ad
0000000000100 1 c0*a*1loa*acaba oo oo aa
0000000000010 :1 1 0 00 11 1a°a®a®a o a
L0000000000001:0 0 0 1 1o a1 1 1 a°adad]

The swapping of columns means that the points corresponding to those columns
are also swapped. For example, when column 12 was swapped with column 13,
P = (o, @®) was swapped with Pz = (a’, «*). The reordered points are shown
in Table 4.4.

Table 4.4 The reordered points from Table 4.3 after swapping columns.

P =(0,0) P,=(0,0% P3=(0,0) Py=(1) Ps=1a) Ps=(10%
P7 = (054, 1) PB = (054, a) P9 = ((XA! (XB) PlO = ((X, (14) Pll = ((X, (17) PlZ = (Oﬂx (XA)
Ps=(%1) Pu=(' a’) Ps=(',a’ Px=(x,0e®) Py=(ba) Pg=(?da’)
P = (Ol5, Ol4) Pao = (015| 017) Po; = (0l5' ‘15) Poy = (052. 1) Pp= (052. a) Py= (052, 013)
P = (@, a*) Py =(a? a’) Py=(a?ad

4.3 Decoding Algebraic—Geometric Codes

The decoding of algebraic—geometric codes can be achieved in two parts: first by
determining the error locations, and then by determining the error magnitudes at these
locations, which is similar to the decoding of Reed—Solomon codes in Chapter 3.
Sakata’s algorithm was developed in 1988 [6] as a method of generating a set
of polynomials whose coefficients formed recursive relationships among an array of
finite field elements. This was an extension of the Berlekamp—Massey algorithm to two
or more dimensions. In 1992, Justesen et al. [7] used Sakata’s algorithm to generate
a set of error-locating polynomials from a matrix containing syndrome values for
algebraic—geometric codes in order to reduce decoding complexity. The syndromes
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Table 4.5 Variables used in the Sakata algorithm.

Variable Definition

(a b) A point in the syndrome array

Sip A syndrome in the array at the point (a, b)

F The set containing the error-locating polynomials

fO(x, y) The ith polynomial in the set F

G The auxiliary set containing some of the polynomials that were in F earlier
in the algorithm

g(x, y) The ith polynomial in the set G

h((x, y) The ith polynomial after modification

(ag, bg) The point at which g (x, y) was first placed in the set G

dr (dg) The discrepancy in fO(x, y) (97 (x, y))

(t(') ! ) The powers of x and y respectively in the leading term of f®(x, y)

®, uy The powers of x and y respectively in the leading term of g¥(x, y)

in the two-dimensional syndrome array are defined as:

Zr XtyP = Z © + ey’ =Y exty’, (4.6)
i=1

i=1

where (a, b) is the location of the syndrome S, in the array, r; is the ith received
element, ¢; is the ith coded symbol, g is the error magnitude in the ith position and
(X, Vi) is the ith affine point.

The majority voting scheme [8] (explained later) was added to [7] by Sakata
et al. [9] in order to increase the number of errors that could be corrected. The
decoding algorithm in [9] has many variables, so, before it is explained, a list of
definitions is provided in Table 4.5. Sakata’s algorithm takes a two-dimensional array

of syndromes calculated from the receivedword r = {ry, r,, ..., rn},asgivenin (4.6).
From this array a set F of error-locating polynomials is generated, of the form:
f0x, y) =" 1{xky, (4.7)

where i is the ith polynomial in F and fk(fl) are the coefficients of the terms
X<y in £0(x, y). Each syndrome from the array is read in and the polynomials in
F are modified so that the coefficients in each polynomial 0 (x, y) form recursive
equations among known syndromes, up to the current syndrome.

The recursive relationship that must be satisfied is [9]:

> 08 wep 00 =0, (48)

where tf) and téi) are the powers of x and vy, respectively, of the leading term of
fO(x, y). A generalized syndrome array is shown in Figure 4.2. The syndromes are
expressed in terms of the parameter j defined by (4.3). The known syndromes from
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SO,O 31,0 SZ,O _______________________ Sj,o Sj+1‘0 """" Sj+m,1,0 Sj+m‘0

So1 Si1 Spp | T S Sjg | Sitm-11

So2 Sz1 Sz - . y Sj+m—2‘2

j - - Sm,j+1—m . -

oL S jrz-m Known syndromes found from
the parity check matrix

P Known syndromes found from
e the recursive relationship among
2jem-2 the previous syndromes from the
Hermitian curve

Sojem-1 | Stjima

Unknown syndromes found by the
recursive relationship from the
Hermitian curve or majority voting

SO,J+m

Figure 4.2 The generalized initial syndrome array.

S0 to §; are calculated from (4.6). Further known syndromes Sj10 t0 Sy j—mt1
can be calculated by substituting the curve into (4.7) to obtain a recursive relationship
among the known syndromes, in order to determine the value of all syndromes S,
where a > m, the degree of the curve. The remaining unknown syndromes Sn—1,j—m+2
to §; can be found using (4.8) or the majority voting scheme (explained later).

For the Hermitian curve, C(x, y) = X"+ + y" 4+ y with m=r + 1, the recursion
is:

%: Crt S0k p-t9p =0
Co,1S-m+0,b-0+1 + Co.m-1S-m+0,b—0+m-1 + Cm 0 Si—m+mpb-0+0 =0

where Cy is a coefficient of C(x, y), and k and | are the powers of the x and y term,
respectively, for each term in C(x, y). Since all the coefficients of C(x, y) are equal to
1, this simplifies to:

Sib = Smbt1 + Smbim-1- (4.9)

(4.9) is important for the decoding procedure and is used to find the known syn-
dromes §41,0 t0 Sy, j+1-m, as shown in Figure 4.2.
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If all the polynomials in F satisfy (4.8) then there is no need to modify F. If
a polynomial in F makes (4.7) nonzero, this polynomial is said to have a discrep-
ancy, di, and may be used in the modification process. This is the same as A in the
Berlekamp—Massey algorithm. The order in which each syndrome in the array is read
in is determined by the total graduated degree order, denoted by <t [6]. Let (a, b) be
a point in the syndrome array. The next point, (&, b’), according to the total graduated
degree order, is [6]:

;o @-1,b+1), ifa=0
(a’b):{(b+1,0), ifa—=0" (4.10)

This gives a degree ordering of {(0, 0) <7 (1,0) <7 (0,1) <7 (2,0) <7 (1,1) ...},
meaning that the order the syndromes are read in from the array is S0, S1.0, S.1, S0,
S 1 and so on.

An important set is the auxiliary set G, which stores some of the polynomials
that had a nonzero discrepancy at an earlier point in the algorithm (ag, bg). Each
polynomial g®(x, y) in G has a quantity called the ‘span’, defined as:

span(g®(x, y)) = (ag — u}’, by — u’), (4.11)

where ul” and ul are the degrees of x and y, respectively, of the leading term in g@(x,
y). The span of a polynomial means that there is no polynomial with leading term

X% U ybg‘“g) that can satisfy (4.8) at the point (a, b). The union of all sets less than or
equal to each span(g)(x, y)) in G defines the set span(G). If there are ¢ polynomials
in G then span(G) is defined as:

4

span(G) = D {(k.NI(k, 1) < span (g(x, y))}, (4.12)

i=1

where (k, I) are a pair of nonnegative integers. The span of G has interior and exterior
corners. An interior corner is defined as a maximal point inside span(G) with respect
to the partial ordering, and an exterior corner is defined as a minimal point outside
span(G) with respect to the partial ordering denoted by <. For two integer pairs
a= (a1, a)and b = (b, by) [6]:

a<bifay<bram<byraz#h (4.13)

For example, (3, 5) < (4, 5) because 3 < 5and 4 < 5and (3,5) # (4, 5). It is
easier to see the corners by drawing span(G). An example is shown in Figure 4.3 for
span(G) = {(0, 0), (1, 0), (0, 1), (2, 0)}.

The interior corners, shown as the large black circles, are (0, 1) and (2, 0), since
there are no points in span(G) greater than either of these points. Similarly, the exterior
corners, shown as the large white circles, are (3, 0), (1, 1) and (0, 2), since there are
no points outside span(G) less than these points.
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Figure 4.3 An example of span(G) showing interior (large black circles) and exterior (large white
circles) corners.

The number of exterior corners gives the number of polynomials in F, and their
values give the degrees of the polynomials. In this example there are three polynomials
in F with leading terms x3, xy and y2. As the set F changes there is also a corresponding
set, defined as [6]:

r—1
A=) A (4.14)
k=1

where A is the total number of polynomials in F and [6]:

Ay = {(k, DIk, 1) < (tf‘) — 1, 1)} , (4.15)

where (k, I) are a pair of nonnegative integers. It turns out that the set A is equal
to span(G) and is used in this decoding algorithm for the majority-voting scheme
described later.

4.3.1 Modification of the Sets F and G

In the Sakata algorithm the set G is first modified by calculating the spans of the
polynomials currently in G, and also the polynomials in F that have a nonzero
discrepancy. The polynomials in F with d; # 0 are placed in a set Fy and are also added
to G to create a new set G, that is G’ = G U Fy. The span of each polynomial in G’ is
calculated using (4.11) and then used to calculate span(G’) from (4.12). The interior
corners are then found. A polynomial in G' with a span equal to one of the interior
corners is kept in G’ and the others are removed. If more than one polynomial has a
span equal to the same interior corner then either one can be kept. The discrepancy
dy of the polynomials in G’ and the point in the syndrome array (ag, bg) where their
discrepancies were nonzero are also stored. The set G is how modified and will be
used for the next point in the syndrome array.

The modification of F also uses span(G’). The exterior corners are found and these
will give the number of polynomials and the leading terms of these polynomials in the
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modified set F’. For each exterior corner (g1, &») the polynomials in F are modified
using one of three possible cases [10, 11]:

Case 1 If there is a polynomial fO(x, y) in the difference set F/Fy with (t{), t) =

(¢1, &) then the new polynomial h®(x, y) € F’ is unchanged:
hO(x, y) = fO(x, y). (4.16)

Case 2 Elseife; > aor e > b, find a polynomial fO(x, y) € Fy with 9t <
(¢1, &2). The new minimal polynomial h()(x, y) € F’ is given by:

hO(x, y) = x1 &y £ O (x, y). (4.17)

Case 3 Otherwise, find a polynomial f0(x, y) € Fy with (t!), t{) < (e1. £2) and
a polynomial g0 (x, y) € G with span(g®(x, y)) < (@ —t*), b — t{)). Let (p1. p2) =
span(g®(x, y)) — (a — €1, b — &2). The new minimal polynomial h®)(x, y) € F’ is then
given by:

00 y) = x4y 100y - Shoyrgicy). (e
g

The full algorithm can now be described [8, 11, 12]:

1. Initialize (a, b) = (0,0), F ={1},G=0,D =@.

2. Fn=0,F =0.
Calculate the set A from (4.14) and (4.15).
If | A| exceeds the maximum number of errors the code can correct, terminate the
algorithm.
Else find the discrepancy dr of each polynomial f®(x, y) € F for the syndrome
Sp using (4.8). Every f(x, y) with d; = 0 is placed in Fy and G' = G U Fy.
If all f O(x, y) € F have no discrepancy then increment (a, b) with respect to the
total order <1 and go to step 2.

3. Find the span of each g (x, y) € G’ using (4.10), then find the span of G’ using
(4.11).

4. Find the interior corners of span(G’) and remove all g¥)(x, y) € G’ whose spans are
not equal to any of the interior corners. The modification of G’ is now complete.
Also store the discrepancies dq of each g@(x, y) € G’ and the point in the Sakata
algorithm where each g”)(x, y) had a nonzero discrepancy as (ag, bg).

5. Find the exterior corners of span(G’) and apply Case 1, 2 or 3 to create the
modified minimal polynomials h®)(x, y) in the set F’.

6. Set F = F’, G= G and increment (a, b) with respect to the total order <r.

7. If the last element in the syndrome array has been reached end the algorithm. The
set F contains the error-locating polynomials. Else go to step 2.
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In step 2, a stopping criterion was added by the authors [11] and the decoding algo-
rithm is terminated when the number of elements in the set A exceeds the maximum
number of errors that the code can correct. This is necessary because the majority
voting scheme is unreliable if A is too large and it can choose an incorrect value for
the unknown syndrome, affecting the remainder of the decoding algorithm.

All that remains is to substitute the points from the curve into one of the error-
locating polynomials in F. The points that make the error-locating polynomial vanish
are the error locations.

4.4 Majority Voting

The Berlekamp-Massey algorithm is able to correct up to the maximum number of
errors, t, that the code is capable of correcting with the knowledge of 2t syndromes.
However, the Sakata algorithm can only correct up to:

dac—y -1
t < LTJ, (4.19)

with only the known syndromes. Unknown syndromes of the type S, @ < mcan be
calculated by substituting the curve into (4.8) to obtain a recursive relationship among
the previous syndromes, such as for the Hermitian curve in (4.9), but this can only
be used if the previous syndromes are actually known. For example, for a Hermitian
code constructed from a Hermitian curve with degree m = 5, (4.9) can be used to
calculate the syndrome S :

So=S-50+ S-5045-1
=91+ 9S4 ’

but only if the values of S, o and S, 4 are known. The unknown syndromes of the type
Sap, @ < m, are determined using the majority voting scheme, presented by Feng and
Rao [8]. In this chapter, hard-decision decoding of AG codes is accomplished using the
decoding algorithm by Sakata et al. [9], which uses majority voting in the following
way: from [9] a candidate syndrome value v; from the ith minimal polynomial f®(x,
y) € F can be calculated using (4.8):

(i) ) )
Z fi Sk+a—t}'),|-|rb—t§') = —Vi. (4.20)
(k,l)gT(tf),tg”)

However, it is not always possible to use (4.20) so a candidate syndrome value w;
can be calculated:

0] ‘ ,
Z fi. Scrarm—tO 1 4b-mi1—) — Hb-mt2 = —Wi. (4.21)
(kD=1 (1.19)
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In some cases both criteria are satisfied and f ¥)(x, y) can give two candidate values,
v; and w;. If neither of these conditions is satisfied then the polynomial f0(x, y) is not
used to find a candidate syndrome value. Which equation is used to find candidate
values of the syndromes depends on two conditions:

1 Ifa= tf) and b = tz(i) then use (4.20).
2. Ifa+m=t"andb—t{> = m— 1 then use (4.22).

Now define a set K = K; U K5 [9]:
Ki={kN0<k<an0<l<b}

4.22
Ko={k,D0<k<mAO<l<b-m+1}’ ( )
where (k, 1) are a pair of nonnegative integers. Also define two further sets:
A={kneKkk+t) <ant+t <b}
(4.23)

B :{(k,l)e Kik+tD <a+mal +t2(‘)5b—m+1}'

Let 841, 82, 83, ... be the candidate syndrome values obtained from (4.20) or (4.21)
with

Ki={JAaul B /A (4.24)
Vi =4

Wi =5]

associated with each candidate syndrome value. The set K; containing the maximum
number of elements implies that the corresponding candidate syndrome value §; is the
correct value.

4.5 Calculating the Error Magnitudes

Previously, the error magnitudes were found by solving (4.6), but this can become too
complex. Sakata et al. [9] used a two-dimensional inverse discrete Fourier transform
(IDFT) that can calculate the error magnitudes with less operations but requires the
knowledge of many unknown syndromes. The error magnitude at the ith point on the
curve g is given as:

-20-2

g = SupX 2y, (4.25)
0

o]
o]

i
o
o
I

a:

where ¢ is the size of the finite field. However, (4.25) can only be used if an error
occurs at a point where both coordinates are nonzero. The Hermitian curves, for
example, also have points with a zero coordinate, so another method must be used
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when errors occurs at these points. Liu [13] addressed this problem for Hermitian
codes by using a one-dimensional IDFT, the properties of the Hermitian curve and
knowledge of more unknown syndromes up to S;—1,q—1. The points of the Hermitian
curve are split into four types: all points with both terms nonzero are labelled Py );
all points with a zero x term and a nonzero y term are labelled P x; all points with
a nonzero X term and a zero y term are labelled P ); the remaining point with both
terms zero is labelled P(o ). The following mapping is defined:

o™,

0<m
0, m=(

1A

m—>{ ?_2. (4.26)

For errors that occurred at points of type P x the one-dimensional IDFT is:

q-2
En=) Sg1-ia", (4.27)
i=0

where Ej is the sum of all the error values at the points with y-coordinate «", and «
is a primitive element in the finite field. Fortunately, for Hermitian curves, if there
is a point (0, «") then there will be no points of the form («™, "), so E, is actually
the error value that occurred at the point (0, «"). Similarly, for errors that occurred at
points with a zero y-coordinate, the one-dimensional IDFT is:

q-2
Em = Z Sq_l_i’ootml , (428)
i=0

where Ey, is the sum of all the error values at the points with x-coordinate «™, and «
is a primitive element in the finite field. Again, for Hermitian curves, it turns out that
there are no other points with x-coordinate «™ so E, is the error value that occurred
at the point («™, 0). Finally, if an error occurred at the point (0, 0) we can simply use
the properties of the Hermitian curve. We know that the syndrome S is the sum of
all the errors that occurred. To find the error value at the point Py we subtract all
the error values that occurred at the points P ), the error values that occurred at the
points P x and all the error values that occurred at the points P ). For the Hermitian
curve we have the following relationships:

Z & =-19-1

P € Py x)

Y. & =Sg1—S19-1, (4.29)

P ePp,x)

Z & =-1.0— -149-1

P ePx.0)
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Therefore, the error at the point P; = (0, 0) is:

&= Za—Za—Za—Za

P EP(X X) R EP(O X) P eFJ(>< 0) . (430)
=S0— §-1.9-1 — (S.9-1 — §-1.9-1) — (S-1.0 — §-1,9-1)

For Hermitian codes defined over a finite field with a field characteristic of 2, this
simplifies to:

e =0+Sq-1+S-1.0+S-19-1- (4.31)

4.6 Complete Hard-Decision Decoding Algorithm for Hermitian Codes

The complete AG decoding algorithm used to obtain the simulation results presented
later in this chapter can be found in [11]:

1. Find the known syndromes S to &; using (4.6).
2. Use (4.9) to find more known syndromes §.1,0 t0 Sy j+1-m.
3. Error location.

Apply the Sakata algorithm using known syndromes as the input:

For syndrome = 9 t0 Sy j+1-m

{
Run Sakata Algorithm

if syndrome is of the form S, p, b > m — 1 then find more unknown
syndromes using (4.9)

}

Apply the Sakata Algorithm using unknown syndromes as the input:
For syndrome = Sy—1 j+2-m 10 & j4m

{

if syndrome is of the form §;pa > m

Use (4.9) to find the value of the unknown syndrome

else if syndrome is of the form §;pa < m
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{

Use the ‘Majority Voting’ scheme
}
Run Sakata Algorithm
if syndrome is of the form S, , b > m — 1 then find more unknown
syndromes using (4.9)

}

/* End of Sakata algorithm and majority voting */

Find the error locations by substituting each point of the Hermitian curve into
one of the minimal (error-locating) polynomials in F. The roots of the minimal
polynomial are the error locations.

4. Error magnitudes:

Find the remaining unknown syndromes:

For syndrome = S ymy1,0 0 §-1,9-1

{

if syndrome is of the form §;pa > m
Use (4.9) to find the value of the unknown syndrome

else if syndrome is of the form §;pa < m
{
Substitute the last minimal polynomial in the set F into (4.8)
to form a recursive relationship among the syndromes to the
find the value of the unknown syndrome

}
1

Use the inverse discrete Fourier transforms to find the error values:

« If the error location has both coordinates nonzero, use (4.25).

 Else if the error location has x-coordinate zero and y-coordinate nonzero, use
(4.27).

« Else if the error location has y-coordinate zero and x-coordinate nonzero, use
(4.28).

« Else if the error location occurred at the point (0, 0), use (4.31).

5. The error values found from step 4 at the error locations found from step 3 are
added to the received word to give the decoded code word. Since the code is
systematic, the original message can be extracted by taking the first k symbols
from the decoded code word.



130 ALGEBRAIC-GEOMETRIC CODES

Example 4.4: Using Sakata’s algorithm with majority voting and an IDFT to
decode a Hermitian code: In this example we use the (64, 44, 15) Hermitian code
defined over GF(16), which can correct up to seven symbol errors. The Hermitian
curve used is:

C(x,y)=x>+ VY +y, (4.32)

which, from (2.12), has a genus y = 6 and has 64 affine points that satisfy
C(x, y) = 0, given in Table 4.6.

Table 4.6 The 64 affine points that satisfy C(x, y) =

=(00) =(01) =(Ooz5) =(Ooz)
=1, a) =(1,a% =(1,a? =(1,ab
=(a, 059) P10 = (a, 017) P11 =(a, 016) P12 = (a, a13)
P13 =(@*a’) Pyu=(*a’) Pis = (o, a®) Pis = (a*, a™®)
Py =(a?a®) Pp=(%a) Po=(@%a') Py=(?a?)
Pa; = (0181 ‘13) Py = (Ol 0‘“) P23 (Ol8 all) Py = (05 0512)

Py =(a® a®) Pyx=(a®a) Py
Py = (@', a®) Pyp=(aa’) Py

(@, o) Py =(a® a®?)
(0[10, 016) P32 — (0[10Y Ot13)
(

P33 = (0131 «) Py = (Ol 0l4) Pa3s s, 012) P3g = (0531 “8)
Py = (@, a®) Py =(a™ o) Pyg=(a"a) Pyu=(" o)
Py = (e°, a) Ps = (o, 0l4) Pss = (o°, Olz) Pu = (o°, 018)
P = (0171 059) P = (ot7, a7) Py = (0171 ‘16) P = (05 0513)
Py = (b, ) Pso = (016, at) Psy = (af, a?) Psz = (af, a®)

Pss = (@ a%) Psa=(¢a’) Pss=(0a%) Ps=("0)
Psr= (', 0®) Psg=(a' @) Psg=(a" a') Pg=(a" a?)
PGl = (O{lz, Ol) P62 (Ollz a4) P63 = (0512, O{Z) P64 = (0612, 018)

From (4.3), the parameter j can have any value from j = 3 to j = 12. Choosing
j = 5 and substituting this into (4.4) we get a message length of k = 44 and a
designed minimum distance of d* = 15. It is assumed that the received word has
errors at the following affine points:

& =a'?atPs = (1, o) ey =a?atPiz = (o o) er=a?atPy = (o't
ep =a?atPy = (0 o) epy=caatPy=(c%0a) es=a?atPs=_(,a’)
&1 = a'? at Ps; = (b, o?)

The known syndromes S, ,, where a + b < j = 5, can be calculated using (4.6).
The initial syndromes are shown in Figure 4.4. The syndromes S and Ss1 are
found using the recursive relationship of (4.9):

Sib= Si5041 + Si5b44-
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Figure 4.4 Initial syndrome array.

Sb= S 5041+ Si5b44

Therefore,
So0=S1+S4=a+a%=0

S;,l=51,1+51,4=a7+a2:(a3+a+1)+a2:a12'

The parameters in Sakata’s algorithm are then initialized as follows: (a, b) =
(0,0, F={1},G=@and A =0, Fy=0.
From (4.8), the discrepancy d of fY) = 1 when S, = «*? is determined to be:

i 1
df = Z f|((j|)sa,t§i)+k,bft§i)+l = f()(,(J)SJ—O+0,0—O+O =1.S0=0a®

k=t )

Hence, Fy = {1} and G’ = G U Fy = {1}, and we also store this discrepancy,
dy = d, and the point at which the discrepancy occurred, (ag, by) = (0, 0).
Next, span(G’) is found using (4.11) and (4.12). The x-degree and y-degree of
gx, y) = Lare u® = 0 and ul” = 0, respectively, and so span(1) = (0 — 0,0 —
0) = (0, 0}.

Therefore,

span(G') = D {(k. DI(k, 1) < span(g®(x, y))}

i=1

1
= Z {(k, DIk, 1) = (0,0)} = {(0, 0)}.
i=1

If we represent span(G’) graphically, as in Figure 4.5, we can see that it has only
one interior corner, at (0, 0), and two exterior corners, at (1, 0) and (0, 1).

Without performing any of the update procedures for sets F and G, we know that
since there is only one interior corner, (0, 0), G will contain a single polynomial
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Figure 45 The set A after the first modification to the polynomials in F.

with a span equal to (0, 0). Also, since there are two exterior corners, (1, 0) and
(0, 1), F will contain two polynomials with leading monomials xand y, respectively.
To update G, we keep only those polynomials in G’ that have spans equal to all in-
terior corners of span(G’). In this case, the polynomial g = 1 is the only polynomial
in Gand its span is equal to (0, 0), so this is kept for G. This completes the updating
of G.

To update F, we take each exterior corner of span(G’) and apply Case 1, 2 or 3.
For the exterior corner (g1, £2) = (1, 0) we cannot apply Case 1 since the difference
set F/Fy is empty. However, we can apply Case 2, since ¢; > a= 0, s0:

hO(x, y) = xa~ 1yt fO(x y) = x10y0-01 — x_

Similarly, for the exterior corner (e1, €2) = (0, 1), Case 2 can also be applied,
since ¢, > b, so:

h(z)(X, y) = Xslitf)yszftg) f(l)(X, y) = X070y1701 =Y.

Therefore, for (a, b) = (1, 0) we have F = {x,y), G= {1} and A = {(0,0)}. The
outputs of the algorithm for all the syndromes up to the first unknown syndrome
Sy, are given in Table 4.7.

Observations from Table 4.7:

» The set F always contains one more polynomial that the set G.
 For at-error-correcting AG code, the number of elements in A never exceeds
t if there are no more that t errors in the received word.

e Once |A| =t, the number of polynomials in F and their leading monomials
never change. The increasing size of A is shown in Figure 4.6.

The polynomials in F are now used to determine the value of the first unknown
syndrome, Sy,. The first polynomial in F is fD(x, y) = o + ax + o'y + o*x% +
Xy + X3 + ax?y + x4, with leading degree (t”, t{) = (4, 0). A candidate value
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Table 4.7 Modification of the set of minimal polynomials using Sakata’s algorithm for each
syndrome in the array of Figure 4.4.
ab Sy F d A G dy  ag by
0,0 o2 1 A ® —_ —
1,0 o x o« {(0,0)} 1 a? 0,0
y 0

0,1 o® af+x 0 {(0,0)} 1 at? 0,0
y o?

2,0 o of+x 0 {(0,0)} 1 a2 0,0
a® +y 0

1,1 o' af4x o {(0,0)} 1 a2 0,0
o + y o

0,2 o afx+x 0 {0,0)(1,0), a®+x o 1,1
ot + aby + xy 0 0, 1)} a®+y o 1,1
oy + y? 0

3,0 0 abx 4+ x2 1 {(0,0)(1, 0), ab + x o 1,1
ot + aby + xy 0 0, 1)} a®+y a 1,1
a®y 4+ y? 0

2,1 a* o* +abx+alty+ X2 o {(0,0)(1,0), af+x o 1,1
a* + aby + xy 0 0, 1)} b4y o 1,1
ady + y? 0

1,2 o of+aly+ %2 0 {(0, 0)(1, 0), ab 4+ x o 1,1
a* + aby + xy o 0, 1)} a® 4y a 1,1
ot5y—|— y2 o

0,3 o' ab+atty+x? 0 {(0,0)(1,0), o®+x o 1,1
a®? + x4 aby + xy 0 0, 1)} ad+y o 1,1
o + afy 4 y? 1

4,0 of o +aty+x° 0 {(0,0)(1, 0), ab +x o 1,1
a? + x4+ aby + xy 0 (0,1} a®+y a 1,1
a*x + a¥y 4+ y? 0

31 o af+aly+x? o {(0,0)(1,0), o®+x o 1,1
a? + x4+ aby + xy a 0, 1)} ad+y a 1,1
ax 4+ oy 4+ y? 0

2,2 o of+a¥x+alxy+x 0 {0,0),(1,0), a®+a¥y+x « 3,1
o + al¥y + alty? + X2y a2 (0,1),(2,0), a®+x+a’y « 3,1
a*x + oy 4+ y? a? (1,1)} +Xy

1,3 o of+aBx+atxy+ X 0 {0,0),(1,0), a®+a¥y+x « 3,1
a® + o?X + at®y + olOxy 0 0,1),(2,0, a®+x+a%y « 3,1

+aMy? 4ol 4 2y @ (1,1)} ey
o® + &% + aly + allxy
+y

(Continued)
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Table 4.7 (Continued)

ab S§p F d A G dy &g by
0,4 ot of + o+ alxy+x° 0 {(0,0), (1,0), o®+a¥y+x « 3,1
o8 + a?x + oy + o1y 0 (01,20, o2+x+ay « 31
+ oy + o + Xy 0 (L1} +xy
o? + a0% + By + a%%
+allxy +y?
50 0 af + a4+ atxy + X2 o {(0,0),(1,0), af®+a¥y+x « 3,1
a® + o?X + at®y + olOxy 0 (0,1,(2,0), a®+x+a® a 31
+ ay? + o + X2y 0 (1,1} + xy
o? + a0% + aBy + a%%
+ attxy + y?
4,1 o aP?+ax+aBy+axy+x o®  {(0,0),(1,0), of+aly+x « 3,1
o’ + a?X + at¥y + al'xy o (0,1),(2,0), a®4+x+a’y « 3,1
+ oy + o + Xy 0 (@} +xy
o? + 0% + aBy + a¥%
+ollxy +y?
32 o a+ax+y+a+axy ot {(0,0),(1,0), oab+a¥y+x « 3,1
+x3 a*  (0,1),2,0), a? + x4+ aby o 3,1
o +afx+ay +aPxy o (L, 1)} + Xy
T oMy 4 ol 4 Xy
o? + a0% + By + a%%
+olxy +y?
2,3 a? ax+a® 4+ xy+a’ 0 {(0,0), (1,0), o+a’x+y at 3,2
+axly+x* o 0, 1), (2, 0), +a' R +axy a 3,1
a®® + afx + aty + o®%? ot (1,1),(0,2), +x3 at 3,2
T a2y 4oy 4ol 3,0)} b + atly + X2
Xy o? + o0
1+ o+ a®y + a'0x? + o®y + %
T oy + % + a1y tatlxy 4y
+ %7
a2y+ﬁmxyzxy +y(;{5y2 +a%y
+ +
1,4 o ax+ o’ +xy+a’ 0 {(0,0), (1,0), o+a’x+y at 3,2
+axly+xt 0 (0,1),(20), +a'4+axy a 3,1
o®x + aby 4+ a'X® + axy a? (1, 1),(0,2), +x3 at 3,2
+ oMy 4+ 53+ X%y o (3,00} ab 4+ oty 4+ X2
o + b + ally + a12 o? + o0
T oy + a9 + alhy + 0By + %
+ Xy +attxy +y?

WX + a2y + 0% + xy
T+ a% 4 aO% + a2y

+ al?xy? + y°

(Continued)




COMPLETE HARD-DECISION DECODING ALGORITHM FOR HERMITIAN CODES 135
Table 4.7 (Continued)
ab Sp F 0" A dy ag by
0,5 o ax+a®>+xy+a’x 0 {(0,0),(1,0), o+a’x+y at 3,2
+ axly + %t 0 0, 1), (2, 0), +a’ Faxy o 3,1
a®x 4 aby 4+ a’X% + axy 0 1, 1), (0, 2), +x° a* 3,2
T+l 458 4 Xy o (3,00 o + alty 4+ %
@+ a?X + o'y + oMy o? + alox
+ ooy + 19 + alixy T aBy + %
+ X%y +atxy + ¥
o + @?X 4 ay 4+ o’ 4 xy
+ a5y2 + % + ozzxzy
F a2 4y
6,0 0 aX+o® 4+ xy+ o’ 0 {(0,0),(1,0), o+a’x+y ot 3,2
+ axly + % 0 0, 1), (2,0), +a’ Faxy o 3,1
a®x 4+ aby 4+ a’x% + axy 0 1, 1), (0, 2), +x° a* 3,2
+ oy x84 Xy 0 (3,0)} ab + oty 4+ %2
@+ a2 + o'y + oMy o? + alox
+ a0y + 1% + alixy T aBy + ¥R
+ %y +atxy +y
o + x+ ¥y + ab% + axy
+ a5y2 +ax® + ozzxzy
+at?xy? +y?
51 a¥? ax+a® +xy+a’' o« {(0,0),(1,0), a+a’)x+y a* 3,2
+ axty + x* o (0, 1), (2, 0), +a'+axy a 3,1
a®x 4 aby 4+ a’% + axy 0 (1,1),(0,2), +x8 a* 3,2
+ oty + X% + X%y 0 (30} ab + oty 4+ X2
@ + a2 + o'y + oMy o? + al0x
+ o0y + 1% + oty T aBy + ¥R
+ %y +attxy +y?
o + x+ ¥ + ab% + axy
+ a5y2 +ax + ozzxzy
+at?xy? + Y
4,2 7 a +ax+a’y+a*® +xy ? {(0,0),(1,0), o+a’x+y a* 3,2
+ o' + axty + x ? 0, 1), (2, 0), +a'+axy « 3,1
a* + a*x 4 oy + 0% ? (1, 1), (0, 2), +x at 3,2
+a¥xy + oYV + X+ Xy ? (3,0)} ab + oty 4 X2
o + a?X+ a4y + a¥x? a? + %%
+ Oy + 10 + oy 1 aSy + a%%
+ %y +attxy +y?

af + x4+ a9y+ abx? + aXxy
+ a®y? + ax® + a?Xy

+attxy? 4y
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Figure 4.6 Graphical representation of the set A at different stages of Sakata’s algorithm from
Table 4.7.

for Sy, can be obtained by using (4.20):
Z fk(,1|) Scra—ai42-0 = —V1

(k)=<7(4,0)
=aMSo+aS2+a'S3+a'S2+1.S3+a'S2+aS;s
— oo’ + o + aloll + atad + ot + olad + aal?
b tad a2ttt 1+l
=@+ +@+a)+at+ @+’ +a+ )+ (a+1)+1
+(o® + a? + 1)
Vi = «.

(4.20) can also be used to obtain candidate values for the second and third
polynomials in F; these are v, = « and v3 = «.

However, the fourth polynomial in F, a® + X+ a®y + a®x? + axy + a®y? +ax® +
a?x2y + a'2xy? + y3, which has leading degree (t{", t{) = (0, 3), cannot be used
to obtain a candidate value using either (4.20) or (4.21). Since the contributing
polynomials all give the same candidate value, the syndrome S, = «. For S, all
contributing polynomials also give the same candidate value of o®.

The first unknown syndrome value where all contributing polynomials give
different candidate values is S4. Since the first polynomial in F has leading degree
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K1

(tfl), téz)) = (4, 0), (4.20) can be used to obtain a candidate value:

1
fk(,|)3<+2+5—4,|+4—5+1—0 —S450=—-W
k.N=7(4,0)

=a"So+aSo+a'S1+*Se+1-Si+a’'So+aeS1+ S
=o . 04+a-ab+a’ - P +a* 0+1-0*+a’ - 04+ a-a¥?+ o
=o' +a® tat + a4t
=@H+a+D)+@@H+a+D)+F@+D)+ (@ +a?+1)+@+1)
=’ +a+1

W; = Ol7.

For the other three contributing polynomials in F, (4.20) can be used to obtain
the candidate value of «**. Now, from (4.23):

Ki={(k,1D|0<k=<2A0=<I <4}
={(0,0), (0, 1), (0, 2), (0, 3), (0, 4), (1, 1), (1, 2), (1, 3), (1, 4),
x(2,0),(2,1),(2,2), (2, 3), (2,4)}
Ko={(k,)]0<k<5A0=<l<4-5+1}
={(0,0), (1,0), (2,0), (3, 0), (4, 0)}

’

and the set K = Ky U K» is:

K =1{(0,0),(0,1),(0,2),(0,3),(0,4), (1,0), (1, 1), (1, 2), (1, 3), (1, 4),
x (2,0), (2, 1), (2.2). (2, 3), (2. 4), (3,0), (4, 0)}.

From (4.22) the sets A and B are:

Al={k,D)eK|k+4<2Al+0<4}=0

A ={k,D)eK|lk+2=<2Al+1=<4}={(0,0),(0,1),(0,2),(0,3)}

Az ={kN)eK|k+1=<2Al+2=<4}={0,0),(0,1),(0,2),(1,0),(1,1),(1,2)}
Ay
B ={(k,)e K|k+4<7Al+0=<0}={(0,0),(1,0),(2,0),(3,0)}
B={(k)eK|k+2<7Al+1<0}=0
Bs={k,)eK|k+1<7Al+2<0}=0

Bsi={(k,)e K|IK+0<7Al+3<0}=0

—{(k,1) e K|k+0<2Al+3<4}={0,0),(0,1),(1,0), (1, 1), (2 0), (2, 1)}

The candidate syndromes are §; = o’ and 8, = o'*. Finally, from (4.24):

= ( U Ai U L_J , Bi /{(0» O)a (1’ 0)’ (0’ 1)’ (2’ 0)’ (1’ 1)’ (O’ 2)’ (3’ O)}

gd,_ 0). (1. 0). (2. 0). (3, 0)}/((0. 0). (1. 0). (0. 1). (2. 0), (1. 1). (0. 2). (3. 0)}
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Figure 4.7 The syndrome array after majority voting has been completed.

Ko = ( U Aau U Bi) \{(0.0).(1,0). (0. 1). (2.0). (1. 1). (0. 2). (3, 0)}

= AZ U A3 U A4\{(07 O)v (1v O)v (07 1)3 (27 0)’ (1’ 1)7 (Ov 2)’ (3’ O)}
=1{(0,0),(0,1).(0,2),(0,3),(1,0), (1,1),(1,2),(2,0), (2, 1)}/

{(0,0),(1,0),(0,1),(2,0),(1,1), (0, 2), (3,0)}
=1{(0,3).(1,2),(2, 1)}

Therefore, there are | K, | = 0 votes for the candidate value o’ and | K, | = 3
votes for the candidate value o'?, and so S4 = 't By employing majority voting
up to the last unknown syndrome, & 10, we obtain the syndrome array shown in
Figure 4.7. The final set of minimal polynomials is:

fOX, y) = o +ax + o’y + a**? + xy + a'x3 + ax?y + x*

FOX, y) = a2 + a®X + oy + 0% + alxy + a5y? + Xx® + X2y
F=1fOKXY) =a+a?x +a*y + a¥x? + oy + 1% + o x?y + xy?.
AKX, y) = a® + x + a®y + a®%% + axy + a®y? + ax® + a®x%y

Fal2xy? 4y

All four polynomials in F are error-locating polynomials, which means that
those affine points that cause any of these polynomials to vanish are possible error
locations. If we take the polynomial f®)(x, y), there are 12 points that cause it to
vanish:

Ps = (1, o) P = (o, o®) Pi= (" a% Pr=(a) Psy=(? b
Pa = (@, a®®)  Pg=(? a) Pis=(a’,a®) Psi=(ab a?) Ps;=(ab ab)
Ps; = (0!, @®)  Pgz = (a'?, a?)
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The remaining syndromes from S;; o to S;5,15 are found either by using (4.9) for
Sup, &> 5, or by substituting the minimal polynomial f®(x, y) in F into (4.8) to
obtain the recursive equation:

> fk(j) Sio4kb-3+ =0

(k.N=7(0,3)

fooSub-3 + fLoSt1b-3+ fo1Sup-2 + F2.0S2b-3 + fL1S 102
+f02S0-1+ f3.0S43b-3+ 2154202+ F12S10-1 + fo3Sip.

Making S, p the subject of the equation gives:

Sib=0S1p3+ Sutps+a’Sipo +o®Suop 3+ oS
+a°Sipo1 + aSisb3 + @ Sop 2 + 0P Si1po1 (4.33)

So the syndromes S;10, Si01, S22, 3, S4, S5 and S are calculated using
(4.9) and have the values o, o3, o3, &3, 0 and «®, respectively. To calculate
S,7 we would use (4.33):

S7=a%S4+S4+a°Ss +abSs+aSs+a’Ss+aS,
+a’Ss +a?Se
= oba* + a'? + %8 + aba? + ae® + a®a? + « - 0 + ?a® + at?ad
=a®+a?+a?+a®+ o+’ +a’ +a°
=a?+a’+a’ +0a°
=@+’ +a+D)+al+ (@ +a+1)+ (@®+a)
=a+a

:O[g

The complete syndrome array is given in Figure 4.8.

All that remains is to find the error magnitudes at the possible error locations.
Taking the point Pg = (1, a*), we use (4.24) to determine the magnitude:

14 14

&= Y SuoXYs"

a=0b=0
g—29-2

— Z Z Sa,bl_a . Ol_4b

a=0 b=0
= S),O]_OO(O + S_Lolo(x_zl + 82’0100[—8 4. 814’121_14(1_3
+ Si131 Mo + Sy 141 M

This gives a value of 5 = «*2. Similar calculations for the remaining points
give:

€ = ol? at Pe = (1, 064) ep=0atPy = (Ol, Ol6) €13 =a!? at P13 = (054, Olg)
ey =a'?atPy =(a° a') ey =0atPy=(aa’%) ep=aatPyp=(a" ab)
53 =a'? at Pg3 = (o, @) e =a?atPys = (o', 0®) &1 =a'?atPsy = (ab a?)
e, =0atPs, = (056, O!S) &7 =0atPs; = (Otll, 0{3) 63 =0at Pg3 = (Otlz, 0{2)
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Figure 4.8 The complete syndrome array.

4.7 Simulation Results

In this section, we present some simulation results evaluating the performance of
Hermitian codes in comparison with Reed-Solomon codes. It is obvious that if we
compare Hermitian codes with Reed—Solomon codes defined over the same finite
field then the Hermitian codes will always perform better due to their increased
length and larger Hamming distance. However, it is interesting to compare Hermi-
tian codes defined over smaller finite fields and Reed-Solomon codes defined over
larger finite fields. A Hermitian code defined over GF(64) has much better parameters
than a Reed-Solomon code defined over GF(64), but it also has better parameters
than a Reed-Solomon code defined over GF(256). For example, the (512, 314, 171)
Hermitian code defined over GF(64) of rate 0.6 has a much larger minimum Ham-
ming distance than the (63, 39, 25) Reed—-Solomon code defined over GF(64), and
also a larger Hamming distance than the (255, 153, 103) Reed—Solomon code defined
over GF(256). This illustrates another advantage of Hermitian codes in that improved
performance can be achieved with smaller alphabets, consequently reducing the com-
plexity of the finite field arithmetic for hardware implementation.
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0
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Figure 4.9 Performance comparison of the (512, 314, 171) Hermitian code defined over GF(64) with
the (255, 153, 103) Reed-Solomon code defined over GF(256) on the AWGN channel.

A comparison of the (512, 314, 171) Hermitian code and (255, 153, 103)
Reed-Solomon code is now presented in terms of simulation results on the AWGN
channel and a Rayleigh fading channel. In Figure 4.9, the performance of the two
codes is shown on the AWGN channel, with the Hermitian code achieving only a
0.3dB coding gain over the Reed—Solomon code.

However, under slow fading conditions where bursts of errors are more likely
to occur it can be shown that the Hermitian code can significantly outperform the
Reed-Solomon code. In Figure 4.10 the performance of the two codes is shown on
a Rayleigh fading channel that is frequency nonselective, with a carrier frequency
of 1.9 GHz, a velocity of 20 m/s and perfect channel estimation for a data rate of
30 kbps. It can be seen that the Hermitian code achieves a coding gain of 4.8 dB over
the Reed-Solomon code.

In Figure 4.11 the performance of the two codes is shown on the same Rayleigh
fading channel, but with an increased data rate of 100 kbps. Under more harsh condi-
tions the Hermitian code still achieves a coding gain of 3.1 dB over the Reed-Solomon
code, at a BER of 107°.

Finally, we also present the performance of the same Hermitian codes on magnetic
recording channels [12], as described in Chapter 1. In Figure 4.12, the performances of
the (64, 39, 20) Hermitian code and the (512, 314, 171) Hermitian code are compared
with the (15, 9, 7), (63, 39, 25) and (255, 153, 103) Reed—-Solomon codes on a magnetic
recording channel with a recording linear density of Dg = 2, which is a measure of the
intersymbol interference (I1S1). The signal-to-noise ratio Ei/Ny is the ratio of the energy
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Figure 4.10 Performance comparison of the (512, 314, 171) Hermitian code defined over GF(64) with
the (255, 153, 103) Reed-Solomon code defined over GF(256) on a Rayleigh fading channel.

in the Lorentzian Pulse E; to the noise power spectral density Ng of the electronics
noise. As stated before, the Hermitian codes outperform the Reed—Solomon codes
defined over the same finite fields due to their increased lengths. Interestingly, the
(512, 314, 171) Hermitian code defined over GF(64) still outperforms the (255, 153,
103) Reed-Solomon code defined over GF(256) on magnetic recording channels.

1.00E+00
—Uncoded QPSK

1.00E—01 4 —»—(512,314,171) Hermitian code

—4—(255,153,103) Reed-Solomon code

1.00E-02

BER

1.00E-03

1.00E-04

1.00E-05 -

LOOB-06 5 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Ep/Ng, dB

Figure 4.11 Performance comparison of the (512, 314, 171) Hermitian code defined over GF(64) with
the (255, 153, 103) Reed-Solomon code defined over GF(256) on a Rayleigh fading channel.
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Figure 4.12 Performance comparison of Hermitian codes and Reed—-Solomon codes on a magnetic
recording channel with a recording linear density of Dg = 2.

Figure 4.13 shows the performance of the same codes on a magnetic recording
channel with a recording linear density of Ds = 3, representing an increase in ISI.
Overall, the performance of all the codes is worse but the Hermitian codes still
outperform the Reed—Solomon codes.

1.00E+00 ‘
— EPR4 target, Dg=3
—+—(15,9)RS code
1.00E-011 - (63,39)RS code
—=-(64,39)AG code
1.00E-02 - (255,153)RS code
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Et/No, dB

Figure 4.13 Performance comparison of Hermitian codes and Reed-Solomon codes on a magnetic
recording channel with a recording linear density of Ds = 3.
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4.8 Conclusions

A class of non-binary block code called the algebraic—geometric code has been
introduced. Such codes are constructed from the affine points of a projective curve
and a set of rational functions defined on that curve. Depending on the choice of
curve, very long AG codes can be constructed with very large minimum Hamming
distances. The well-known Reed-Solomon codes are the simplest class of AG code,
constructed from the affine points of the projective line. Consequently, they have
the shortest block lengths of all AG codes, and there are not many Reed—Solomon
codes that can be constructed. However, Reed—Solomon codes are maximum distance
separable (MDS) unlike other AG codes, where the genus of the curve reduces the
actual minimum Hamming distance.

Despite this genus penalty, AG codes still have much larger minimum Hamming dis-
tances than Reed—-Solomon codes defined over the same finite field and consequently
AG codes can correct much longer bursts of errors, which are common in data storage
channels and slow fading channels. A disadvantage of AG codes is their higher de-
coding complexity. Sakata’s algorithm is more complex than the Berlekamp-Massey
algorithm, but Kotter recently showed how several Berlekamp—Massey decoders could
be implemented in parallel, replacing Sakata’s algorithm and having a running time
equal to a single Berlekamp—Massey decoder.

In this chapter, we have covered the construction of AG codes from Hermitian
curves. A detailed explanation of the decoding of AG codes has also been presented,
in particular the use of Sakata’s algorithm to locate errors, and the use of inverse
discrete Fourier transforms to determine the error magnitudes at these locations.
Finally, some simulation results have been presented on the AWGN and Rayleigh
fading channels, showing how a Hermitian curve defined over GF(64) can outperform
a Reed-Solomon code defined over the much larger finite field GF(256).

Reed-Solomon codes are still the most commonly used coding scheme today,
but they are rapidly being replaced in communication systems with more powerful
coding schemes such as turbo and LDPC codes. However, in optical storage, the
latest devices, such as Blu-Ray and HD-DVD, still use error-correction schemes
involving Reed—Solomon codes due to their good burst-error-correcting performance
and efficient decoders. Eventually, as storage density increases and consequently the
effects of 1SI become more severe, Reed—-Solomon codes will not be good enough
and they will need to be replaced. AG codes could be a possible candidate for the
error-correcting schemes in future data storage devices.
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5

List Decoding

5.1 Introduction

In this chapter, we discuss an alternative decoding algorithm which produces a list
of candidate messages instead of just one. This class of algorithm is known as a List
Decoding algorithm and was developed by Elias [1, 2] and Wozencraft [3]. A list
decoder has the advantage of being able to correct more errors than a conventional
decoding algorithm that only returns a single decoded message, from now on known
as a unique decoding algorithm. This is unfortunately at the expense of increased
decoding complexity.

The chapter begins by introducing the Guruswami-Sudan algorithm [4] for the list
decoding of Reed-Solomon codes. This algorithm has two processes: interpolation
and factorization. It is shown that most of the decoding complexity of the list decoding
algorithm is due to the interpolation process, but we present a method to reduce this
complexity. This is followed by an explanation of the soft-decision list decoding of
Reed-Solomon codes using the Kotter—Vardy algorithm [5].

We also describe how to modify the Guruswami—Sudan algorithm to list decode AG
codes and again show we can still reduce the complexity of the interpolation process.
The Kotter—Vardy algorithm is then extended for the soft-decision list decoding of AG
codes. The performance of hard- and soft-decision list decoding of Reed—Solomon
codes and AG codes is evaluated, and simulation result are presented showing the
performance of both coding schemes on the AWGN and fading channels. The idea
of list decoding is as follows: given a received word R, reconstruct a list of all code
words with a distance t to the received word R, in which t can be greater than
Tunique = L%J

This idea is illustrated in Figure 5.1, where ¢y, ¢, and c3 are three independent code
words at a distance d from each other. A received word rq, which has distance less
than 7 nique to code word ¢y, can be decoded by the unique decoding algorithm, which
results in c;. However, for received word r,, which has distance greater than 7 nigue
to any of the code words, the unique decoding algorithm will fail to decode it. But

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd
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Figure 5.1 The idea of list decoding.

using the list decoding algorithm, a list of possible transmitted code words will be
produced. For example, a decoded output list {c3, Cz, C3} is produced by the decoder,
then the code word that has the minimal distance to r, is chosen from the list and
decoding is completed.

5.2 List Decoding of Reed-Solomon Codes Using
the Guruswami-Sudan Algorithm

5.2.1 Weighted Degrees and Lexicographic Orders

To apply the list decoding algorithm we must first impose an ordering on the powers
of a set of monomials. If we define the weighted (u, v)-degree of a monomial x2y by:

deg, , (x*y’) = ua+vb (5.1)

then we can order a sequence of monomials by their weighted degrees. The lexico-
graphic order of the monomials is then defined as:

xayPr < x2yP (5.2)

if degu,v(xalybl) < degu,v(xazybz) or degu,v(xalybl) = degu,v(xazybz) and & > a.
This has already been used in Chapter 4 to order the monomial basis used to construct
algebraic—geometric codes. The lexicographic order of the weighted (1, 1)-degree of
the sequence of monomials x2y? is actually the Total Graduated Degree Order <t
defined in (4.9).

To list decode a (n, k) Reed—Solomon code we use the (1, k — 1)-weighted degree.
For example, in order to decode a (7, 5) RS code defined in GF(8), (1, 4)-lexicographic
order is used. The generation of this order is shown in Table 5.1. The entries in
Table 5.1a and 5.1b represent the (1, 4)-weighted degree and (1, 4)-lexicographic
order of monomials M with x degree a and y degree b, respectively. Applying (5.1)
with u= 1 and v = 4, we can generate the (1, 4)-weighted degree of monomials M
shown by Table 5.1a. For example, for monomial X%y, its (1, 4)-weighted degree is
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Table 5.1 (a) (1, 4)-weighted degree of monomial x2y®; (b) (1, 4)-lexicographic order of monomial
XayP,

a/b 0 1 2 3 4 5 6 7 8 9 10 11 12

@)
0 0 1 2 3 4 5 6 7 8 9 10 11 12
1 4 5 6 7 8 9 10 11 12
2 8 9 10 11 12
3 2

(b)

5 7 9 11 13 16 19 22 25
14 17 20 23 26
27

L W N RO

degl,4(x2y) =2-1+4 4 =6, which is shown in Table 5.1a. Based on Table 5.1a,
and applying the above lexicographic order rule, we can generate the (1, 4)-
lexicographic order of monomials M shown in Table 5.1b and denoted as ord(M). From
Table 5.1b, it can be observed that x* < x%y < y?, since ord(x*) = 4, ord(x%y) = 9 and
ord(y?) = 14.

With the definition of the weighted degree and order of a monomial, we can define
the weighted degree of a nonzero bivariate polynomial in Fq[x, y] as the weighted
degree of its leading monomial, M. Any nonzero bivariate polynomial Q(x, y) can be
written as:

Q(X,y) = QoMo + Q1M1 + - -- + Q. M, (5.3)

with bivariate monomial M = x2y ordered as Mg < M; < --- < M, Qo,
Q1,..., QL € GF(g) and Q. # 0. The (1, k — 1)-weighted degree of Q(X, y) can be
defined as:

deg; 1 (Q(X, y)) = degy 1 (ML) (5.4)
L is called the leading order (lod) of polynomial Q(X, y), defined as:
lod(Q(x, y)) = ord(M_) = L. (5.5)

For example, given a polynomial Q(x, y) = 1 + x* + x2y + y?, applying the above
(1, 4)-lexicographic order, it has leading monomial M_ = y2. Therefore, degs 4(Q(X,
y)) = deg1 4(y?) = 8 and lod(Q(X, y)) = ord(y?) = 14. Consequently, any two nonzero
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polynomials Qand H (Q, H € Fq4[Xx, y]) can be compared with respect to their leading
order:

Q < H, if lod(Q) < lod(H) (5.6)

S(T) and S,(T) are denoted as the highest degree of x and y respectively under the
(1, k — 1)-lexicographic order such that:

S(T) = max{a : ord(x?y°) < T} (5.7)
S,(T) = max{b : ord(x°y®) < T}, (5.8)
where T is any nonnegative integer. The error-correction capability, T, and the

maximum number of candidate messages, |y, in the output list with respect to a
certain multiplicity, m, of the GS algorithm can be stated as [4]:

Tn=n—-1-— L%J (5.9)
m
Ilm = S,(C), (5.10)
in which T in (5.7) and (5.8) is replaced by the nonnegative integer C, defined as:
m+1 (m+ 1)! n(m+ 1)m
= = = 11
¢ ”( 2 ) Mm+1-2)12 2 (611)

C represents the number of iterations in the interpolation process, or alternatively
the maximum number of Hasse derivative evaluations of an individual interpolated
polynomial. These parameters will be proven in Section 5.2.5, when the factorization
theorem is presented. 7, and |, grow monotonically with multiplicity m [4]:

Tm, < Tm, (5.12)
lm, < lm,, (5.13)

if mp < my.
5.2.2 Interpolation Theorem

From an algebraic geometric point of view, the interpolation process in the GS algo-
rithm requires a hard decision to be made on the received word (ro, r1, ..., rn_1) and
the set of affine points corresponding to the location of each symbol in the received
word. For Reed—Solomon codes, the affine points are simply the elements of the finite
field over which it is defined. Each affine point and received symbol is paired up
to form a set of interpolation points (x;, ri), where i =0, 1,..., n — 1. The idea
of interpolation is to generate a polynomial Q(x, y) that intersects all these points a
given number of times. The number of times Q(X, y) intersects each point is called its
multiplicity, denoted as m, and this parameter determines the error-correcting capa-
bility of the GS algorithm. The interpolation polynomial Q(x, y) can be expressed
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as [4, 6]:
QX.Y) =Y Qax?y®, (5.14)
a,b

where Qap € GF(Q).
For Q(x, y) to be satisfied at the point (x;, r;), Q(X;, ri) = 0. We can write x2 and y°
as:

X=X =X+ X) =) <a> XU (x—x)" and ¥ =(y—ri+r)°

u
u<a

= (0=

v<b

and therefore:

Qn-Tow ¥ (3peromwr (B)rro-ny
a,b u<a,v<b

, (5.15)
= Z qu (X - Xi)u (y - ri)v

where:

(.1 _ a b —u.b—
QM= »" (u) <V>Xia Upb-v, (5.16)
a>u,b>v
(5.16) is the (u, v)-Hasse Derivative evaluation at the point (x;, ri) of Q(X, y)
and defines the constraints on the coefficients of Q(X, y) in order to have a zero of
multiplicity mat that point.

Example 5.1: Given the polynomial Q(X, y) = «° + a®x + y + Xy defined over
GF(8), we can use (5.16) to show that Q(x, y) has a zero of multiplicity of at least
m= 2 at the point (1, «°). In order to have a zero of at least multiplicity m= 2, the
(u, v)-Hasse Derivative at this point must be zero for all u + v < m, that is (u, v)
can be (0, 0), (1, 0) and (0, 1).

o) _ o ( ) (8) 10(6%)°0 4 Qyp (é) (8) 11-0(45)0-0

+ Qo <O) ((1)> 199510 4 Qyy ((1) ) 11-0(45)1-0

=1+1+a°+a°=0

(1 “) Z Qpp (i) (8) 11-1(45)00 + Qy (
(1 @) _ 0 1\ jo-0, 5y1-1
Qm(o) (1>1 (@) +Q11(

[ N N

1% ) t=1+1=0.

It
(3)11 180 = + 65 =0
(5)
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Therefore, since Q{t” )= (1%’“5) = (()11'“5)
of at least m= 2.

We denote the Hasse derivative operator by D, where [7]:

DwQM.r)= 3 Qab(3> <3)xia“rib". (5.17)

a>u,b>v

= 0, Q(x, y) must have amultiplicity

Therefore, the interpolation of the GS algorithm can be generalized as: Find a
minimal (1, k — 1)-weighted degree polynomial Q(x, y) that satisfies:

Q(x,y)=Ing(ig){Q(x,y)lDqu(xi,ri)=0 for i=0,1,...,n and
[o]
u+v<mj. (5.18)

5.2.3 Iterative Polynomial Construction

To find the interpolated polynomial of (5.18), an iterative polynomial construction
algorithm [4, 8-12] is employed. In this algorithm a group of polynomials is ini-
tialized, tested by applying the Hasse derivative (5.16) and modified interactively.
The interactive modification between two polynomials is based on the following two
properties of the Hasse derivative [7, 10]:

Property 1: Linear functional of Hasse derivative 1fH, Q € Fq[x, y], 61 and 8,
GF(q), then:

D(81H + 8,Q) = 8:D(H) + 62D(Q). (5.19)
Property 2: Bilinear Hasse derivative If H, Q € Fgy[X, y], then:
[H. Qlo = HD(Q) — QD(H). (5.20)

If the Hasse derivative evaluation of D(Q) = 8, and of D(H) = 8, (d;, d2 # 0),
based on Property 1, it is straightforward to prove that the Hasse derivative evaluation
of (5.20) is zero, as follows:

D([H,Qlp) =D(HD(Q)— QD (H)) =D (.H - 6Q).
Using Property 1:

D (81H —62Q) = 8:D(H) — 62D(Q) = 6162 — 86261 = 0.
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Therefore:

D ([H. Qlp) =0. (5.21)

If lod(H) > lod(Q), the new constructed polynomial from (5.20) has leading order
lod(H). Therefore, by performing the bilinear Hasse derivative over two polynomials
with nonzero Hasse derivatives, we can reconstruct a polynomial which has a Hasse
derivative of zero. Based on this principle, the implementation of an algorithm for
interpolation will iteratively modify a set of polynomials through all n points and with
every possible (u, v) pair under each point.
m+1

2
(u,v) =(0,0),(0,1),...,0,m-1),(1,0),(1,12),..., 4, m=2),...,(m—1, 0).
Therefore, when decoding a (n, k) Reed-Solomon code with multiplicity m, there are

m+1
C=n 2
At the start of the algorithm, a group of polynomials is initialized as:

With multiplicity m, there are pairs of (u, v), which are arranged as:

iterations required to construct a polynomial defined by (5.18).

Go={Qoj=yj=01...lIn} (5.22)

where |, is the maximum number of messages in the output list defined by (5.10). If
M_ denotes the leading monomial of polynomial Q, it is important to point out that:

Qo,j = min{Q(X, y) € Fqlx, y]l deg y(M.) = j}. (5.23)

. . .. . . . fm+1 .
Let ik denotes the iteration index of the algorithm, where iy = i ( 2 ) +r,i =
0,1,....n—1andr =0,1,..., m;— 1 _ 1. For iteration iy of the algorithm,

each polynomial Qj, j in group G;, is tested by (5.17), and the value of each after
Hasse derivative evaluation is denoted by A; as:

Aj = D (Qi.j)- (5.24)

Those polynomials with Aj = 0 do not need to be modified. However, those
polynomials with A; # 0 need to be modified based on (5.20). In order to construct a
group of polynomials which satisfy:

Qi+, = min{Q € Fy[x, Y1ID;i (Qi+1.j) = 0, Diy—1(Qiy+1,j) =0, ...,
Do(Qiy+1.j) =0, and deg y(M.) = j}, (5.25)
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the minimal polynomial among those polynomials with A; # 0 is chosen. Denote the
index of the minimal polynomial as j” and record it as Q’:

j = index(min{Q;, j|A; = 0}) (5.26)
Q' = Qi.j- (5.27)

For the remaining polynomials with Aj # 0 but j # j’, (5.20) is used to modify
them without the leading order being increased:

Qi+1.j = [Qi.» Qlp, = AjQi,j — Q. (5.28)

Based on (5.21), we know that D, (Qj,+1,j) = 0. Aslod(Q;,.;) > lod(Q’), it follows

that |0d(Qik+1,j) = |0d(Qik,j)-
Q' is modified by (5.20) with the leading order increasing:

Qi+1jr = [xQ', Qlp, = (x —x)Q, (5.29)

where x; is the x-coordinate of current interpolating point (X, ri). Aj- =
D, (Q7) # 0 and so, as D; (xQ’) # 0, D;,(Qi+1,j,) =0. As lod(xQ) > lod(Q),
10d(Qi,+1,j,) = lod(xQ’) > lod(Qj,.j-). Therefore whenever (5.29) is performed, we
have: |0d(Qik+1,j) > |0d(Qik,j)-

After C iterative modifications, the minimal polynomial in group G is the inter-
polated polynomial that satisfies (5.18), and it is chosen to be factorized in the next
step:

Q(x,y) = min{Qc,j|Qc,j € Gc}. (5.30)

5.2.4 Complexity Reduced Modification

Based on the above analysis, it can be observed that when decoding a (n, k)
Reed-Solomon code with multiplicity m, I, + 1 bivariate polynomials are being
interactively modified over C iterative steps in which Hasse derivative evaluation
(5.17) and bilinear Hasse derivative modification (5.20) are being performed. This
process has a complexity of approximately O(n’mf*) [4] and is responsible for the
GS algorithm’s high decoding complexity. Therefore, reducing the complexity of
interpolation is essential to improving the algorithm’s efficiency.

The leading order of the polynomial group G;, is defined as the minimal leading
order (lod) among the group’s polynomials [13]:

|0d(Gik) = min{lod(Qik,j)|Qik,j € Gik}- (5.31)

Based on the initialization defined in (5.22), the leading order of polynomial group
Gy is 10d(Gp) = 10d(Qop) = 0. In the iy modification, if no polynomial needs to be
modified then the polynomial group is unchanged; lod(G;,+1) = lod(G;,). When a
polynomial needs to be modified, (5.29) must be used. If M_ is the leading monomial
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of Q*, we have [13]:

deg, Q*
k-1

lod(xQ*) = lod(Q*) + L J + deg, (M) + 1 (5.32)

when Kk is the dimension of the code. Based on (5.32), it can be seen that lod(G;,)
will be increased if Q is the minimal polynomial in the group G;, . The leading order
increase guarantees that in the iy iterative step, the leading order of the polynomials
group G;, is always less than or equal to iy:

l0d(G;,) < ik. (5.33)
Based on (5.33), after C iterative steps we have:
lod(Gc¢) < C. (5.34)

From (5.30) we know that only the minimal polynomial is chosen from the polyno-
mial group Ge as Q(X, y) = {Qc,j|Qc¢ j € Gc and lod(Qc,j) = lod(G)}, therefore:

lod(Q(x, y)) < C, (5.35)

which means the interpolated polynomial Q(x, y) has leading order less than or equal
to C. Those polynomials with leading order over C will not be candidates for Q(x, y).
Therefore, during the iterative process, we can modify the group of polynomials by
eliminating those with leading order greater than C, as [13]:

Gi, = {Qi.jllod(Qi.;) = C}. (5.36)

We now prove this modification will not affect the final result. In iteration iy, if
there is a polynomial Q;, ; with lod(Q;, ;) > C, it may be modified by either (5.28) or
(5.29), which will result in its leading order being unchanged or increased. Therefore,
attheendlod(Qc;) > C, and based on (5.35) it cannot be Q(x, y). However, if Q;, ; isthe
minimal polynomial defined by (5.27), this implies that those polynomials with leading
order less than C do not need to be modified. If Q;, ; is not the minimal polynomial
defined by (5.27), Qi,.; will not be chosen to perform bilinear Hasse derivative (5.28)
with other polynomials. Therefore, Q(X, y) has no information introduced from Q;, j,
since lod(Qj,.j) > C. As a result, eliminating the polynomials with leading order
greater than C will not affect the final outcome.

This complexity modification scheme can be generally applied to the iterative
interpolation process, for example to soft-decision list decoding of Reed—Solomon
codes and hard/soft-decision list decoding of Hermitian codes. Based on the total
number of iterations C for interpolation, the interpolated polynomial’s leading order
always satisfies lod(Q(x, y)) < C. It implies that those polynomials in the group G
can be eliminated once their leading order is greater than C.
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This modification can reduce some unnecessary computation in terms of avoiding
Hasse derivative evaluation (5.24) and bilinear Hasse derivative modification (5.28)
and (5.29) of polynomials with leading order over C. Based on the above analysis,
the modified interpolation process can be summarized as:

Algorithm 5.1: Interpolation for list decoding a (n, k) Reed-Solomon code
[13, 14]

1. Initialize a group of polynomials by (5.22), and set the index of the interpolated
pointi = 0.

2. Set interpolation point to (X;, r;).

3. For each (u, v) whereu+ v < m.

4. Modify the polynomial group by (5.36).

5. Perform Hasse derivative evaluation (5.24) for each polynomial in the group.

6. If all the polynomials’ Hasse derivative evaluations are zero, choose another pair
(u, v) and go to step 3.

7. Find the minimal polynomial defined by (5.26) and (5.27).

8. For the minimal polynomial, modify it by (5.29). For the other polynomials with
nonzero Hasse derivative evaluation, modify them by (5.28).
b

9.i=14+1

10. If i = n, stop the process and choose Q(X, y) defined by (5.30). Else go to step 2.

Example 5.2 shows the modified interpolation process.

Example 5.2: Decoding the (7, 2) Reed-Solomon code defined over GF(8) with
multiplicity m =2 As C = 7(3) = 21, based on (5.9) and (5.10) we have 7, = 3
and |, = 5. The transmitted code word is generated by evaluating the message
polynomial f(X) = o + «®x over the set of points x = (1, «, o, &?, b, a*, ),
and the corresponding received word is R = (a°, &, %, 0, b, «?, «?), where «
is a primitive element in GF(8) satisfying «® + « + 1 = 0. Construct a bivariate
polynomial that has a zero of multiplicity m = 2 over the n points (x;, r;)|"; .

At the beginning, six polynomials are initialized as:

Qoo =1,Qo1=Y, Q2 =Y Quz =Y, Qoa = y* and Qs = y°. Their leading
orders are 10d(Qp o) = 0, 10d(Qo 1) = 2, 10d(Qp2) = 5, 10d(Qo3) = 9, 10d(Qp 4) =
14 and lod(Qp 5) = 20 respectively. lod(Gp) = lod(Qo0) = 0.

When i = 0 and (u, v) = (0, 0), ix = 0. No polynomial is eliminated from the
group Gg.
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Perform Hasse derivative evaluation for each of the polynomials in Gy as:
5 5
Ao = D5’ Qoo =1, A1 = Dy’ Qor = o
()[5 ()[5
Ap = D(%jo))Qo,z =a’, Ay = D((éjo))QO,3 =«
5 5
Ao = D) Qua = o, As = D Qus = .
Find the minimal polynomial with Aj # 0 as:
j/ =0 and Q/ = Q0,0-
Modify polynomials in Go with A; # 0 as:
Q1.0 = Ao(X — X)Q" =1+ x, and lod(Q,0) =1
Q11 =A0Qo1— A1Q =0o° + yand lod(Qy1) = 2
Quz = A0Qo2 — A2Q =&+ y* and lod(Q1,) =5
Q13 = A0Qos — A3Q = + y® and lod(Qy 5) =9
Q14 = AoQos — A4Q =’ + y* and lod(Qy4) = 14

Qus = AoQos — AsQ =o' + y® and lod(Qy 5) = 20
lod(G1) = lod(Q1 o) = 1.

When i = 0 and (u, v) = (0, 1), ix = 1. No polynomial is eliminated from the
group G;.
Perform Hasse derivative evaluation for each of the polynomial in G; as:

Ao = D(%f)S)(Ql)O) =0. A1 = D(%f;)(Ql,l) =1
Az = D((cl)f)S)(Ql,z) =0. Az = D((cl,,’f;)(Qm) =a®
Ag = D(%ﬁ)S)(QlA) =0. As = D(%f)S)(Ql,s) =a.
Find the minimal polynomial with A; # 0 as:
j'’=1 and Q' = Q1.
AsSAg=A,=A4=0:
Q20= Q0=1+x, and lod(Qz,0) =1

Q22 =Qi2=0+V? and lod(Q;,) =5
Q24 = Qu4=0°%+Vy* and lod(Q,4) = 14.
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Modify polynomials in G; with A; # 0 as:

Q21 = A1(X — X)Q =& + &’ + Y(1 + X), lod(Qz1) =4
Q23 =A1Q13— A3Q =2’y +y®, 10d(Qz3) =9
Q25 = A1Q25 — AsQ = aPy + y°, l0d(Qz5) = 20
l0d(G;) = lod(Q2,0) = 1.
When i = 0 and (u, v) = (1, 0), ix = 2. No polynomial is eliminated from the

group Go.
Perform Hasse derivative evaluation for each of the polynomial in G, as:

5 5
Ag = D((i"g))(on) =1 A= Dg’g))(QZJ.) =0
_ ped) _ _ ped) —
Az = D15 ’(Q22) = 0. Az = D15’ (Q23) =0
_ ped) _ _ ped) —
A4 = D)) (Q24) =0. As = Dy’ ’(Q2;5) = 0.
Find the minimal polynomial with Aj # 0 as:

j’=0and Q" = Qap.
ASAI=Ar=A3=Ay=A5=0:

Q31 = Qo1 =0+ X + y(1 +x), 10d(Qs1) =4
Qs2= Q22 =0+, andlod(Qs2) =5

Qs3= Q23 =0’y +Y? l0d(Qs3) =9

Qs4 = Q24 =’ +y*, andlod(Qs4) = 14

Qs5 = Q25 =’y +y°, lod(Qs5) = 20.

Modify polynomials in G, with A; # 0 as:

Qs0 = Ao(X — X0)Q' =1+ x?, lod(Qs0) =3
l0d(G3) = lod(Q3,0) = 3.

Based on the same process, interpolation is run through all the rest of the points
(%, ri) (i = 1 to 6). In order to illustrate the complexity reducing modification
scheme, Table 5.2 shows the whole iterative process with respect to the polynomi-
als’ leading order.

From Table 5.2 we can see that the modified algorithm starts to take action at
ik = 10 when there is at least one polynomial with leading order over 21 and
eliminating such polynomials will not affect the final outcome. At the end, both
the original and the modified GS algorithm produce the same result: Q(x, y) =
min{Gy1} = Q12 = 1 + o**® + a®%* + y?(a® + a*x?). From this example we
can see that more computation can be reduced if the modified algorithm starts to
take action at earlier steps.
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Table 5.2 Iterative process of Example 5.2.
i (i) 00 01 0 1) 14 1(®) 2(6) 2(1) 2(8 3(9
l0d(Qi,.0) O 1 1 3 6 6 0 15 15 21
lod(Qi, 1) 2 2 4 4 4 7 7 7 11 11
lod(Qi, 2) 5 5 5 5 5 5 5 5 5 5
lod(Qi,3) 9 9 9 9 9 9 9 9 9 9
lod(Qi, 1) 14 14 14 14 14 14 14 14 14 14
lod(Qi, 5) 20 20 20 20 20 20 20 20 20 20
lod(G,) 0 1 1 3 4 5 5 5 5 5
Original GS
i (i) 3(10) 3(11) 4(12) 4(13) 4(14) 5(15) 5(16) 5(17) 6(18) 6(19) 6 (20) 7 (21)
lod(Qi,0) 28 28 36 45 45 55 55 55 55 66 66 78
lod(Q;j,.1) 11 16 16 16 22 22 22 22 22 22 29 29
lod(Qi, 2) 5 5 5 5 5 5 8 8 12 12 12
lod(Qi, 3) 9 9 9 9 9 9 9 13 13 13 13 13
lod(Qi, 4) 14 14 14 14 14 14 14 14 14 14 14 14
lod(Qi, 5) 20 20 20 20 20 20 20 20 20 20 20 20
lod(G,) 5 5 5 5 5 5 8 8 12 12 12 12
Modified GS
i (i) 3(10) 3(11) 4(12) 4(13) 4(14) 5(15) 5(16) 5(17) 6(18) 6(19) 6(20) 7 (21)
lod(Qyo) — — — — - - - - = - = =
lod(Qi, 1) 11 16 16 16 — — — — — — — —
lod(Qi, 2) 5 5 5 5 5 5 8 8 12 12 12
lod(Qi, 3) 9 9 9 9 9 9 9 13 13 13 13 13
lod(Qi, 4) 14 14 14 14 14 14 14 14 14 14 14 14
lod(Qi, 5) 20 20 20 20 20 20 20 20 20 20 20 20
lod(G,) b5 5 5 5 5 5 8 8 12 12 12 12
Note: — means the corresponding polynomial is eliminated; (] means the corresponding
polynomial is chosen as Q(X, y).

5.2.5 Factorization

In this section, the factorization theorem is explained, followed by a detailed descrip-

tion of an efficient algorithm known as Roth—Ruckenstein’s algorithm [15].
As mentioned in Section 5.2.2, given the interpolated polynomial Q(x, y), the

transmitted message polynomial f(x) can be found by determining Q(X, y)’s y roots.

Lemmab5.1

polynomial in Fo[X<~1] that p(x) = ri, then (X — )™ Q(x, p(X)) [6].

If Q(X, y) has a zero of multiplicity at least m over (X, rj) and p(x) isa

Define A(p, R) as the number of symbols in received word R that satisfy p(x;) = r;

as:

A(p, R) = [{i :

p(xi)=rj,i =0,1,...,n—1}].

(5.37)
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Lemma 5.2 p(x) is a polynomial in Fq[xk‘l] and p(x) = r; for at least A(p, R)

\(/)f?lg]%- If m A(p, R) > degy ,_;(Q(X, y)) then 'y — p(x)[Q(x, y), or Q(x, p(x)) =

Based on Lemma 5.1, if p(x) = ri then (x — )™ Q(X, y). If Sis the set of i
that satisfies p(x) = rj. as |S| = A(p, R) then _]_[ (X — %)M Q(X, p(x)). Assume

g:(x) = [T (x = x)™ and g2(¥) = Q(x, p(x)); thleerzfore 01(X)|g2(X). It is obvious

ieS
that gl(x)ehas x-degree m A(p, R) and gx(x) has x-degree equal to deg; x—1Q(X, Y).
If m A(p, R) > deg; ,_; Q(X,y) and g1(X)|g2(x), the only solution for these two
preconditions is gx(x) = 0. Therefore, if m (p, R) > deg, ,_;(Q(X, ¥)), Q(X, p(x)) =
0, or equivalently, y — p(x)| Q(X, ).

As Q(x, y) is the interpolated polynomial from the last step, according to (5.35),
lod(Q) < C. Based on (5.9), deg; ,_1(Q(x, y)) < S(C). If mA(f, R) > S(C) then
m A(f, R) > deg; ,_;(Q(X, y)). Based on Lemma5.2, if A(f, R) > 1 + | &) | then
the transmitted message polynomial f(x) can be found by factorizing Q(x, y). As A(f,
R) represents the number of points that satisfy rj = f (X)) = ¢;, those points that do not
satisfy this equation are where the errors are located.

Therefore, the error-correction capability of the GS algorithm is 7, =n—
| 28 | — 1, which is defined by (5.10). Under (1, k — 1)-lexicographic order, X%y is
the maximal monomial with weighted degree (k — 1)j. In polynomial Q(X, y) there
should not be any monomials with y-degree over S,(C), otherwise lod(Q) > C. As a
result, max{degyQ(x, y)} < S§,/(C). As the factorization output list contains the y-roots
of Q(x, y), and the number of y-roots of Q(x, y) should not exceed its y-degree, the
maximal number of candidate messages in the output list is |, = S/(C), which is
defined by (5.11).

5.2.6 Recursive Coefficient Search

To find the y-roots of the interpolated polynomial Q(X, y), Roth and Ruckenstein [15]
introduced an efficient algorithm for factorizing these bivariate polynomials.
In general, the factorization output p(x) € Fq[X<~1] can be expressed in the form of:

P(X) = Po+ PiX + - + ProaX<H (5.38)

where po, p1, . - ., Pk—1 € GF(q). In order to find the polynomials p(x), we must deter-
mine their coefficients po, p1, . . ., Pk_1, respectively. The idea of Roth—-Ruckenstein’s
algorithm is to recursively deduce po, p1, - - ., Px—1 One at a time.

For any bivariate polynomial, if h is the highest degree such that x"| Q(x, y), we
can define [15]:

_Qix.y)

xh

Q*(x.y) (5.39)
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If we denote pg = p(x) and Qo(X, ¥) = Q* (X, ¥), where Q(X, y) is the new interpolated
polynomial (5.30), we can define the recursive updated polynomials ps(x) and Qs(X,
y), where s> 1, as [15]:

Ps—1(X) — Ps-1(0)

Ps(X) = < = st PoXIS (s=k—1). (5.40)

Qs(X, y) = Qg_1(X, Xy + ps-1). (5.41)

Lemma 5.3 With pg(x) and Qs(X, y) defined by (5.40) and (5.41), when s > 1,
(y — p(x))IQ(x, y) if and only if (y — ps(x))| Qs(X, ) [4].

This means that if polynomial ps(X) is a y-root of Qs(X, y), we can trace back to
find the coefficients ps_1, ..., p1, Po to reconstruct the polynomial p(x), which is the
y-root of polynomial Q(X, y).

The first coefficient py can be determined by finding the roots of Qu(0, y) = 0. If we
assume that Q(x, p(x)) = 0, po(X) should satisfy Qu(X, po(X)) = 0. When x = 0, Qu(0,
Po(0)) = 0. According to (5.38), po(0) = po, therefore py is the root of Qu(0, y) =
0. By finding the roots of Qu(0, y) = 0, a number of different py can be determined.
For each pg, we can deduce further to find the rest of ps (s=1,..., k — 1) based on
the recursive transformation (5.40) and (5.41).

Assume that after s — 1 deductions, polynomial ps_1(X) is the y-root of Qs_1(X,
y). Based on (5.40), ps_1(0) = ps_1 and a number of ps_1 can be determined by
finding the roots of Qs_1(0, y) = 0. For each ps_1, we can find ps. As Qs_1(X,
Ps-1(X)) = 0, (Y — Ps-1(X))IQs-1(X, ¥). If we define y = Xy + ps-1, then (xy +
Ps—1 — Ps-1(X))|Qs-1(X, Xy + ps-1). Based on (5.40), Xy + ps-1 — Ps-1(X) = Xy —
Xps(X). As Qs(X, Y) = Q5_1(X, XY + Ps-1), (XY — Xps(X))|Qs-1(X, Xy + ps—1) and
(y — ps(X))1Qs(X, y). Therefore, ps can again be determined by finding the roots of
Qs(0, y) = 0. This root-finding algorithm can be explained as a tree-growing process,
as shown in Figure 5.2. There can be an exponential number of routes for choosing
coefficients ps(s=0,1,..., k — 1) to construct p(x). However, the intended p(x) should
satisfy deg(p(xX)) < kand (y — p(x))| Q(x, y). Based on (5.40), when s = k, pk(X) =
0. Therefore if Qk(x, 0) = 0, or equivalently Qu(X, pk(X)) = 0, (Y — pk(X))| Qk(X, ¥).
According to Lemma 5.3, (y — p(x))|Q(X, y) and p(x) is found.

Based on the above analysis, the factorization process can be summarized as [4, 15]:

Algorithm 5.2: Factorization of list decoding a (n, k) Reed-Solomon code [15]

. Initialize Qp(X, y) = Q*(X,y), s=0.

. Find roots ps of Qs(0, y) = 0.

. For each ps, perform Q transformation (5.41) to calculate Qs.1(X, ).

s=s+1.

. Ifs< k, goto (ii). If s=kand Qs(x, 0) # 0, stop this deduction route. If s= kand
Qs(X, 0) = 0, trace the deduction route to find ps_1, ..., P1, Po-

O wWwN e

Example 5.3 demonstrates Roth—Ruckenstein’s algorithm.
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Figure 5.2 Coefficients deduction in Roth-Ruckenstein’s algorithm.

Example 5.3: Based on polynomial Q(x, y) = 1 + a*x? 4+ a?x* + y?(a® + a*x?),
which is the interpolation result of Example 5.2, determine the factorization output
list L using Roth—Ruckenstein’s algorithm.

Initialize Qo(X, y) = Q*(X, y) = 1 + a**¥® 4+ a®x* + y?(a® + a*x?) and s = 0.

Qo(0,y) =1 + «®y? and pg = « is the root of Qu(0,y) =0

For pp = «, generate Q1 (X, y) = Qo(X, Xy + Po):

Qo(X, Xy + &) = 1 + a*x2 + a®x* 4+ (xy + a)?(a® + a*x?)
— 14 a?x 2+azx4+(xzyz+a2)(a5+a4xz)
=14+ a*%? + o®x* + o®x2y? + a*x*y? + 1 4 %2
= a®x? 4+ a®x* 4 y2(o®x% + o*xY).

Now, from (5.39), we can see that x? is the highest power of x that divides Qq(X,
Xy + @), SO:

Qo(x. Xy + @) _ Qo(x, Xy + @)

v = 2 =a® + a®x® 4+ y?(a® + o*X?).

Qo(X, Xy 4+ a) =

s=s+1=1 Ass <Kk, gotostep 2 of Algorithm 5.2.

Q:1(0,y) = a® + o®y? and p; = «® is aroot of Q;(0,y) =0

For p1 = of generate Qx(X,Yy) = Qi(X, Xy + p1) = Y?(a® + a*Xx?). s =
s+ 1 =2 Ass=kand Qy(x 0) = 0, trace this route to find its output py =
o and p; = ob.

As a result, factorization output list L = {p(X) = « + «®x}. From Example 5.2,
p(X) matches the transmitted message polynomial f (X).
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Example 5.4: Factorizing an interpolation polynomial containing two
messages Using the same (7, 2) Reed—Solomon code as in Example 5.3, assume
that the interpolated polynomial is Q(X, y) = ax + a®x? + y(a® + o®x) + a?y?.

Fors=0, Qo(X, y) = Q*(X, y) = ax + a®%? + y(a® + a3x) + a?y?.

Setting x = 0, Qo(0, y) = a®y + ?y? and has two roots, pp = 0 and «.

Taking po = 0:

Qu(X, ¥) = Qj(X, Xy + 0) = o + a®x + y(o® + &) + a’xy?.

s=s+1=1 Ass< k=2we go back to step 2 of Algorithm 5.2.
Fors=1, Q1(0, y) = a + «®y, which has one root, p; = o®.
Taking p; = a°:

Qa(x, ¥) = Qi(X, Xy + &°) = y(&® + &’x) + &*x?y?
s=s+1=2. Now s = kand Qy(x 0), so this route is terminated and the
message is p(x) = 0 + a’x = a°X.
However, we must now determine whether there is another message contained
within the interpolation polynomial and so we now take the second root of

Q(0, y).
Taking po = a:

Qi(X,y) = Qs(X, Xy + ) = o® +abx + y(oc3 + oe3x) + ozzxy2

s=s+1=1.Ass < k=2 we go back to step 2 of Algorithm 5.2.

For s=1, Q1(0, y) = o? + &3y, which has one root, p; = o®.

Taking p; = o®:

Qa(x, ) = Qi(X, Xy +&°) = y(&® + &’x) + &*x?y?
s=s+1=2 Now s = kand Qy(x 0), so this route is terminated and the
message is p(X) = a + a®x.

The roots of Q(x, y) are shown graphically in Figure 5.3. To complete the
decoding procedure, each message would be re-encoded and the code word with
the minimum Hamming distance from the received word would be chosen, along
with its corresponding message.

Pe=0 ———p; =03
Q(x, y) = ox+ 0°x?

+y(o® + 0’x) + oy?

P = 0 py = of

Figure 5.3 Two messages from Roth—Ruckenstein’s algorithm for Example 5.3.
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5.3 Soft-Decision List Decoding of Reed—Solomon Codes Using the
Kotter—Vardy Algorithm

Increases in the performance of a Reed—Solomon code can be achieved by taking into
consideration the soft values from the output of the demodulator. These can be used
to give a measure of the reliability of each symbol in the received word. To modify
the Guruswami—Sudan algorithm to use reliability values instead of hard values, there
needs to be a method of mapping reliability values to multiplicity values. Kotter and
Vardy presented a seminal paper in 2003 [5] which allowed the algebraic soft-decision
decoding of Reed—-Solomon codes. In this paper, they also gave an algorithm to convert
the reliability of each symbol in the received word to a multiplicity value of each point
(xj, i) for the interpolation process, where p; can be one of q finite field elements in
GF(q) = {po, p1, P2,--., pq-1}. The reliability values of each received symbol are
arranged in a reliability matrix IT and converted into a multiplicity matrix M. The
interpolation and factorization processes then follow in the same way as described
previously. The whole system model for soft-decision list decoding is illustrated in
Figure 5.4.

5.3.1 Mapping Reliability Valuesinto Multiplicity Values

Instead of making a hard decision on the received symbols, the soft values of each
symbol are used to give a measure of reliability. Therefore, the received vector R =
(ro,r1,...,m_1) now contains soft values and not finite field elements. The reliability
of each received symbol is denoted as r;j, which gives the probability of the jth
transmitted coded symbol ¢; being the j = ith element p; in GF(q), given the soft value
of the jth received symbol r;.

pi,j =P(c; =pilrj)i =0,1,...,g—1and j =0,1,...,n-1). (5.42)

These reliabilities are entered into a g x n reliability matrix II.

B 77,’070 jTO,l P P P 7TO,n—1 ]
7T170 nl,l nl’n_l
nm= . . (5.43)
: T, | :
| Tq—-1,0 Tg-11 - ce co Tg-1n-1
Received Decoded
Symbol - ecode
Rel>i/abilities Reliability to . = P Messages
—_ | Multiplicity Interpolation actorization
X, X
.Y Q. y) TG I R

Figure 5.4 System model for soft-decision list decoding.
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Referring to Figure 5.1, the matrix II is taken as an input to the soft-decision
decoder and converted to a multiplicity matrix M, followed by the interpolation and
factorization processes. An algorithm presented in [5] to convert the reliability matrix
IT to a multiplicity matrix M is now given.

Algorithm 5.3: Convert reliability matrix IT to multiplicity matrix M [5]  Input:

Reliability matrix IT and a desired value of the sum of multiplicities in matrix M as:
g—1n-1

S=) > mj.

i=0 j=0
Initialization: Set IT* = IT and g x n all-zero multiplicity matrix M:

1. While (s > 0)
{

2. Find the maximal entry =", in IT" with position (i, j).
3. Update 7", in TT" as rj"; = -

mj+2°
4. Updatem jinMasm; j =m;j + 1.
5.s=s-1
}

Algorithm 5.3 results in a g x n multiplicity matrix M, which can be written as:

Moo Mog -« =vc - Mo n—1
Mo M1 My n-1
M = , . , (5.44)
: m; :
_mq—l,O mq—l,l ......... mq—l,n—l_

The entry my; represents the multiplicity value of interpolated point (x;, pi) (j =
0,1,...,n—=1andi=0,1,..., qg— 1). X are the finite field elements used in
the encoding process described in Chapter 3. In Algorithm 5.3, the desired value s
indicates the total value of multiplicity of all interpolated points. This algorithm gives
priority to those interpolated points which correspond to a higher reliability value 7,
to be assigned with a higher multiplicity value m ;. For an illustration of the algorithm,
see Example 5.5.
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Example 5.5: For soft-decision list decoding of the (7, 2) Reed-Solomon code
defined in GF(8), the following 8 x 7 reliability matrix II is obtained by the
receiver:

0.959796 0.214170 0.005453 0.461070 0.001125 0.000505 0.6917297
0.001749 0.005760 0.000000 0.525038 0.897551 0.025948 0.000209
0.028559 0.005205 0.000148 0.003293 0.000126 0.018571 0.020798
0.000052 0.000140 0.000000 0.003750 0.100855 0.954880 0.000006
0.009543 0.736533 0.968097 0.003180 0.000000 0.000000 0.278789
0.000017 0.019810 0.000006 0.003621 0.000307 0.000003 0.000084
0.000284 0.017900 0.026295 0.000023 0.000000 0.000002 0.008382

 0.000001 0.000481 0.000000 0.000026 0.000035 0.000092 0.000003 |

(Note: in the matrix IT (IT*), the maximal entry is underlined).

Apply Algorithm 5.3 with a desired value s = 20.

Initialization: Set IT* = I and M = 0.

As s =20 > 0, find the maximal entry =;*; = 0.968097 in IT* with position
(i,j) =4 2).

0.968097
Update 7}, as nj, = T2 _

Mmgo+2  0+2
Update my, inMasmy,=0+1=1

= 0.484048.

s=s—-1=19.
Now the updated IT* is:

70.959796 0.214170 0.005453 0.461070 0.001125 0.000505 0.6917297
0.001749 0.005760 0.000000 0.525038 0.897551 0.025948 0.000209
0.028559 0.005205 0.000148 0.003293 0.000126 0.018571 0.020798
0.000052 0.000140 0.000000 0.003750 0.100855 0.954880 0.000006
0.009543 0.736533 0.484048 0.003180 0.000000 0.000000 0.278789
0.000017 0.019810 0.000006 0.003621 0.000307 0.000003 0.000084
0.000284 0.017900 0.026295 0.000023 0.000000 0.000002 0.008382

| 0.000001 0.000481 0.000000 0.000026 0.000035 0.000092 0.000003_

m =

and the updated M is:

OO OO OOoOOo
OO OO0 OOoOOo

OO L OOOOo
OO OO0 OOoOOo
OO OO0 OOoOOo
cNolNoNololNolNolNo]
OO OO0 OOoOOo

0

In the next iteration, as s = 19 > 0, find the maximal entry nﬁjj = 0.959696 in
IT* with position (i, j) = (0, 0).
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70,0

_0.959796

* *
Update 75, as gy =

Now the updated IT* is:

=

and the updated M is:

QO OO OOR

0

m =

and the updated M is:

[N elNelNololNololNdS)

] Moo + 2 B
Update mppinMasmyp=0+1=1.

0+2

= 0.479898.

s=s—-1=18.

70.479898 0.214170 0.005453
0.001749 0.005760 0.000000
0.028559 0.005205 0.000148
0.000052 0.000140 0.000000
0.009543 0.736533 0.484048
0.000017 0.019810 0.000006
0.000284 0.017900 0.026295

| 0.000001 0.000481 0.000000

OO OO OOoOOo

0

r0.239949 0.214170 0.005453
0.001749 0.005760 0.000000
0.028559 0.005205 0.000148
0.000052 0.000140 0.000000
0.009543 0.245511 0.242024
0.000017 0.019810 0.000006
0.000284 0.017900 0.026295

| 0.000001 0.000481 0.000000

QO ONOOOOo

0.461070
0.525038
0.003293
0.003750
0.003180
0.003621
0.000023
0.000026

OO OPFrOOOoOOo
OO OO OOoOOo
OO OO OOoOOo

0 O

0.230535
0.175013
0.003293
0.003750
0.003180
0.003621
0.000023
0.000026

OO O WO OoOOoOo
QO OO OONBF
OO OO OCOwOo

0.001125
0.897551
0.000126
0.100855
0.000000
0.000307
0.000000
0.000035

OO OO0 O0OOoOOo
O OO OO O0OOoOo

Following the same process until s= 0, the updated IT*

0.001125
0.224388
0.000126
0.100855
0.000000
0.000307
0.000000
0.000035

OO OO WOoOOoOo
O OOPFPOOoOON

0.000505
0.025948
0.018571
0.954880
0.000000
0.000003
0.000002
0.000092

S:

0.000505
0.025948
0.018571
0.238720
0.000000
0.000003
0.000002
0.000092

0.6917297
0.000209
0.020798
0.000006
0.278789
0.000084
0.008382

0.000003_

0.2305767]
0.000209
0.020798
0.000006
0.139395
0.000084
0.008382

0.000003
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In the resulting multiplicity matrix M, it can be seen that the sum of its entries
7 6

> > m; = 20, which is the desired value sset at the beginning. From M we see
i=0j=0

that there are nine nonzero entries, implying that there are now nine points used to
generate the interpolation polynomial Q(X, y). These points are:

(Xo, ro) with mo o = 3, (X1, pg) With my 3 =2, (X2, rs) with my, = 3,
(X3, ro) with mo 3 = 1, (X3, ry) with myz =2, (X4, r1) withmy 4 =3,
(X5, r3) with M35 = 3, (Xe, ro) with Mos = 2, (Xe, r4) with Mye = 1.

5.3.2 Solution Analysis for Soft-Decision List Decoding

Based on Section 5.2.2, to have a multiplicity of my; over interpolated point (X, pi),
the Hasse derivative evaluation of an interpolation polynomial is now defined as:

Dqu(va pi) = Z (S) <\t/)> Qabx?_upib_vv Uu+v<m (5.45)
a>u,b>v
where r; in (5.17) is replaced with p;. The total number of iterations for all points is:
1 g-1n-1
Cw = zggmi,j(mi,j +1). (5.46)

Cw is called the ‘cost’ of multiplicity matrix M, which also denotes the number of
iterations in the interpolation process.

Based on Lemma 5.1, if f(x) is the message polynomial that satisfies f(x) = ¢;
(i=0,1,...,n—1), polynomial Q(x, f(x)) should satisfy:

(X = X%0)™(X — X¢)™ - -+ (X = Xn-1)™ 1 Q(X, f(X)). (5.47)

Again, if we let gi(X) = (X — Xo)™(X — X)™ -+ - (X — Xp_1)™? and @(X) =
Q(x, f(x)), based on (5.12), g1(X)|g2(x). 91(X) has x-degree deg,(91(X)) = mg +
m; + - - - + my_1. The x-degree of gi(X) is defined as the code word score Sy with
respect to multiplicity matrix M:

Su (C) = deg,(0u(X)) =mo +my + -+ +my_;

n—-1

=> {mjlp=cj.i=01....q-—1} (5.48)
j=0
The x-degree of g,(x) is bounded by deg, (92(x)) < deg, ,_; Q(X, y). Therefore, if

Su(C) > degy 3 Q(X, y) then degy(91(x)) > degx(g(x)). To satisfy both deg,(g:(x))
> degx(g2(X)) and g:1(X)|g2(x), the only solution is gx(X) = 0, which indicates
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Q(x, f(x)) = 0, or equivalently y — f(x)|Q(X, y), and the message polynomial f(x)
can be found by determining Q(X, y)’s y-roots. As a result, if the code word score with
respect to multiplicity matrix M is greater than the interpolated polynomial Q(X, y)’s
(1, k — 1)-weighted degree

Su (€) > deg; 1 Q(X, Y) (5.49)

then Q(x, f(xX)) = 0, or equivalently y — f(x)|Q(X, y). Message polynomial f(x) can
be found by determining the y roots of Q(X, V).

Based on the (1, k — 1)-weighted degree definition of monomial X3y given in
Section 5.2.1, let us define the following two parameters:

Nik_1(8) = |{x®y* :a,b > 0 and deg, , ,(x?y") < 8,8 € N}|, (5.50)

which represents the number of bivariate monomial x2y® with (1, k — 1)-weighted
degree not greater than a nonnegative integer § [5]; and:

A]_,k_]_(V) = mln{(S . N]_,k_l(a) > V,V e N}, (551)

which denotes the minimal value of § that guarantees Njx_1(8) is greater than a
nonnegative integer v [5].

If the (1, k — 1)-weighted degree of interpolated polynomial Q is §*, based on
(5.50), Q has at most Nj x_1(6*) nonzero coefficients. The interpolation procedure
generates a system of Cy linear equations of type (5.45). The system will be solvable
if [5]:

Nl’kfl(S*) > CM. (552)

Based on (5.51), in order to guarantee the solution, the (1, k — 1)-weighted degree
5* of the interpolated polynomial Q should be large enough that:

deg; ,_1(Q(X,y)) = 6" = A1 k-1(Cwm). (5.53)

Therefore, according to (5.49), given the soft-decision code word score (5.48) and
the (1, k — 1)-weighted degree of the interpolated polynomial Q (5.53), the message
polynomial f can be found if:

Su (©) > A1k-1(Cwm). (5.54)

As the (1, k — 1)-weighted degree of the interpolated polynomial Q(x, y) can
be determined by (5.53), while Ajy_1(Cu) can be realized by A;x-1(Cu) =
degy 1 (x?yPlord(x?y?) = Cy), a stopping rule for Algorithm 5.3 based on the
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designed length of output list | can be imposed. This is more realistic for assessing the
performance soft-decision list decoding. As the factorization outputs are the y-roots
of the interpolated polynomial Q, the maximal number of outputs |y, based on the
interpolated polynomial Q is:

(5.55)

Im = degy; Q(x, y) = Ldegl’kkl_Ql(X’ y)J - LWJ '

Therefore, after step 5 of Algorithm 5.3, the updated cost Cy of the multiplicity
matrix M can be determined using (5.46). As Cy, has been determined, the interpolated
polynomial Q(x, y)’s (1, k — 1)-weighted degree can be determined by (5.53). (5.55)
can then be applied to calculate the maximal number of factorization outputs, Iy.
Based on a designed length of output list I, Algorithm 5.3 is stopped once Iy, is greater
than .

In practice, due to the decoding complexity restriction, soft-decision list decoding
can only be performed based on a designed length of output list . This output
length restriction in fact leads to practical decoding performance degradation. This
phenomenon will be seen later when the simulation results are discussed.

As mentioned in Section 5.2.5, to build interpolated polynomial Q(x, y) there are
in total Cy (5.46) iterations. Therefore, the iteration index iy used in Algorithm 5.1
is:ix=0,1,..., Cy. Based on a designed length of output list I, the initialization at
step 1 of Algorithm 5.1 can be modified as:

Go=1{Qoj=Yy,;=0.1,....1}, (5.56)

where | is the designed length of the output list. As there are in total Cy, iterations,
based on the complexity reducing scheme’s description given in Section 5.2.4, the
interpolated polynomial Q’s leading order is less than or equal to the total number of
iterations Cy:

lod(Q(X, ¥)) < Cwm. (5.57)

This indicates the fact that (5.53) is an upper bound for the interpolated polynomial’s
(1, k — 1)-weighted degree:

deg; k1 Q(X. ) = (Cwm). (5.58)

Based on (5.56), those polynomials with leading order greater than Cy will nei-
ther be chosen as the interpolated polynomial nor be modified with the interpolated
polynomial. Therefore they can be eliminated from the polynomial group and the
modification at step 2 can be rewritten as:

Gi, = {Qi.j10d(Q;j,.;) = Cm}. (5.59)
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With respect to interpolated point (xj, p;) and Hasse derivative parameter (u, v),
where u 4 v < myj, the Hasse derivative evaluation performed at step 3 of Algorithm
5.1 can be modified and determined by (5.45). The resulting process is the same
as Algorithm 5.1, with the exception that for polynomial modification in (5.59) the
interpolated point’s x-coordinate x; should be replaced by the x; which is the current
interpolated point’s x-coordinate. Also, the index j should be used for the interpolated
point’s x-coordinate x; and polynomials in the group Q;, ;.

5.3.3 Smulation Results

This section presents both hard-decision and soft-decision list decoding results for two
Reed-Solomon codes: (63, 15) and (63, 31). They are simulated on both the AWGN
and Rayleigh fading channels. The Rayleigh fading channel is frequency nonselective
with Doppler frequency [16] 126.67 Hz and data rate 30 kb/s. The fading profile is
generated using Jakes’ method [16]. The fading coefficients have mean value 1.55
and variance 0.60. On the Rayleigh fading channel, a block interleaver of size 63 x
63 is used to combat the fading effect. QPSK modulation is used and simulations are
run using the C programming language.

Comparisons between hard-decision and soft-decision are made based on output
length I. For an output length I, there are | + 1 polynomials taking part in the
iterative interpolation process. The total number of iterations (Cy, in (5.11) for hard-
decision and Cy, in (5.46) for soft-decision) also grow with length I. The number of
polynomials | + 1 and the number of iterations (Cy,, Cy) are the important parameters
that determine the decoding complexity. Based on the same designed length, from
Figures 5.5 and 5.6 it can be seen that soft-decision can achieve significant coding
gains over hard-decision list decoding, especially on the Rayleigh fading channel.
For example, with a designed length | = 2, soft-decision list decoding of the (63, 15)
Reed-Solomon code can achieve about a 5.8dB coding gain at BER = 10~° over
hard-decision decoding.

According to the analysis in [14], the performance improvement of soft-decision list
decoding over hard-decision list decoding is achieved with an insignificant complexity
penalty. This is because for the list decoding algorithm, the complexity is mainly
dominated by the interpolation process, and the complexity introduced by the a priori
process (Algorithm 5.3) is marginal. For the interpolation process, the important
parameter that determines its complexity is the iteration number. As the iteration
number of soft-decision does not vary much from hard-decision based on the same
designed output length, the complexity of soft-decision list decoding is not much
higher than that of hard-decision list decoding.

5.4 List Decoding of Algebraic—-Geometric Codes

The GS algorithm consists of two processes: interpolation and factorization. Given a
received word R= (ro, ry,..., rn_1) (ri € GF(q),i =0, 1,..., n— 1), ninterpolated
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1.00E+00
uncoded
—a—GS (m=1, |=2)*
014 —a—GS (m=2, |=4)**
1.00E-01 oGS (md, I
—%—GS (M=6, |=13)***
—e— GS (=26, |=55)r+
1.00E-02 i
—a— KV (I=4)**
. — o — KV (I=8)"*
N2 — %= KV (I=13)*++*
W 1.00E-03 o KV (b5
— % — KV (Optimal)
1.00E-04 1
1.00E-05+
1.00E-06
0 1 2 3 4 5 6 7 8 9 10 11 12
SNR (Eb/NO)
(a) over AWGN channel
1.00E+00
Uncoded
—a—GS (m=1, |=2)*
—a—GS (m=2, |=4)**
1.00E-01 —+—GS (m=4, |=8)"
—*—GS (m=6, |=13)*
—e—GS (=26, |=55)r+*
— ==KV (=1)
1.00E-02 —a- KV (I=2)*
— = KV (1=4)*
. —o— KV (I=8)**
— %= KV (I=13)*++*
W 1.00E-03 RGNV A S
— % — KV (Optimal)
1.00E-04
1.00E-05
1.00E-06
0 2 4 6 8 10 12 14 16 18 20

SNR (Eb/NO)
(b) over Rayleigh fading channel

Figure 5.5 Hard-decision and soft-decision list decoding Reed-Solomon code (63, 15).

units can be formed by combining each received symbol with its respective affine
point used in encoding, as: (Pg, o), (P1, r1), ..., (Pr—1, Fn—1). Interpolation builds the
minimal polynomial Q € Fq4[X, y, z], which has a zero of multiplicity of at least m
over the n interpolated units. Q can be written as: Q = Za,b Qappaz®, where Qg €
GF(q) and ¢4 is a set of rational functions with pole orders up to a [17-19]. If (p;, ;)
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1.00E+00
uncoded
—a—GS (m=1, I=1)*
1.00E-01 —+—GS (=3, I=4)
—+—GS (=5, [=7)"
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1.00E-04
1.00E-05
1.00E-06
0 1 2 3 4 5 6 7 8 9 10 11 12
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(a) over AWGN channel
1.00E+00
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1.00E-06
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SNR (Eb/NO)
(b) over Rayleigh fading channel

Figure 5.6 Hard-decision and soft-decision list decoding Reed-Solomon code (63, 31).

is the intended interpolated unit, it can also be written with respect to the zero basis
functions in Z,, , defined in Chapter 2 as [9]:

Q=3 QB uz -1 (550)
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where Q" e GF(g). If Q"™ =0 for u + v < m, polynomial Q has a
zero of multiplicity at least m at unit (pi, ri) [9, 11]. As 22 = (z—ri +1;)° =

v OV —1i)¥ and ¢a = Y, ¥a p.u¥p,.u, SUbstitute them into (5.15):

Q= ZQab (Zya ouVp, )(Z( )ribV(z—ri)V)

v<b

—Z(Z Qu () rapa )wpi,u(z—ri)v

u,v \a,b>v

(5.61)

Therefore, the coefficients Q{2 of (5.61) can be written as:

Qe =Y Qab( )ya L rb (5.62)

a,b>v

(5.62) defines the zero condition constraints on the coefficients Qg of polynomial
Q analogous to the Hasse derivative, so that Q has a zero of multiplicity at least m
over unit (p;, ri). Example 5.6 shows how to define the zero condition of a polynomial
in FqlX, y, Z] using (5.62).

Example 5.6: Given the polynomial Q(x, ¥, 2 = 1 + ay + ax? + Z(1 + «?y)
defined in GF(4)[x, vy, Z] justify the fact that it has a zero of multiplicity at least 2
over the unit (p, r) = ((1, «), ).

Polynomial Q(x, y, 2 = 1 + ay + ax’> + Z(1 + a?y) = Qu¢oZ + Q22
+ Q30032 + QuapoZ + Qr¢27. Supporting the zero condition calculations, the
corresponding coefficients ya p .y are shown in Table 5.3.

Table 5.3 Corresponding coefficients ya py given p = (1, ).

a\u 0 1 2 3
0 1 1 a 1

1 0 1 1 0

Based on the above description, to justify that Q has a zero of multiplicity m
over unit (p, r), its coefficients Qap should satisfy Q" = 0 for u + v < 2 as:
%7 =0, Q%" =0and Qf" = 0.
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Based on definition (5.62):

_ 0 _
(p 0= = Qoo ( ) Y0, |o,00!0 %+ Qu ( V2.p, 00®° 4+ Qo ( ) Vs,p,oﬁto 0

+ Qo2 (g) 70,0002 % + Qa2 ( ) V2. p00?”

=14+’ +a+a’+a?=0
() _ Qoz( )YO’p’OazlJerz(l Vapod? l=0+0=0

2
(p N _ 0-0 0
= Qoo < ) Y0.p10" - + Q2 (0

0 2 2 _
+ Qao (0> V3.pa0’” +Q02( >V0p10l +Q22< ))/2,p,1Ol2 0

=a+a=0.

0-0
V2,p,1¢

Therefore, polynomial Q has a zero of multiplicity at least 2 over unit (p, r) =
1, @), ).

If constraint (5.62) for the coefficients of polynomial Q is denoted as D& "™ (Q),
such that:

D&e’ri)(Q) = ijei’ri) Z Qab ( )Va pis ur - (5.63)
a,b>v

then interpolation builds a polynomial Q defined as:

Q_IrTJ(lg){Qqu[x v, ZIDP(Q)=0 for i=0,1,....n—1Au

+v <m(u,VveN)}. (5.64)

As there are (mgl) permutations of (u, v) for u + v < m, there are in total:

C=n<m;1) (5.65)

zero condition constraints that the coefficients Qg of polynomial Q need to satisfy.
C also represents the number of iterations in the interpolation algorithm [9, 11], in
which each iteration imposes a zero condition constraint to Qgp.

Definition: For monomial ¢,2°, where ¢, € L, and L, is the Hermitian curve’s pole
basis defined in GF(W?), its (1, w,)-weighted degree is defined as:

degy \, (#a2’) = Vp. (93 1) + b - Wy,



176 LIST DECODING

where w; is the weighted degree for variable z and defined as: w, = vp_(z7!) =
vpoo(¢k‘_11). ¢k_1 is the maximal term in the message polynomial. A (1, wy)-
lexicographic order (ord) can be defined to arrange monomials ¢,2°:

®a, < Pa, i )

if deg; , (¢a,2™) < degy,, ($a,2%), Or deg, . (Pa,2™) = deg, , (¢2,2™) and by <
by [9]. If ¢22” is the maximal monomial in polynomial Q = >, |, Qan¢paZ® as:

¢aZ’ = max{¢az®|Qap # 0}.

¢ is called Q’s leading monomial (LM) and its coefficient Q. is called f’s
leading coefficient (LC), denoted as: LM( ) = ¢5z° and LC(f) = fap. Polynomial
Q’s (1, wy)-weighted degree (deg;, ,,,(Q)) and leading order (lod(Q)) are defined as:

deg; ,,,(Q) = deg;  (#22°), and lod(Q) = ord(¢az”).
The (1, w,)-weighted degree upper bound of polynomial Q is defined as [9, 11]:
max{deg; ,,, Q} = ImVp,.(Z— 1) + tm, (5.66)

where |, is the maximal number of output candidates from factorization, defined as:

Im:max{u|<g>vpoo(z—1)—(u—1)gfc}—1, (5.67)
and parameter ty, is defined as:

tr = max {u|(|m +1u— () + ('m; 1) Vo (Z—1) —Ing < c} . (5.68)

where g is the genus of the Hermitian curve, u € N and I"(u) denotes the number of
gaps that are less than or equal to the nonnegative integer u [11].
If there exists a polynomial h € F4*[x, y] such that:

Ah,R) = [{ih(p) =ri,i =0,1,...,n—1}] (5.69)
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then the total zero orders of polynomial Q(x, y, h) over all the interpolated units is:

n-1
Y Vp(Q(x. y. ) = mA(h, R). (5.70)

i=0
To define the total zero order of polynomial Q(x, y, h), the following lemma is
applied:
Lemma 5.4 If Q(X, y, 2) has a zero of multiplicity m over unit (p;, r;) and his a
polynomial in Fy*[x, y] that satisfies h(p;) = r; then Q(x, y, h) has a zero order of at
least mat pi, as vy, (Q(X, y, h)) > m[9, 11].
(5.69) defines the total number of affine points that satisfy h(p;) = r;, and therefore

the total zero order of polynomial Q(X, y, h) over all the affine points is defined by
(5.70).

Theorem 5.1  If polynomial Q(x, y, h)’stotal zero order isgreater thanitspoleorder,
as:

n-1
D Ve (QMX, ¥, h) > vp (Q(x, y, h)™), (5.71)
i=0
then his the zroot of Q: Q(X, y, h) = 0, or equivalently z— h|Q(X, vy, 2) [6, 9, 11].
As h e Fg"[x, y], Vp (Q(X, Y, h)™) = v, (Q(X, y, 2)71) = deg, .. (Q(X, Y, 2)).
Therefore, based on (5.69) and (5.70), Theorem 5.1 results in the following corollary:

Corollary 5.1 If there exists a polynomial h F&‘Z[x, y] such that:
mA(h, R) > deg, ,, (Q(X. . 2)) (5.72)

then the list decoding outputs h can be found by factorizing the interpolated polynomial
Q(x,y, 2) as: z— h|Q(x, y, 2) [18].

If h =1, (5.69) defines the number of uncorrupted received symbols. Therefore,
the GS algorithm’s error-correction capability 7, is:

de
tm=n— A(h, R) =n— LngWQJ _1 (5.73)
Since the upper bound of deg; ,,, Q is defined by (5.70):
-1
tm>nNn— L'mvpoo(zm )+th —1. (5.74)

The GS algorithm’s error-correction capability upper bound for a (n, k) Hermitian
code is defined by:

th:n—L\/mJ—l.
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5.5 Determining the Corresponding Coefficients

Based on (5.62), the corresponding coefficients y, p y are critical for defining the
zero condition of a polynomial in Fqy[X, y, Z]. Without knowing them, we have to
transfer a general polynomial written with respect to the zero basis functions and
find the coefficients Qf,?,"”), which is not efficient during the iterative interpolation.
In fact, the corresponding coefficients y, can be determined independently of the
received word. Therefore, if they can be determined beforehand and applied during the
iterations, the interpolation efficiency can be greatly improved. This section proposes
an algorithm to determine them.

The problem we intend to solve can be simply stated as: given an affine point
pi = (%, ¥;) of curve H,, and a pole basis monomial ¢, determine the corresponding
coefficients ya p u SO that ¢, can be written as a sum of the zero basis functions
Vpou':Pa= ) Yap.u¥p,.u FOrany two pole basis monomials ¢, and ¢,, in Ly,
Ga P2, = D _acn Pa and the zero basis function ¥,  (2.13) can be written as a sum of
pole basis monomials ¢4 [9]:

Vou =Y lada. (5.75)

where coefficients ¢, € GF(q). Partition v, (X, Y) as:
You=Vhu Vpuw (5.76)

where 5, = (x —x)* and ¥ 2, = [(y — yi) = x"(x = x)P = [y — x"x — (yi —
X"’ It is easy to recognize that v , has leading monomial LM(y/} ) = x’
and leading coefficient LC(y) ) = 1. As vy (y ™) > v (x7h), ¥¢ , has leading
monomial LM(y5 ) = y° and leading coefficient LC(y/$ ,) = 1. Based on (5.76),
¥p.u has leading monomial LM(y// ) - LM(y 2 ) = x*y’ and leading coefficient
LC(y ) ) - LC(¥E ) =1 As0 <X <wand § > 0, the set of leading monomials
of zero basis functions in Z,, , contains all the monomials defined in pole basis L.
Summarizing the above analysis, Corollary 5.2 is proposed as follows:

Corollary 5.2 If ¢ is the leading monomial of zero basis function v , as
LM(¢p.u) = ¢, the leading coefficient of v,  equals 1 and (5.75) can be writ-
tenas[18]:

Ypu= Z Caa + L. (5.77)

a<L

The set of leading monomials of zero basis functions in Z,, , contains all the
monomials in Ly,

{LM(Wpi,u) = ¢L, 1ppi,u € Zw,pi} CLw. (5.78)
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Following on, by identifying the second-largest pole basis monomial ¢__; with
coefficient ¢ _y € GF(Q) in ¥y u, (5.77) can also be written as [18]:

lﬁpi,u = Z CaPa + SL-1¢L-1+ L. (5-79)
a<L-1
Now it is sufficient to propose the new efficient algorithm in order to determine the
corresponding coefficients ya p u-

Algorithm 5.4: Determine the corresponding coefficients y, ,  between a pole
basis monomial and zero basis functions [14, 18]

. Initialize all corresponding coefficients y, p, u = 0.

. Find the zero basis function yrp, y With LM(Yp u) = ¢a, and let ya p u = 1.
. Initialize function ¥ = ¥y, u.

. \{Nhile (W # a)

A WN -

. Find the second-largest pole basis monomial ¢ _; with coefficient ¢, _; in z/?

6. In Zy, p, find a zero basis function v, , whose leading monomial LM(vrp u) =
¢L-1, and let the corresponding coefficient ya p u = ¢L-1.

7. l}deate Y=+ Ya, pi,u‘/fpi,u-

Proof: Notice that functions v,  With LM(v/p, u) > ¢a Will not contribute to the
sum calculation of (5.62) and their corresponding coefficients y, p u = 0. The zero
basis function v,  found at step 2 has leading monomial ¢ = ¢5. Based on (5.79),
it can be written as [18]:

Vou= Y laba+i1¢-1+0a (5.80)

a<L-1

ol

(5.80) indicates that the corresponding coefficient between ¢, and vy, y is 1;
Ya.p.u = 1. Polynomial ¥, initialized by step 3, is an accumulated polynomial result-
ing in ¢5. While ¥ # ¢,, in (5.80), the second-largest monomial ¢__; with coefficient
¢L—1 is identified by step 5. Next find another zero basis function v,  in Zy,  such
that LM(v/p, .u) = ¢L—1. According to Corollary 5.2, this zero basis function always
exists and it can be written as: Yrp u = D o - _1 LaPa + dL—_1. At Step 6, the corre-
sponding coefficient between monomial ¢, and the found zero basis function vy,
can be determined as: ya p,u = ¢L—1. As a result, the accumulated calculation of step

7 can be written as:

K/Af = Z CaPa + CL—1PL-1 + Pa+ Vap.u¥p.u
a<L-1

(5.81)
= Z fapa + CL-10L-1+ ¢a+ Z SL-18aPa + SL-16L-1.

a<L-1 a<l-1
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Therefore, in the new accumulated +, ¢L-1¢L-1 is eliminated, while the leading
monomial ¢4 is preserved. If the updated ¥ # ¢4, its second-largest monomial ¢ 1
is again eliminated, while ¢, is always preserved as a leading monomial by the
same process. The algorithm terminates after all monomials that are smaller than ¢4
have been eliminated and results in v = ¢5. This process is equivalent to the sum
calculation of (5.62). Example 5.7 illustrates Algorithm 5.4.

Example 5.7: Given p; = («?, «?) is an affine point on curve H, and a pole basis
(L2) monomial ¢5 = y2, determine the corresponding coefficients ys p, , SO that ¢s

can be written as ¢s = > ¥5 p .u¥pi.u
u

Based on (2.13), the first eight zero basis functions in Z, , can be listed as:

VYp.0=(X— a®) =1 Vo1 = (X —a)t =a?+x

Vo2 =X —a?)? =a+ x> Vp 3 = (y—a?)—a(x—a?)=a+ax+y
Upa=X—a)(y—a?) —ax —a?)] =1+ a®)x + a®y + ax? + xy
Vo5 = (X — a®)?[(y — a?) — a(x — a?®)] = o® + a®Xx + ax® + ay? + x%y
Vs = [y —®) —a(x —a®)* = o’ + o®X* +y?

Yo7 =(X— o)y — o?) — a(x — a)]? = a + a®X 4+ a®y + ax® + xy?.

Initialize all ys .y =0. In Z; , as LM(¢rp 6) = ¢5, We let y5 .6 =1 and
initialize the accumulated polynomial V= Vp6 = o + a?X? + Y2,

As ¥ # ¢s, its second-largest monomial ¢, _1 = X2 with coefficient | _; = a2 is
identified. Among the zero basis functlons inZ, p,, we find yrp, > with LM(yrp, 2) =
pL_1 =X, and let ys.p 2 = ¢ 1 =a? Update ¥ = ¥ + 5. 2¥p.2 = o + V2.

As ¥ # ¢s, again its second-largest monomial ¢__; = 1 with coefficient
¢L-1 =« s identified. Among the zero basis functions in Z;, we find
Y0 With LM(Yrp 0) = ¢L—1 =1, and let y5 5 o = ¢{L—1 = . Update ¢ = ¢ +
V5»I0i,0w|0i;\0 = y2

Now, ¥ = ¢s, we can stop the algorithm and output y5 0 = o, V55,2 = o?
and y5 p, 6 = 1. The rest of the corresponding coefficients y5 , w = 0 (U# 0, 2, 6).

Before interpolation, monomials ¢, that exist in the interpolated polynomial Q
are unknown. However, the (1, w;)-weighted degree upper bound of polynomial Q
is defined by (5.70), from which the largest pole basis monomial ¢max that might
existin Q can be predicted by v (dra) = max{deg, ,,, Q}. Based on interpolation
multiplicity m, with parameter u < m, the corresponding coefficients that might
be used in interpolation are o p,u ~ Vmax,p,u(U < mM). Therefore Algorithm 5.4
can be used to determine all the corresponding coefficients yo 5 u ~ Ymax, p,u and
only yo,p.u ™~ ¥max,p,u (U< M) are stored for interpolation in order to minimize
the memory requirement. For example, to list decode the (8, 4, 4) Hermitian code
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with multiplicity m = 2, max{deg;, ,,, Q} = 13. Therefore, the largest pole basis
monomial that might exist in Q is ¢max = ¢12 = X2y° and Algorithm 5.4 can be
applied to calculate all the corresponding coefficients yo p u ~ y12,p,u (U < 2) that
are stored.

5.6 Complexity Reduction Interpolation

Interpolation determines a polynomial Q that intersects the points (p;, rj) (i = 0,
1,..., n — 1). This can be implemented by an iterative polynomial construction
algorithm [4, 9, 11, 13]. At the beginning, a group of polynomials are initialized.
During the iterations, they are tested by different zero condition constraints and
modified interactively. As with the hard-decision list decoding of Reed-Solomon
codes, there are from (5.11) a total of C iterations, after which the minimal polynomial
in the group is chosen as the interpolated polynomial Q. According to the iterative
process analysis given in Section 5.2.4 and also [13], the interpolated polynomial Q
has leading order lod(Q) < C. This indicates that those polynomials with leading order
greater than C will not be the chosen candidates. Also, if there is a polynomial in the
group with leading order greater than C during the iterations, the chosen polynomial
Q will not be modified with this polynomial, otherwise lod(Q) > C. Therefore, those
polynomials with leading order greater than C can be eliminated from the group
during iterations in order to save unnecessary computations.

If f € Fq[, Yy, 2] has leading monomial LM(f) = ¢2®, polynomials in Fq[X, Y, Z]
can be partitioned into the following classes according to their leading monomial’s
z-degree b’ and ¢4 ’s pole order v, (qﬁ;l) [18]:

Vigws = {f € Fg[x, ¥, Z]Ib' = 8 Avp (¢5") = uw + 4,
LM(f) = ¢2Z, (8,u, 1) € N, 1 < w}, (5.82)
such that Fy[x,y,z] = (U Vitws. The factorization outputs are the z-roots of Q.

A<W
Therefore, the z-degree of Q is less than or equal to the maximal number of the output

list I, (5.67) and Q is a polynomial chosen from the following classes:
Vi=Vigws 0<i<w,0=<6<Ip). (5.83)

At the beginning of the iterative process, a group of polynomials are initialized to
represent each of the polynomial classes defined by (5.83) as:

G={Q;=Quws =Y7Z,Qj eV (5.84)

During the iterations, each polynomial Q; in the group G is the minimal polynomial
within its class V; that satisfies all the tested zero conditions. At the beginning of each
iteration, the polynomial group G is modified by [18]:

G = {Qjllod(Q;) = C} (5.85)
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in order to eliminate those polynomials with leading order greater than C. Then the
remaining polynomials in G are tested by the zero condition constraint defined by
(5.62) as:

Aj = D "(Q)). (5.86)

The determined corresponding coefficients y, , .u are applied for this calculation.
Those polynomials with A; = 0 satisfy the zero condition and do not need to be
modified. However, those polynomials with A # 0 need to be modified. Among
them, the index of the minimal polynomial is found as j and the minimal polynomial
is recorded as Q':

j' = index  min (Q;14; # 0}) (5.87)
Q= Q. (5.88)

Qj is modified as:
Qi =(x—x)Q, (5.89)

where ¥x; is the x-coordinate of affine point p; which is included in the current inter-
polated unit (p;, r;). The modified Q; satisfies DY ")(Q;)) = 0. Based on Prop-
erties 1 and 2 mentioned in Section 5.2.3, D"V[(x — x)Q] = D" (xQ) —
xDE"(Q) = xDj — % Aj, = 0. The rest of the polynomials with A; # 0 are
modified as:

Qj =A;Q;—4;Q. (5.90)

The modified Q satisfies D{}")(Q;) =0 because D""[A; Q; — A;Q] =
A DI (Q)) — A;DE"(Q) = Aj — Aj, = 0. After C iterations, the minimal
polynomial in the group G is chosen as the interpolated polynomial Q:

Q= min (Q}|Q) € G). (5.91)

From the above description, it can be seen that by applying the complexity reduc-
tion scheme in (5.85) the zero condition calculation from (5.86) and modifications
from (5.89) and (5.90), for those polynomials Q; with lod(Q;) > C, can be avoided
and therefore the interpolation efficiency can be improved. According to [13], this
complexity reduction scheme is error-dependent, so that it reduces complexity more
significantly in low-error-weight situations. This is because the modification scheme
of (5.89) takes action in earlier iteration steps for low-error-weight situations, and
therefore computation can be reduced. Figure 5.7 shows interpolation complexity
reduction (with different multiplicity m) when applying the scheme in (5.85) to de-
code the (64, 19, 40) Hermitian code. It is shown that complexity can be reduced
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Figure 5.7 Complexity analysis for the interpolation of GS decoding Hermitian code (64, 19, 40).

significantly in low-error-weight situations, especially when m= 1 where complexity
can be reduced up to 48.83%. However, in high-error-weight situations, complexity
reduction is not as significant. Based on Figure 5.7, it can also be observed that the
complexity reduction also depends on the interpolation multiplicity m. When m=1,
complexity reduction is most significant; when m = 2, complexity reduction is the
most marginal.

Summarizing Sections 5.5 and 5.6, the modified complexity reduction interpolation
process for GS decoding Hermitian codes can be stated as follows:

Initial computation: Apply Algorithm 5.4 to determine all the necessary correspond-
ing coefficients ya v and store them for use by the iterative polynomial construction
algorithm (Algorithm 5.5).

Algorithm 5.5: Iterative polynomial construction [14, 18] Initialization:: Initial-
ize the group of polynomials G with (5.84).

1. For each interpolated unit (p;, rj)) i=0,1,...,n—1)
{
2. For each pair of the zero condition parameters (u, v) (U+ v < m)
{
3. Modify polynomial group G by (5.85).
4. Test the zero condition A of each polynomial in G with (5.86).
5. For polynomials Q; with A # 0
{
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6. Denote the minimal polynomial’s index as ' by (5.87) and record it as Q' by (5.88).
7. Ifj =J', Q is modified by (5.89).
8. Ifj #j', Q is modified by (5.90).

133

At the end of the iterations, the minimal polynomial Q is chosen from the group G,
asin (5.91).
Example 5.8 illustrates this complexity reduction interpolation process.

Example 5.8: Decode the (8, 4, 4) Hermitian code defined in GF(4) using the GS
algorithm with interpolation multiplicity m= 2.

The Hermitian code word is generated by evaluating the message polynomial

over the following affine points: po = (0, 0), p1 = (0, 1), p2 = (1, @), ps = (1, &?),
Ps = (@, @), Ps = (o, &?), ps = (?, @), p7 = (?, @?). The received word is given
asR= (1, 0% a, a? a, a?, o?, a).
3
2
of the output list can be determined as |, = 3, and of parameter t, ast, = 1, by using
(5.67) and (5.68) respectively. As a result, the (1, 4)-weighted degree upper bound
for the interpolated polynomial can be determined by (5.66) as max{deg; 4, Q} =
13. Therefore, the maximal pole basis (L) monomial that might exist in the in-
terpolated polynomial is ¢max = @12 = X2y°. As the interpolation multiplicity
m = 2, Algorithm 5.4 is applied to determine the corresponding coefficients
Yo.pu — Yi2,pu @nd Yo pu — viz.p.u (U < 2) are stored for the following in-
terpolation process. Table 5.4 lists all the resulted corresponding coefficients
Yo.p.u ™~ Viz.pu (U< 2).

Following on, Algorithm 5.5 is performed to find the interpolated polynomial
Q(X, vy, 2). At the beginning, a group of polynomials is initialized as: Qp = 1,
Q=YQ=2Q=yzQ =7, Q =yZ Q =2, Q; =yzZ. Their leading
orders are: 1od(Qo) = 0, l1od(Q1) = 2, 10d(Q;) = 4, 1od(Q3) = 9, lod(Q,4) = 12,
lod(Qs) = 20, lod(Qg) = 24, lod(Q;) = 35.

For interpolated unit, (po, ro) = ((0, 0), 1).

For the zero parameter, u =0 and v= 0.

As lod(Qy) > C, polynomial Q; is eliminated from the group.

Test the zero condition of the remaining polynomials in the group as:

Applying (5.11), the iteration number C = 8 = 24. Based on C, the length

Ao =D{™(Qo) =1, A; = DF"(Q1) =0, A, = DIP™(Qy) =1,
Az = D(()go’rO)(Qs) =0,
Aq=Dgf"™(Qa) =1, As = Df"(Qs) = 0. Ag = Di*"(Qe) = 1.

Find the minimal polynomial with Aj # 0 as:

j’=0 and Q' = Qo.
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Table 5.4 Predetermined corresponding coefficients for Example 5.8.
Po; Yapu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 0 0 0 0 0 0 0 0 0 0 0 0
1 0 1 0 0 0 0 0 0 0 0 0 0 0
P, Yapu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 0 1 0 0 1 0 0 1 0 0 1 0
1 0 1 0 0 1 0 0 1 0 0 1 0 0
P2 Yapu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 1 o 1 o a? « a2 1 a2 1 o 1
1 0 1 1 0 o2 0 1 a2 a2 0 o 0 o?
Ps Yapu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 1 o> 1 o> « o> « 1 o 1 o> 1
1 0 1 1 0 o 0 1 o o 0 o> 0 o
Pa Yapu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 « o o> o a® 1 1 1 o o o o?
1 0 1 o> 0 o? 0 o o 0 o 0 1
Ps: Yapu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 « o o? 1 o o o> 1 1 o a? ol
1 0 1 o> 0 o 0 o o 1 0 o> 0 o?
Pe: Yapu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 o « o 1 a2 o o« 1 1 o o« o
1 0 1 o 0 a2 0 a2 a? 1 0 o 0 o
P7 Yappu &u 0 1 2 3 4 5 6 7 8 9 10 11 12
0 1 o® o? « o o 1 1 1 @ o o«
1 0 1 o 0 o 0 o o« o 0 o 0 1

AS A1 =A3=A5=0:
Q1 =Qi1 =Y, and lod(Q1) =2

Qs = Q3 = yz, and lod(Qs3) = 9
Qs = Qs = yZz2, and lod(Qs) = 20.

Modify polynomials in the group with A; # 0 as:
Qo = (x—0)Q" =X, and lod(Qo) =1
Q2=2A0Q2— A2Q"=1+2 and lod(Q) = 4

Q4 = A0Q4 — A4Q/ =1+ 2, and |Od(Q4) =12
Qs = AgQs — AsgQ' = 1+ 73 and lod(Qg) = 24.

For the zero parameter,u=0and v=1.

is eliminated in this iteration.

As there is no polynomial in the group with leading order over C, no polynomial
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Test the zero condition of the remaining polynomials in the group as:

Ao = D™ (Qo) = 0. Ar = DiP™(Qu) = 0. A, = DGP"(Q) = 1,
As = Di"(Qs) = 0,
Ag=DIP™(Qq) =0, As = DJ*"(Qs) = 0, As = D§*™(Qe) = 1.

Find the minimal polynomial with Aj # 0 as:

i'=2 and Q =Q,.
ASAg=A1=A3=A4=A5=0:

Qo = Qp =X, and |Od(Q0) =1
Q1= Qi =Yy, andlod(Q;) =2

Qs = Q3 =Yz, and lod(Q3) =9

Qs =Q4 =142, and lod(Q4) = 12
Qs = Qs = y22 and lod(Qs) = 20.

Modify polynomials in the group with A; # 0 as:

Q:=(x—-0)Q =x+xzand lod(Qz) =7
Qs = A2Qs — AsQ’ = z+ 7% and lod(Qg) = 24.
For zero parameter, u =1 and v=_0.
As there is no polynomial in the group with leading order over C, no polynomial

is eliminated in this iteration.
Test the zero condition of the remaining polynomials in the group as:

Ao = D" (Qo) = 1, Ay = D{F"(Q1) =0, Ay = DF"(Qp) =0,
As = Dip""(Qs) =0,
As=D{F"(Qs) =0, As = D{F""(Qs) =0, A = D{F""(Qe) = 0.
Find the minimal polynomial with Aj # 0 as:
j’=0 and Q' = Qo.
ASAL1 =Ny =A3=Ay4=A5=Ag=0:
Q1 =Q1 =Y, and lod(Q;) =2
Q; = Q, =x+xz and |0d(Q2) =7
Qs = Qs =yz, and lod(Q3) =9
Qs=Qs=1+7% and lod(Q,) = 12

Q5 - Q5 - yZZ, and IOd(Q5) = 20
Qs = Qs = z+ 2%, and lod(Qs) = 24.




GENERAL FACTORIZATION 187

Modify polynomials in the group with A; # 0 as:
Qo = (x — 0)Q" = x?, and lod(Qy) = 3.

Following the same process, interpolation runs through the rest of the interpo-
lated units (pg, r1) ~ (p7, r7) and with respect to all zero parameters (u, v) = (0,
0), (0, 1) and (1, 0). After C iterations, the chosen interpolated polynomial is: Q(X,
YV, 2) = a? + aX+ Y+ ax’ + Y + X%y + a?xy? + a?y® + a®XPy? + Z(X + xy +
Xy?) + Z(a? + ax + a?y + ax?), and lod(Q(X, y, 2)) = 23. Polynomial Q(x, v, 2)
has a zero of multiplicity at least 2 over the eight interpolated units.

5.7 General Factorization

Based on the interpolated polynomial, factorization finds the polynomial’s z-roots
in order to determine the output list. Building upon the work of [15, 20], this sec-
tion presents a generalized factorization algorithm, or the so-called recursive coef-
ficient search algorithm, which can be applied to both Reed—Solomon codes and
algebraic—geometric codes. This section’s work is based on [21]. In general, the al-
gorithm is described with application to algebraic—geometric codes. Therefore, it has
to be stated that when applying this algorithm to Reed—Solomon codes, the rational
functions in an algebraic—geometric code’s pole basis are simplified to univariate
monomials in the Reed—Solomon code’s pole basis. As a consequence, polynomials
in Fq[x, y] are simplified to univariate polynomials with variable x.

Those polynomials h e F&NZ[X, y] will be in the output list if Q(x, y, h) = 0. The
outcome of the factorization can be written as:

hy =hyogo+ - + hyk1dk—1
: ) (5.92)

h = hiogo + -+ k11
with | < I Rational functions ¢q,..., ¢k_1 are predetermined by the decoder;
therefore, finding the list of polynomials is equivalent to finding their coefficients,

hio, ..., hik—1,..., hio, ..., hx_1, respectively. Substituting h into the interpolated
polynomial Q = Y~ Qap¢az®, we have:
a,b

Q(X, ¥, h) = > Qar¢ah® = > Qavalhogpo + - - + 1 1)*.  (5.93)
a,b a,b

It is important to notice that:

(¢i¢)) mod ¢ =)o, (5.94)
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where x is the algebraic curve (e.g. Hermitian curve Hy) and ¢i, ¢; and ¢, are
rational functions in the pole basis associated with the curve x (for example the pole
basis L,y associated with curve H,,). Therefore (5.93) can be rewritten as a polynomial

in Fglx, yI:
Q(X, ¥, h) =Y Qaga, (5.95)
a
where coefficients Q, are equations with unknowns hg,..., hg_q. |If

T = |{QalQa # 0}|, the rational functions ¢, with Q4 # 0 can be arranged
as ¢a, < ¢a, < -+ < ¢a, and (5.95) can again be rewritten as:

Q(X’ yv h) = Qa1¢a1 + Qaz¢az + -+ QaTd)aT' (596)
Adgain, coefficients Qa,, Qa,, - .., and Qa, are equations of unknowns hy, ..., hx_1.
To have Q(x, y, h) =0, we need Qa = Qa, = -+ - = Qg = 0. Therefore, hy, ..., hg_1

can be determined by solving the following simultaneous set of equations [21]:

Qal(hOv ceey hk—l) =0

(o, ... h 1) =0
Qa, (o | k—1) ‘ (5.97)

Qar(ho, ..., 1) =0

In order to solve (5.97), a recursive coefficient search algorithm is applied to
determine hg, ..., hg_1 [20, 22]. Here a more general and efficient factorization
algorithm is presented. Let us denote the following polynomials with respect to a
recursive index s (0 <s<k — 1):

h®(x, y) = hodo + - - - 4+ hi_1_sk_1_s, (5.98)
which is a candidate polynomial with coefficients hy, ..., hx_1_s undetermined. Up-
date Q(x, y, 2) recursively as:

QE™(x,y,2) = QO(X, y, Z+ hi_1_spr_1-s), (5.99)

with QO(x,y, 2) = Q(x, y, 2), which is the interpolated polynomial (5.68). Substituting
he_1_sPr_1_s iNto QO(x, y, 2), we have:

Q9(x, y) = QO(X, y. hi_1-sdx-1-5). (5.100)

Q® mod x can be transferred into a polynomial in Fq[x, y] with coefficients
expressed as Z wihl_,_ where @; € GF(q). Denote Q©’s leading monomial with

its leading coeff|0|ent as [21]:

¢ = LM(QY) (5.101)

CO(h1-s) = LC(QY). (5.102)
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Based on (5.102), it can be seen that LM(h®) = ¢,_1_s and LC(h®) = he_1_s.
Therefore, for any recursive polynomial QO(x, y, 2), we have:

LM(Q®(x, y, h®)) = LM(Q®(x, y, hi_1_spx_1_s)) = LM(Q®) = ¢) (5.103)

LC(QO (X, y, h®)) = LC(Q¥W(X, Y, hi_1_sdk_1-5)) = LC(Q®) = CO(hy_;_).
(5.104)

As all the candidate outputs should satisfy Q(x, y, h) = 0, and from the above
definitions it can be seen that h = h©® and QO (x, y, 2 = Q(x, y, 2), Q(x, y, h) = 0
is equivalent to QO(x, y, h©®) = 0. Based on (5.107) and (5 108), in order to have
QO(x, y, h©®) = 0 we need to find its leading monomial ¢ with leading coefficient

(0)(hk_1) and determine the values of hy_; that satisfy C( )(hk_l) = 0. As a result,
the leading monomial of Q¥ (x, y, h©) is eliminated. Based on each value of h_; and
performing the polynomial update (5.99), QUV(x, y, 2) is generated, in which ¢ has
been eliminated. Now, Q(x, y, h) = 0 is equivalent to QM (x, y, hV) = 0. Again, to have
QW(x, y, h®W) = 0, we need C(hy_,) = 0. Therefore, hy_, can be determined by
solving Cfl)(hk,z) = 0. Based on each value of hy_,, we can trace further to find the
rest of the coefficients. In general, after the coefficients hy_;_s (0 < s < k — 1) have
been determined by solving C(S)(hk 1-s) = 0, based on each value of them, perform
the polynomial update (5.99) to generate Q®+(x, y, z). From Q(S+1)(x y, 2), QD)
can be calculated and hy_;_(s+1) can be determined by solving C (s+1) (hk—1-s+1)) = 0.
This process is illustrated in Figure 5.8.

From Figure 5.8 it can be seen that there might be an exponential number of routes
to find coefficients hx_4, . .., hg. However, not every route will be able to reach hy, as
during the recursive process there may be no solution for Cfs)(hk_l_s) =0=0.Ifhy
is produced and Q1 (x, y, hoo) = 0, this route can be traced to find the rest of the

Q updates

Q®x v, 2) Q®*ix,y,2)
hy, 1-(5+1)
e 15 <:
: Py, 1-5+1)

_ Py 1-(s+1)
h 15 <: )
Py 1-(5+1)

Figure 5.8 Recursive coefficient search.
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coefficients hy, ..., hg_; to construct polynomial h which will satisfy Q(x, y, h) = 0.
The correctness of this judgement will be proven later.

Based on the above description, the generalized factorization algorithm is summa-
rized in Algorithm 5.6.

Algorithm 5.6: Recursive coefficient search [14, 21, 22] Initialization: QO(x, y,
2) = Q(X, Y, 2). The recursive index s= 0 and output candidate index | = 1.
Perform: Recursive coefficient search (s) (RCY(s)).
Recursive coefficient search (RCS):
Input parameter: s(0 <s<k —1).

. Perform (5.100) to calculate Q©)(x, y).

. Find out ¢ with its coefficient C®(hy_1_s).

. Determine hy_1_s by solving C(Ls)(hk_l_s) =0.
. For each value of hy_1_g, do

{
chikcrss=hers
. If s=k — 1, calculate Q%Y (x, y, hggpo) and go to step 7. Else go to step 8.
7. 1f QD (x, y, hogro) = 0, trace this route to find coefficients hy x_1, hix_2, ..., and
h o to construct the candidate polynomial hy and | = | + 1. Else stop this route.
8. Perform polynomial update (5.99) to generate Q9 (x, y, 2).
9. Perform RCS(s + 1).

}

If a number of hy_;_g have been determined, the algorithm will choose one of them
to determine the rest of the coefficients until all the possible routes starting from this
h¢_1_s have been traced. After this, it will choose another value of hy_;_g and repeat
the process. This algorithm will terminate after all the possible routes started from
hy_1 have been traced. To prove the correctness of this algorithm, we need to justify
the fact that the polynomial h, produced in step 7 satisfies Q(x, y, h)) = 0.

AW DN

o Ol

Proof: As Q%D(x, y, hogpo) = 0 and h®&D(x, y) = hogpo, we have QK-D(x, v,
hk=1D) = 0. Assuming h; is the previously-found coefficient, Q&-1(x, vy, 2) is
generated by (5.99): Q¥ V(x, y, 2 = Q¥2(x, y, z + he1). From Qk-D(x, v,
hk=1y = 0 we have Q%2 (x, y, h*~1) + h;¢1) = 0. Based on (5.98), it can be seen that
hk=2 = hypo + higp1 = h&D + hypy. Therefore, QX2 (x, y, hk=2) = 0. It can be
deduced further to get Q*3(x, y, h*=3) = 0,..., and QO(x, y, h©®) = 0. As
QO(x, y, 2 = Q(2 and h(0) = hogpo + N1y + - - - + hi_1¢h_1, Whose coefficients
have been traced as the coefficients of the output candidate hy, it can be concluded that
Q(x, y, h) =0.

Here two worked examples are given to illustrate the generalized factorization
algorithm applied to both a Hermitian code and a Reed—Solomon code.
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Example 5.9: List decoding of a (8, 4, 4) Hermitian code defined in GF(4)
Given the interpolated polynomial is Q(X, y, z) = a2y + a®X? + axy + a?y? +

find out its z-roots.
Initialization: QO(x, y, 2 =
RCS(0):
Q“”(X y) =

+ h2. Solving C(O)(hg) = 0, we have h; =

summarized in Table 5.5.

a2y + X2y + Xy + (ax + axy + axy?)z+ (X + x2)Z, apply Algorithm 5.6 to
Qlx Y, 2,

QO(x, y, hgX?) = (@? + arhg)y + % + axy + (o? + h3)y? + (o?
)Xy + (1 + h3)X2y? + xy® + (ahs + hd)y?, with ¢ =

For h3 =0, h;3=h3 =0. Ass=0 < 3, update QV(x,y, 2 =
0x?) = Q(X, Y, 2), and perform RCS(1). ..
Based on the same progress, the outcomes from RCS(1), RCS(2) and RCS(3) are

s=0and| =1.

v* and c<°)(h3) = ahg
Oorhy; =a.
QOx y, z+

Table 5.5 Recursive coefficient search from h; = 0.

RCS(s) o CP (1) hz1-s = Micis
RCY(1) xy® 1+ ah a?

RCS(2) X2y2 a? 4+ ahy a

RCS(3) Xy? ahy 0

After RCS(2) we have Q¥x, y, 2 =

1=2

= a?X? + axy + ax®y? + xy® + (ax +
RCS1)...

5.6.

RCS(3), by solving C (ho) =0, we have hy = 0. Therefore, hy o = hg = 0. As
s=3and QU(x,y, hodo) = Q(x,y, 01) =
candidate polynomial hy = ax 4+ «?y and update the candidate index | = | +
Going back to the closest division point (when s = 0), we have:
Forhs =, hy3 =hs =a. Ass=0 < 3, update Q(x, y, 2) =
Again, the outcomes of RCY(1), RCS2) and RCS(3) are summarized in Table

Table 5.6 Recursive coefficient search from h; = «.

(ax + axy + axy?)z + (x + x)Z. In

0, this route can be traced to construct

QO(x,y, z+ ax?)
axy + axy?)z + (x + x?)Z and perform

RCS(s) % CP (1) hos-1-s = hiciss
RCS(1) xy® 1+ ah, o?
RCS(2) X2y ahy 0
RCS(3) Xy? a? + ahg o

After RCS(2) we have QO)(x, y, 2) = a?X? + oa®xy + a®xy? + (X + axy +
axy?)z + (X 4+ x)Z. In RC(3), by solving C?(hg) = 0, we have h,o = hy = a.




192 LIST DECODING

As s = 3 and Q¥(x, y, hogpo) = QO(x, y, @-1) = 0, this route can be traced to
construct the candidate polynomial h, = & + a?y + ax?. As all the possible routes
from hy have been traced, the factorization process terminates and outputs: h; =
aX+ a?y, hy = a + a?y + ax?.

Example 5.10: List decoding of a (7, 2, 6) Reed—Solomon code defined in GF(8)
o is a primitive element in GF(8) satisfying «® + o + 1 = 0.

Given the interpolated polynomial Q(X, 2) = ax + a®*® + (o + a3X)z + «?Z,
apply Algorithm 5.6 to determine its z-roots.

Initialization: QO (x, 2) = Q(x, 2, s=0and | = 1.

RCS(0):

QO(x, 2) = QO(x, hX) = (& + aBhy)x + (2 + *hy + a2h2)2, with ¢ = x2
ar;d CO(hy) = a® + a3hy + «?h2. Solving C”(h;) = 0, we have hy = & or hy =
o,
Forhy = hyy =h; =a® Ass=0 < 1, update QV(x, 2) = QO(x, z+ «5x)
= (a® + o®X)z + a7 and perform RCS(1).

In RCY(1), following the same progress, we have d)(Ll) = x and C(Ll)(ho) = a®hg.
Solving C(hg) = 0, we have hy = 0.

Forhy =0, hig = hg = 0. As s= 1 and QW(x, hypg) = QM (x, 0-1) = 0, this
route can be traced to construct candidate polynomial h; = «®x. Update the output
candidate indexas| =1+ 1=2.

Going back to the closest division point (when s = 0), we have:

Forhy =ab hyy =h; =ab. Ass=0 < 1, update QV(x, 2) = QO(x, z+ «bx)
= a*x + (a® + o®X)z + «?Z, and perform RCS(1).

In RC(1) we have ¢ = x and C®(hy) = o* + a3hy. Solving CP(ho) = 0,
we have hy = «.

Forhg = a, hpg = hg = . As s = 1 and QW(x, hygpo) = QU (X, ar-1) = 0, this
route can be traced to construct candidate polynomial h, = o + «®x. As all the
possible routes from hy have been traced, the factorization process terminates and
outputs: hy = a®%, hy = o + a®x.

5.8 Soft-Decision List Decoding of Hermitian Codes

We can extend the hard-decision GS decoding algorithm for AG codes to soft-decision
by extending the Kotter—Vardy algorithm. As with Reed—Solomon codes, soft-decision
list decoding is almost the same as hard-decision list decoding, with the addition of
a process to convert the reliability values of the received symbols into a multiplicity
matrix. In this section, a comparison of the code word scores is made between soft-
and hard-decision list decoding and conditions are derived to ensure that the equations
from the interpolation process are solvable.
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Based on w;, the two parameters first defined by (5.50) and (5.51) for analyzing
bivariate monomial x2y® (a, b € N) can be extended to trivariate monomials ¢.2° (a,
beN):

Nyw,(d) = [{¢az® 1 a,b > 0 and deg, ,, ($a2’) < 3.8 € N}, (5.105)

which represents the number of monomials with (1, w,)-weighted degree not greater
than §, and:

Agw, (V) =min {8 : Nyw,(8) > v,v e N}, (5.106)

which represents the minimal value of § that guarantees Ni ,(8) is greater than v.

The difference between soft-decision list decoding of Reed-Solomon codes
and of Hermitian codes is in the size of the reliability matrix. For soft-
decision list decoding of Reed-Solomon codes, the reliability matrix IT has size
g x n, where n = g — 1. For soft-decision list decoding of Hermitian codes, the
reliability matrix IT has size g x n, where n = g%2.

5.8.1 System Solution

The reliability matrix IT is then converted to the multiplicity matrix M, for which
Algorithm 5.3 is applied. A version of Algorithm 5.3 introducing a stopping rule
based on the designed length of output list is presented later in this subsection, as
Algorithm 5.7.

In this subsection, the code word score with respect to matrix M is analyzed so
as to present the system solution for this soft-decision list decoder. It is shown that
the soft-decision scheme provides a higher code word score than the hard-decision
scheme.

The resulting multiplicity matrix M can be written as:

B Moo Mo 1 .. e e Mo n—1 T
My my 1 Myn-1
M=| , , (5.107)
: m;_ :
| Mg_10 Mg11 -+ -+ -+ Mg_1n_1_

where entry my; represents the multiplicity for unit (p;, o;). Interpolation builds the
minimal polynomial Qu € Fq[X, Y, Z], which has a zero of multiplicity at least m;
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(myj # 0) over all the associated units (p;, p;). Following on from (5.62), with respect
to interpolated unit (pj, i), Qu’s coefficients Qa, should satisfy:

Z Qab( )yap, u,0| Y=0,VuveNandu+v <m;. (5.108)
a,b>v

For this soft-decision interpolation, the number of interpolated units covered by

Qu is:
|{mi,j ;é0|m,J € M,i :0,1,...,q—1and j :O,l,...,n—1}| (5109)
and the cost Cy of multiplicity matrix M is:

13880
CM = z mi,j(mi,j + 1), (5.110)
i=0 ]

_Q
|_.

I
<}
I
<}

which represents the number of constraints in (5.108) to Qu’s coefficients Qap. These
can be imposed by the iterative polynomial construction algorithm [9, 11, 17] in Cy
iterations. Notice that (5.109)) and (5.110)) have the same expression as (5.45) and
(5.46), respectively, with the exception that n = g*?.

Based on Lemma 5.1, the following units’ multiplicities will contribute to the code
word score: (po, Co), (P1, C1), - - ., and (pn—1, Ch—1). Referring to the multiplicity matrix
in (5.107), the interpolated polynomial Qy can be explained as passing through these
units with multiplicity at least my = mo (pi = ), M = m 1 (pi = ¢1),..., and
Mh_1 = Min—1 (pi = Cn_1), respectively. If f € FJVZ[X, y] is the transmitted message
polynomial such that f (p;) = c;, the total zero order of Qu(X, y, f) over units {(po, Co),
(p1, €1), - -+ (Pn—1, Cn—1)} is at least:

n—-1
Mo+ M+ +Myg=> {mjlpi=cji=01...9-1}. (5.111)
j=0

Therefore, the code word score Sy (C) with respect to multiplicity matrix M is:

n—1

Sw(© =) (mjlp=cp.i=01...q-1} (5.112)

j=0

It Su(C) > deg; ,,(Qm(X.y.2)) then "oV (Qu(x. Y. 1)) > V5 (Qu
(x,y, )™ and Qu(x, y, f) = 0. f can be found by determining Qu(X, Y, 2)’s z-roots.
It results in the following corollary for successful soft-decision list decoding:
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Corollary 5.3 If the codeword score with respect to multiplicity matrix M is greater
than the interpolated polynomial Qum’s (1, w,)-weighted degree [ 23]:

Su (€) > deg; w,(Qu(x, y, 2)) (5.113)

then Qu(x, y, f) =00rz— f|Qm(X, Yy, 2).

To compare the soft-decision’s code word score Sy (C) with the hard-decision’s
code word score Sy (C), denote the index of the maximal element in each column of
I as:

ij = index (max{m ;|i =0,1,...,9—1}), (5.114)
such that 7j, ; > 7, j(i # ij). The hard-decision received word R can be written as:

R = (r07 rla ) rnfl) = (Ioio’ pil, et pin,l)- (5115)

For hard-decision list decoding, only those entries in the multiplicity matrix from
(5.107) that correspond to the reliability value r;; j will be assigned a multiplicity, as
m;, j = m, and therefore the score for hard-decision can also be written with respect
to multiplicity matrix M as:

n—-1
Sn(©=S@©=>_{mlm, =c}. (5.116)
j=0

Comparing (5.112) and (5.116), the soft-decision list decoder gains its improve-
ments by increasing its code word score. This is done by increasing the total number
of interpolated units (5.111) so that the possibility of covering more interpolated units,
including the corresponding code word symbols, is also increased.

If the (1, w,)-weighted degree of interpolated polynomial Qy is 8*, based on (5.106),
Qwm has at most N; w,(8*) nonzero coefficients. The interpolation procedure generates
a system of Cy, linear equations of type (5.108). The system will be solvable if [5]:

Nl,Wz(S*) > CM. (5.117)

Based on (5.106), in order to guarantee the solution, the (1, w,)-weighted degree
5* of the interpolated polynomial Qy should be large enough that:

deg; w,(Qm(X. Y, 2)) = d* = Ayw,(Cw). (5.118)

Therefore, based on Corollary 5.3, given the soft-decision code word score (5.116)
and the (1, w,)-weighted degree of the interpolated polynomial Qy (5.118), the mes-
sage polynomial f can be found if [23]:

Su (C©) > A1w,(Cw). (5.119)
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The factorization output list contains the z-roots of polynomial Qy. Therefore,
the maximal length of output list Iy, should be equal to polynomial Qy’s z-degree
(deg,Qw), as:

deg; \,(Qm(X, Y, Z))J _ LAl,WZ(CM)

Wz

Im = deg,(Qm(X, Y, 2) = L J . (5.120)

z

When converting matrix IT to matrix M, based on a designed length of output list
[, Algorithm 5.1 will stop once ly is greater than |. A; \,(Cy) can be determined by
finding the monomial with (1, w;)-lexicographic order Cy, as:

Arw,(Cnm) = dte,wz(¢aZb|0rd(¢aZb) = Cwm). (5.121)

Therefore, in order to assess the soft-decision list decoding algorithm’s performance
with a designed length of output list I, a large enough value must be set for s when
initializing Algorithm 5.3. In the algorithm, after step 5, we can determine the cost
Cwm (5.110) of the updated matrix M and apply (5.121) to determine A1 ,(Cw). The
maximal length of output list Iy, can then be determined by (5.120). Stop Algorithm
5.3 once |y is greater than | and output the updated matrix M.

Algorithm 5.7 is based on Algorithm 5.3 and includes this stopping rule. This
algorithm is used to obtain the simulation results shown later.

Algorithm 5.7: Convert reliability matrix IT to multiplicity matrix M [14, 23]
Input: Reliability matrix IT, a high enough desired value of the sum of multiplicities

in matrile:
q-1n-1
S= ) > mj, and designed output length I.

i=0 j=0
Initialization: Set IT* = IT and g x n all-zero multiplicity matrix M.

1. While(s>0or [Im] <)
{
. Find the maximal entry 7;*; in IT* with position (i, j).
. Update 7", in IT* as 7" = mﬂ,iz
. Update my jinMasm ; =m ; + 1.
s=s—1
. For the updated M, calculate its interpolation cost Cy by (5.110).
. Determine A1w,(Cwm) by (5.121).
. Calculate Iy by (5.120).

}

Again, this algorithm gives priority to those interpolated points which correspond
to a higher reliability value m;;, to be assigned with a higher multiplicity value m ;.
For example, if mj,j, < m;,j, then my,j, < my,j,.

The interpolation and factorization methods given in Algorithms 5.5 and 5.6 are
unchanged for soft-decision list decoding of AG codes. Again, as the total number of

ONOUOA WN
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Figure 5.9 Soft-decision list decoding of Hermitian code (64, 39, 20).
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iterations Cy has been determined before running the interpolation, those polynomials
with leading order greater than Cy can be eliminated from the group during the
iterations [23].

5.8.2 Smulation Results

The performance of hard- and soft-decision list decoding for Hermitian codes is
evaluated by simulation results on the AWGN channel and a frequency nonselective
Rayleigh fading channel with Doppler frequency 126.67 Hz. The fading profile is
generated using Jakes” method [16] and the fading coefficients have a mean value of
1.55 and variance 0.60. During simulation, quasi-static fading is assumed in which
the fading amplitude changes for each code word block. For combating the fading
effect, 64 x 64 and 100 x 512 block interleavers are employed for codes defined in
GF(16) and GF(64) respectively.

In Figure 5.9a the soft-decision list decoding performance of the (64, 39, 20)
Hermitian code over GF(16) is shown on the AWGN channel for different list lengths.
This is compared with the hard-decision list decoding performance with multiplicity
values m= 1 and 2, and the performance of the Sakata algorithm is included too. We
can see that there are small coding gains for soft-decision list decoding over hard-
decision list decoding up to approximately 1.3 dB at a BER of 10~*. In Figure 5.9b,
more significant coding gains are achieved on the fading channel, with a coding gain
greater than 3 dB over hard-decision list decoding.

In Figure 5.10a the soft-decision list decoding performance of the (512, 289, 196)
Hermitian code defined over GF(64) is shown on the AWGN channel for different
output list lengths. Again, small coding gains are achieved over hard-decision decod-
ing. In Figure 5.10b the soft-decision list decoding performance on the fading channel
is shown, with more significant coding gains over hard-decision decoding.

5.9 Conclusions

In this chapter we have introduced the concept of list decoding for Reed—Solomon
and AG codes. We can see that list decoding allows more errors to be corrected than
with conventional algebraic decoding algorithms, but at a cost of higher complexity.
However, a method to reduce this complexity without degrading the performance is
given for both Reed—Solomon and AG codes. The Kotter-Vardy algorithm for the soft-
decision list decoding of Reed—Solomon codes was presented; this is almost identical
to the Guruswami-Sudan algorithm but with an extra process to convert the reliability
of the received symbols into a multiplicity matrix. The Kotter—Vardy algorithm was
also extended to soft decode AG codes. One interesting observation from the soft-
decision list decoding algorithm was that it could achieve the same performance as the
hard-decision list decoder but at a lower complexity. More significant coding gains can
be achieved on a slow fading channel, particularly for AG codes, suggesting that soft-
decision list decoding is very suitable for channels where bursts of errors are common.
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Non-Binary Low-Density Parity
Check Codes

6.1 Introduction

The previous chapters have described non-binary block codes that have algebraic
decoders, but now a new type of block code is introduced that is decoded using a
graph. Thisisthewell-known low-density parity check (LDPC) code, which wasfirst
presented by Gallager in 1962 [ 1] but only became popular when Mackay rediscovered
itin1995][2]. It has been shown that with iterative soft-decision decoding LDPC codes
can perform as well as or even better than turbo codes [3]. It is claimed that LDPC
codes will be chosen in future standards, such as 4G, later versions of WiMax and
magnetic storage devices.

In this chapter, binary LDPC codes are first introduced with a discussion on ran-
dom and structured construction methods. The Belief Propagation algorithm is then
presented in detail to decode LDPC codes. We then expand binary LDPC codes to
non-binary LDPC codes defined over afinite field GF(q) and again discuss different
construction methods. Finally the Belief Propagation algorithm is extended to non-
binary symbols, which increases its complexity, but a method to reduce complexity
isintroduced using fast Fourier transforms (FFT), alowing us to decode non-binary
LDPC codes defined over large finite fields.

6.2 Construction of Binary LDPC Codes — Random
and Structured Methods

A low-density parity check (LDPC) code is characterized by its sparse parity check
matrix, that is a matrix containing mostly zero elements and few nonzero elements.
Three important parameters are its code word length, n, its dimension, k, and its
number of parity bits, m = n — k. The number of nonzero elementsin arow of the

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd
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parity check matrix is called the row weight, denoted by p. The number of nonzero
elementsin a column of the parity check matrix is called the column weight, denoted
by y. There are two general classes of LDPC code:

« |f the row weights and column weights are constant for each row and columnin the
parity check matrix then the LDPC codeis said to beregular.

e |f the row and column weights vary for each row and column in the parity check
matrix then the LDPC code is said to beirregular.

In genera, irregular LDPC codes have a better performance than regular LDPC
codes. An example of aparity check matrix H for asmall binary LDPC codeis given
in(6.1):

110100
011010

H=1100011 (6-2)
001101

We can seethat H hasaconstant row weight p = 3 and constant columnweight y =
2, implyingthat thisisaregular LDPC code. Originally, LDPC codeswere constructed
by first choosing the row and column weights and then randomly determining where
the nonzero elements were |ocated.

6.2.1 Tanner Graph Representation

A parity check matrix can be expressed in the form of a bipartite graph known as a
Tanner graph. Each row in the parity check matrix represents a parity check equation
z, 1 <i < m, and each column represents a coded bit ¢;, 1 < j < n. For example,
thefirst row of H in (6.1) isthe parity check equation z; = ¢; @ €, ® C4. The Tanner
graph connectsthe coded bitsto each parity check equation. For each row of the parity
check matrix, if the coded bit isa 1 then there is a connection between that coded bit
and the corresponding parity check equation. The Tanner graph for H in (6.1) isgiven
in Figure 6.1.

The Tanner graph revealsthe presence of cycles, that isapath starting and ending at
the same coded bit. In Figure 6.1 it can be seen that the smallest cycle has alength of
6. Onesuch cycleisc; — z3— €4 — 24 — Cg — Z3 — C;. Thelength of the smallest
cycle in a Tanner graph is known as its girth. It is desirable to avoid LDPC codes
with Tanner graphswith a girth of 4 asthis degrades the performance, particularly for
short LDPC codes. From the Tanner graph, we introduce two sets:

e M, isthe set of indices of the parity checks connected to coded bit c;,.
* Np,isthe set of indices the coded bits that are connected to parity check z,.



CONSTRUCTION OF BINARY LDPC CODES 203

Figure 6.1 Tanner graph for the parity check matrix of (6.1).

So from the Tanner graph of Figure 6.1, the set M; = {1, 3}, since parity checks
z; and zz are connected to coded bit ¢;. The set N; = {1, 2, 4}, since coded bits
C1, C; and ¢4 are connected to parity check z;. We aso introduce the notation Mp/m,
which is the set M,, excluding the parity check z, that is connected to the coded
bit ¢,. Similarly, Nw/n is the set N, excluding the coded bit ¢, that is connected
to the parity check z,. Therefore, M1/1 = {3} and Ni/1 = {2, 4}. This nota-
tion will be useful when describing the Belief Propagation algorithm for decoding
LDPC codes.

6.2.2 Sructured Construction Methods

There are many different methods for constructing a binary LDPC code [5-6], but in
thischapter wewill discussjust one. Thismethod isknown asthe Balanced Incompl ete
Block Design (BIBD), which can be used to construct high-rate LDPC codes [4]. Let
X ={xg, X2, ..., X, } beaset of vobjects. A BIBD of X isacollection of n y-subsets
of X, denoted by By, By, .. ., By, called blocks, such that the following conditions are
satisfied:

1. Each object appearsin exactly p of the n blocks.

2. Every two objects appear together in exactly A of the n blocks.

3. The number y of objects in each block is small compared to the total number of
objectsin X.

Instead of alist of the blocks, aBIBD can be efficiently described by av x nmatrix
Q over GF(2), asfollows:

1. Therows of Q correspond to the v abjectsin X.
2. The columns of Q correspond to the n blocks of the design.
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3. Each element Q;; in Q isalif and only if the ith object x; is contained in the jth
block B; of the design; otherwise it is 0. This matrix is called the incidence matrix
of the design.

It follows from the structural properties of aBIBD that the incidence matrix Q has
constant row weight p and constant column weight y and any two rows of Q have
exactly A ‘ 1-components’ in common.

Example 6.1: Construction of an incidence matrix using BIBD: Let X = {x,
X2, X3, Xa, X5, Xg, X7} be a set of seven objects. The blocks {x1, X2, Xa}, {X2, X3,
Xs}, {X3, Xa, X6}, {Xa, Xs, X7}, {Xs, X6, X1}, {Xe, X7, X2},{X7, X1, X3} form a BIBD
for the set X. Every block consists of three objects, each object appears in three
blocks, and every two objects appear together in exactly one block, that isA = 1.
The incidence matrix Q is given below:

1 00010 1\
1100010
0110001
Q=11 011 0 0 O
010 1 00
0010110
0001011

Note that each row of Q is acyclic right-shift of the row above it and the first
row isthe cyclic shift of the last row. We a so note that each column isa downward
cyclic shift of the column on its left and the first column is the downward cyclic
shift of thelast column. Therefore Q isa7 x 7 square circulant matrix. Therefore,
the null space of Q givesa(y, p)-regular LDPC code, called a BIBD-LDPC code,
of length n. The Tanner graph of a BIBD-LDPC code is free of cycles of length 4
and henceits girth is at least 6. In fact, the second property of a BIBD with A =
1 ensures that the girth of the code’s Tanner graph is exactly 6. If A = 2 then the
incidence matrix will have a Tanner graph full of short cycles of length 4, whichis
undesirable.

6.2.3 LDPC Codes from Class 1 Bose BIBD

Therearefour classes of Bose BIBD, each with different types producing many differ-
ent binary LDPC codes. However, in this book we only deal with LDPC constructed
from Class 1 Bose BIBDs of type 1 [4]. Choose afinite field GF(2t + 1), wheret is
selected so that GF(2t + 1) is prime, with a primate element x that satisfiesx* — 1 =
X¢, where ¢ is an odd integer less than 2t + 1. The resulting LDPC code parameters
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will have the following values: n =t(12t + 1), v=12t + 1,y =4, p = 4t, A = 1.
The base blocks of thisBIBD are:

{O, XZi , X2i +4t’ X2i +8t}’ (62)

for 0 < i < t. From each base block B;, we can form 12t + 1 blocks by adding each
element of the field GF(12t + 1) in turn to the elementsin B;. Thisresultsin t(12t +
1) blocks. The incidence matrix Q of this BIBD isa (12t +1) x t(12t +1) matrix.
It can be written in cyclic form, which consists of t (12t + 1) x (12t 4+ 1) circulant
submatrices in arow, as shown below:

Q=(Q1Qz2---Q), (6.3)

where the ith circulant Q; is the incidence matrix formed by adding each element in
GF(12t + 1) in turn to the elements of the ith base block B;. A circulant is a square
matrix which has the following structure:

1. Eachrow isaright-cyclic shift of therow aboveit and thefirst row istheright-cyclic
shift of the last row.

2. Each column is a downward cyclic shift of the column on its left and the first
column is the downward cyclic shift of the last column. The set of columnsisthe
same as the set of rows, except that each row reads from right to left.

Both the row and the column weight of each circulant Q; are 4. Therefore, the row
and column weights of Q are 4t and 4 respectively. The rank of Q (or acirculant Q;)
is observed to be 12t.

Example 6.2: Construction of an LDPC code using a class 1 Bose BIBD: Let
t = 1. Then 12t + 1 = 13. The element 6 of GF(13) = {0, 1, 2, ..., 12} isa
primitive element so with c = 3we can easily check that x* —1=64—-1=9—-1
= 8 = 63, whichislessthan 13. Therefore, there is a BIBD with parameters, v =
13,n =13,y =4, p = 4and A = 1. The base block for this design is {0, 6°, 6*,
6%} = {0, 1, 9, 3}. By adding each element in GF(13) to the base block we get the
following 13 blocks:

Bo =1{0,1,9, 3}, B1 ={1,2,10,4}, B, ={2,3,11,5}, Bs = {3,4, 12,6}, B4
=1{4,5,0,7},

Bs =1{56,1,8},Bs=1{6,7,2,9}, B, ={7,9, 3,10}, Bs = {8, 9, 4, 11}, By
= {9, 10, 5, 12},

Bio = {10, 11, 6, 0}, By; = {11, 12, 7, 1}, Bi, = {12, 0, 8, 2}.
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Hence, the circulant matrix Q is:

1 00010O0O0O0OO0OT1OQO0T1
11000100O0O0O0T1OPO0
01100O010O0O0O0O0?1
101100O01O0O0O0O0DO0
01 01100O0100O0T0O0
00101100O01O0O0TO0
Q=0 001 01 100O01O0O0
00001011 00O010O0
0000010110001
1 0000O0O1O0110°O00
01 00O0O0OO0O1O011O00O0
001 0000010110
| 0001 00O0O0O01O01 1]

This example only produces a single circulant matrix, but the next value of t
that ensures the finite field is prime ist = 6, giving GF(73). This will result in
an LDPC code with parametersv =73, n =438,y =4, p =292 and A = 1.
In this case, there will be six base blocks each containing four elements, and six
circulant matrices can be formed by adding every element in GF(73) to each of
the base blocks. Each circulant matrix will have dimensions 73 x 73, with y =
4, p = 4. The six circulant matrices are then concatenated to form the final parity
check matrix, H, with dimensions 73 x 438. The null space of this matrix will be
the (438, 365) LDPC code, assuming each row in H isindependent.

6.2.4 Constructing the Generator Matrix of a Binary LDPC Code

The encoding of a binary message to form an LDPC code word is achieved by
multiplying the binary message vector by a systematic generator matrix, G. The
systematic generator matrix is obtained by first performing Gauss—Jordan elimination
on the parity check matrix so that it is of the form H = [I,|P], where I, is the
m x midentity matrix and P is a parity matrix. The generator matrix is then G =
[PT|14], where PT is the matrix transpose of P, and Iy is the k x k identity matrix.
Gauss—Jordan elimination is related to Gaussian elimination in that it eliminates all
elements below and also above each pivot element. Gaussian elimination results in
amatrix in row echelon form, whereas Gauss—Jordan elimination results in a matrix
in reduced row echelon form. It can therefore be seen as a two-stage process, where
Gaussian elimination isfirst performed to transform the matrix into row echelon form,
followed by elimination of elements above the pivot elements.
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The elimination procedure on amatrix containing finite field elementsis performed
in the same way as if the matrix contained real numbers. The only difference is that
elements are eliminated with modul o-2 addition instead of subtraction.

Itisnot unusual for aparity check matrix to have dependent rows. When performing
Gaussian elimination on the matrix, all dependent rowswill appear asrows containing
all zeroeslocated at the bottom of the new matrix. Thisisthe caseif we apply Gaussian
elimination to the parity check matrix of (6.1):

110100 100011
011010 lo11010
H=1100011/"™|oo01101
001101 000000 O

We can see that row 4 in H is the modulo-2 sum of row 1, row 2 and row 3 and
henceit is adependent row. Therefore, performing Gaussian elimination resultsin an
all-zero row in the new matrix, H'. However, a generator matrix can still be obtained
by removing the al-zero rows and then eliminating elements above the pivot elements
in the resulting submatrix:

100011 100011
H=l011010|->H=|010111
001101 001101

The systematic parity check matrix H” is simply obtained by adding row 3 to row
2in H’'. Findly, the generator matrix is.

011100
G=[110010
111{001

We can see that dependent rows in the parity check matrix will increase the code
rate of the LDPC code. If all the rows were independent then the null space of the
parity check matrix of (6.1) would be the (6, 2) LDPC code with code rate of 1/3.
However, the dependent row means the null space isthe (6, 3) LDPC code with code
rate of 1/2.

For larger parity check matrices, the swapping of columnsisusually required during
Gaussian elimination to ensure that the pivot elements are on the main diagonal of
the matrix. However, this will obviously change the parity check equations and the
resulting systematic generator matrix will not be the null space of the original parity
check matrix. In this case, any column that is swapped must also be swapped on the
original parity check matrix, but thiswill not alter its column and row weights.
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6.3 Decoding of Binary LDPC Codes Using the Belief
Propagation Algorithm

Thedecoding of L DPC codes using the sum product algorithm involvesfinding acode
word of length n where each coded bit ¢,, maximizesthe probability of ¢, conditioned
on the parity check equations associated with ¢, being satisfied [7].

P(chl{zn =0, me Mp}). (6.4)

The sum product algorithm involves calculating two probabilities. The first is
the probability g, which is the probability of the nth code bit conditioned on
its associated parity checks being satisfied with the exception of the mth parity
check:

Omn(X) = P(Ch = X |{zn =0, m € Mp/m}. (6.5)

The second probability is denoted r,, which is the probability that the mth parity
check is satisfied conditioned on all the possible values of the coded bits c:

rmn(X) = P(zm = 0|C). (6.6)

Figure 6.2 shows how these probahilities are exchanged in the Tanner graph of
Figure 6.1 for the connections between ¢; and z;, and ¢g and z.

6.3.1 Initialization of the Belief Propagation Algorithm

The probabilities gm(X) are initialized to the probability f,* that the nth received bit
is X, that is P(c, = Xx). For the additive white Gaussian noise (AWGN) channel the
probability g is[7]:

1 2 2 1 2 2
0 o = o222 god oD o o (ntD?/207 6.7
" oA 21 % o2 (67)

Cs Cs Cs Cs c, C
WW »/qll
64
2 Z3 Z Z;

Figure 6.2 Tanner graph showing the exchange of information between the coded bits and their parity
checks.
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Figure 6.3 QPSK constellation.

In general, when the modul ation scheme has an in-phase and quadrature component
the probabilitiesare determined by cal cul ating the Euclidean distancesfor thein-phase
component from each constellation point. The coordinates of each constellation point
in the QPSK constellation are shown in Figure 6.3.

Therefore, the four probabilities g, g, g and g\ for the QPSK constella-
tion are:
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where r() and r(Q are the in-phase and quadrature components of the received
symbol. The likelihoods of the received bits are then placed in a vector f:
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To initialize the sum—product algorithm, the likelihoods in f are used to initialize a
matrix Q defined as:

0 0 0 (0)

g o gP ... g gO@

1 1 1 1

o o g gl g

Q= L (6.10)

0 0 0 0

g’ o of - g g©

1 1 1 1

RN SRR S G

The matrix Q has partitions containing the likelihoods that the ith received hit isa
0,g%ora1, g

6.3.2 The Horizontal Step

The horizontal step of the sum—product algorithm determines the probability ry,,
defined as [7]:

rmn(x) = D P(zm = 0[c)P(clca = X). (6.11)

C:Ch=X

where, given that the nth coded bit ¢, = x, ¢ isabinary vector of the remaining coded
bits of length p — 1, containing every possible combination of binary sequences.
There are therefore 2°~* binary sequences that (6.9) is summed over. However, not
all these sequences will satisfy z,, = 0 so we only consider those sequences that
do satisfy the parity check. For example, if x = 0 then only those binary sequences
with an even number of 1s are able to satisfy z,, = 0. Therefore, the probability of a
seguence containing an odd number of 1s satisfying z,, = 0 is zero. Therefore, rm(X)
isthe sum of all the probabilities of the binary sequences of length p — 1 that when
summed together equal x:

() = Y P@@n=0[c) [] dm(x) (6.12)

C:Ch=X neNp\n
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whereP(z,,= 0| c) iseither zero or one. The probabilitiesrm,(x) are placed in amatrix
R:

[ 112(0) | r12(0) | r13(0) | -+ | rin-1)(0) | r1n(0) |
ri(1) | ria(d) §oraz(@ - rnen(1) ¢ r(d)
S O D T I e
rm1(0) | rm2(0) | rm3(0) | -+ i rmp-1)(0) | rmn(0)
_rml(l) rmz(l) rmf:’(:l-) T I‘m(n—l)(:l-) rmn(]-) |

where each element in the parity check matrix has a corresponding 1 x 2 column
vector containing the probabilities rm,(0) and rpn(1) (or al x g column vector for an
LDPC code defined over GF(q)).

6.3.3 The Vertical Step

The vertical step updates the probabilities g, and is much simpler than the horizontal
step. From (6.5), gm, can be written using Baye'sRule as[7]:

Omn(X) = P(Ch = X |{Zm =0,m e I\/In/m}
_ Phn=x)P ({zm=0,m" € My/m} |c, = x)

P({zn=0,m € Mp/m}) (6:14)
Using (6.6) and letting ) = P(c, = X), (6.10) can be written as [7]:
G () = Bmn fo [T rmn(), (6.15)
meM,/m
where By, isanormalizing constant such that >~ gmn(X) = 1, that is:
Bron = ! . (6.16)
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The gm(x) are placed in the matrix Q as shownin (6.17):

[ 011(0) | 912(0) | Gu3(0) | -+ | Ghan-1)(0) | T1n(0) |
0u(1) @ 9i2(1) © dwa(D) | -+ Qr-1(D) | din(D)
o=| L ew
Om1(0) | dm2(0) | dma(0) | - -- qm(n—l)(o) Omn(0)
L le(l) sz(l) qm3(1) T Qm(nfl)(l) qmn(l) _

where each element in the parity check matrix has a corresponding 1 x 2 column
vector containing the probabilities g (0) and gmn (1) (or al x g column vector for an
LDPC code defined over GF(q)).

In this step, the pseudo posterior probabilities g,(X) are aso determined by [7]:

() = Bnfo [ rmn(), (6.18)

meM,

whereagain 8, isanormalizing constant such that )~ q,(x) = 1. The pseudo posterior
probabilities are place in amatrix Q':

|:Q1(0) 20 az(0) --- an-1(0) Qn(o)]
al) ) o) - -2 ()]

From these pseudo posterior probabilities estimates of the transmitted code word
can be found by:

Q = (6.19)

G =arg max By fX [ rmn(¥). (6.20)
X

meNpy,

Example 6.3: Decoding a binary LDPC code with the Belief Propagation
algorithm: In thisexample, we use the regular (10, 5) binary LDPC code with row
weight p = 6 and column weight = 3. The parity check matrix H is given as:

1 0
1
H: 0
0

110100

0 0 17

B O O K
O R R R
=)
N =
o
R O R O R

=N
O R Kk, O

R O R

Let us assume that the transmitted code word isc=[0 0 0O 1 0 1
0 1 0 1]andthereceivedwordisr=[0 0 0 1 1 1 0 1 0O 1],
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with asingle error in the fifth position. The associated likelihoods are:

_[o78 084 081 052/ 045 013 082 021075 0.24}

022016  0.19 048 055 087 018 079 025 0.76 |
We initialize the matrix Q with these likelihoods as follows:

[0.78:0.84: 081! 0 0 :013:08: 0 0 0247
0.22 016 019! O 0O 087:018: 0 0 076

078 0 :081: 0 :045:013: 0 :021:075; O
022; 0 {019 O [055;08; 0 (079:025; O
0 0O /081:052:045: 0 :082: 0 (075;0.24
0 0 101904805 0 018, 0 :025:0.76
O /084! 0 1052:045:/013: 0 (021! O (024
0O /016 0 :048:05 087 0 :079: 0O ' 0.76
078:084: 0 :052: O 0 1082:021:075: O
1022016 0 (048! O 0 1018:079:025! O

Thematrix Q containing all the probabilities gm(X) isthen used for the horizontal
step to determine the matrix R containing the probabilities rmn(x). To determine
the probahility r11(1) we must calculate the probabilities of all the possible binary
sequences that satisfy z; when c; = 1. Hence, we must first find all possible binary
values of ¢, C3, Cs, C7 and g that satisfy:

C2+C+C+C/+Cpo=C =1

Since we are only working with binary values, the above equation can only be
satisfied when an odd humber of the coded bits are equal to 1. The 16 possible bit
sequences and their probabilities are given in Table 6.1.

r11(1) = (012(1)013(0)016(0)017(0)011.10(0)) + (G122(0)23(1)26(0)27(0) 2, 20(0)) +
+ (A122(0)a23(0) Az6(1) A27(0) A1, 20(0) ) + (0l12(0)0113(0)0l16(0)0l17(1) U1, 10(0))
+ (a22(0)a123(0) 26 (0) A27(0) A, 20(1)) + (0l12(21)0113(1)016(1)017(0)011.10(0))
(012(0)013(1)A16(1)017(1)01,10(0)) + (G122(0)23(0)ha6(1) a7 (1), 20(1))
(G12(D)A13(1)a16(0)q17(0) 1. 10(1)) + (Gh12(1)r3(1)016(0)Ga7(1) 0. 10(0))
(912(0)a13(1)A16(1)917(0)a11.10(1)) + (A12(21)G13(0)0l16(1)A17(0) G, 20(1))
(912(1)a13(0)a16(0)q17(1) 1. 10(1)) + (G12(0)r3(1)016(0)Ga7(1) 1. 10(2))

+ (012(2)013(0)A26(1)0l17(1)91,10(0)) + (G12(1)A3(1)0l16(1)Ga7(1) 01, 10(2))
= 0.00316 + 0.004038 + 0.116495 + 0.003821 + 0.055123 + 0.005205
+ 0.005998 + 0.080978 + 0.002463 + 0.000171 + 0.086533 + 0.070267
+ 0.002305 + 0.002838 + 0.004871 + 0.0036618r11(1) = 0.448086.

+
+
+
+

+(
(
(
(
(
(
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Table 6.1 Bit sequences and their associated probabilities of determining ry1(1).

Bit sequence  Probability

10000 O12(2) q13(0) 016(0) q17(0) ql,lo(o) =0.16 x 0.81 x 0.13 x 0.82 x 0.24 = 0.003316
01000 12(0) Aa(1) Gas(0) Gu7(0) Th10(0) = 0.84 x 0.19 x 0.13 x 0.82 x 0.24 — 0.004083
00100 12(0) G3(0) s (L) Gu7(0) G 10(0) = 0.84 x 0.81 x 0.87 x 0.82 x 0.24 — 0.116495
00010 012(0) q13(0) 016(0) q17(1) ql,lo(o) =0.84 x 0.81 x 0.13 x 0.18 x 0.24 = 0.003821
00001 12(0) A13(0) Gas(0) Gu7(0) chao(1) = 0.84 x 0.8L x 0.13 x 0.82 x 0.76 — 0.055123
11100 (L) (L) Ghs(L) Gu7(0) G 10(0) = 0.16 x 0.19 x 0.87 x 0.82 x 0.24 — 0.005205
01110 012(0) q13(1) a1e(2) q17(1) ql,j_o(o) =0.84 x 0.19 x 0.87 x 0.18 x 0.24 = 0.005998
00111 012(0) (0 ae(1) Gur(L) G 1o(L) = 0.84 x 0.81 x 0.87 x 0.18 x 0.76 = 0.080978
11001 (L) (L) s (0) Gu7(0) G 10(L) = 0.16 x 0.19 x 0.13 x 0.82 x 0.76 — 0.002463
11010 O12(2) q13(1) 016(0) q17(1) ql,]_o(o) =0.16 x 0.19 x 0.13 x 0.18 x 0.24 = 0.000171
01101 12(0) Aa(L) Gas() Gu7(0) chao(1) = 0.84 x 0.19 x 0.87 x 0.82 x 0.76 — 0.086533
10101 (L) G3(0) s (L) Gu7(0) G 10(1) = 0.16 x 0.81 x 0.87 x 0.82 x 0.76 — 0.070267
01011 012(0) G (L) G16(0) Gr(L) G 10(L) = 0.84 x 0.19 x 0.13 x 0.18 x 0.76 = 0.002838
10110 (L) G(0) s (L) Ga7(1) G 10(0) = 0.16 x 0.81 x 0.87 x 0.18 x 0.24 — 0.004871

By adding these probabilities we get r1;(1) = 0.448086 and therefore r,1(0) =
1 —r11(1) = 0.551914. The complete matrix R isthen:

R =
[~ 0.551914 | 0.542753 | 0.546890 0 0 0.460714 | 0.545425 0 0 0.444092 7]
0.448086 | 0.457247 | 0.453110 0 0 0.539286 | 0.454575 0 0 0.555908
0.493347 0 0.493991 0 0.537255 | 0.505034 0 0.506423 | 0.493347 0
0506653 0 0.506009 0 0.462745 | 0.494966 0 0.493577 | 0.507451 0
0 0 0.500333 | 0.505158 | 0.497937 0 0.500322 0 0.500413 | 0.499603
0 0 0.499667 | 0.494842 | 0.502063 0 0.499678 0 0.499587 | 0.500397

0 0.500446 0 0.507588 | 0.496965 | 0.499590 0 0.499477 0 0.499416

0 0.499554 0 0.492412 1 0.503035 | 0.500410 0 0.500523 0 0.500584
0.497476 | 0.497921 0 0.464662 0 0 0.497791 | 0.502437 | 0.497173 0
| 0.502524 | 0.502079 0 0.535338 0 0 0.502209 | 0.497563 | 0.502827 0

The vertical step then updates the matrix Q using (6.15). To determine the
probability g;1(x):

qu(0) =puf? [] rm(
meMi\1
= B11 x 0.78 x (0.493347 x 0.497476) = 0.19143481,

qu(@) =puft [] rm@)
meMi\1
= B11 x 0.22 x (0.506653 x 0.502524) = 0.056013511
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Since 0191334ﬂ11 + 005601,311 =1, ,311 =
So:

1
0.191334+0.056013 4.042908.

012(0) = 4.042903 x 0.78 x (0.493347 x 0.497476) = 0.773636
0u2(1) = 4.042903 x 0.22 x (0.506653 x 0.502524) = 0.226364

The remaining gy, are shownin Q:

[ 0.773636 | 0.839121 | 0.806481 0 0 0.132106 ;| 0.818884 0 0 0.239285 ]
0.226364 | 0.160879 | 0.193519 0 0 0.867894 | 0.181116 0 0 0.760715
0.812140 0 0.837461 0 0.444958 | 0.113039 0 0.211273 | 0.748185 0

0.187860 0 0.162539 0 0.555042 | 0.886961 0 0.788727 | 0.251815 0

0 0 0.833978 | 0.492203 | 0.484126 0 0.844187 0 0.742212 | 0.201076
0 0 0.166022 | 0.507797 : 0.515874 0 0.155813 0 0.257788 | 0.798924

0 0.860727 0 0.489773 | 0.485097 | 0.115241 0 0.215940 0 0.201196

0 0.139273 0 0.510227 | 0.514903 | 0.884759 0 0.784060 0 0.798804
0.809608 | 0.861934 0 0.532711 0 0 0.845514 | 0.213942 | 0.744684 0
| 0.190392 : 0.138066 0 0.467289 0 0 0.154486 ; 0.786058 | 0.255316 0

Finally the pseudo posterior probabilities g, are determined using (6.18). Tofind
ta(X):

(0 = BafY [ ] rma(0)
meM;y

= B1 x 0.78 x (0.551914 x 0.493347 x 0.500413) = 0.1168985;

() =Bty [ rm(D)

meM;

= B1 x 0.22 x (0.448086 x 0.506653 x 0.502524) = 0.0250995;

1

-P1= 5116898 + 0.025009
1(0) = 7.042402 x 0.78 x (0.551914 x 0.493347 x 0.500413) = 0.808046
q1(1) = 7.042402 x 0.22 x (0.448086 x 0.506653 x 0.502524) = 0.191954

= 7.042402

Applying (6.19), the decoded symbol ¢; = 0 since q;(0) has the higher proba-
bility. The pseudo posterior probabilities of the received word are:

Q, 0.808046 0.860941 0.834162 0.497361 0.482065 0.115074 0.844356 0.215586 0.742528 0.200821
] 0191954 0.139059 0.165838 0.502639 0.517935 0.884926 0.155644 0.784414 0.257472 0.799179

and the corresponding decoded code word is €=[0 0 0 1 1 1 O
1 0 1]. We can see that this does not match the original transmitted code word
and so further iterations are required. It turns out that the decoded code word is
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correct after the third iteration and the final matrices R, Q and Q’ are given along
with the correct decoded code word:

R =
[~ 0.549960 | 0.540086 | 0.544369
0.450040 | 0.459914 | 0.455631

0 0.463092 | 0.542650 0 0 0.447890 ]
0 0.536908 | 0.457350 0 0 0.552110

(=N}

0.493114 0 0.493650 0.545393 | 0.505532 0 0.507453 | 0.491301 0
0.506886 0 0.506350 0 0.454607 | 0.494468 0 0.492547 | 0.508699 0

0 0 0.499989 | 0.500176 | 0.502649 0 0.499989 0 0.499985 | 0.500012
0 0 0.500011 ;| 0.499824 : 0.497351 0 0.500011 0 0.500015 ; 0.499988

0 0.499975 0 0.500415 | 0.503915 : 0.500023 0 0.500032 0 0.500030

0 0.500025 0 0.499585 | 0.496085 | 0.499977 0 0.499968 0 0.499970
0.496595 | 0.497094 0 0.457904 0 0 0.496955 | 0.503693 | 0.495668 0
| 0.503405 ; 0.502906 0 0.542096 0 0 0.503045 ; 0.496307 ; 0.504332 o ]
Q p—
[~ 0.772854 | 0.838418 | 0.806053 0 0 0.132534 | 0.818189 0 0 0.240031 ]
0.227146 | 0.161582 | 0.193947 0 0 0.867466 | 0.181811 0 0 0.759969
0.810391 0 0.835883 0 0.456507 | 0.114177 0 0.212482 | 0.746725 0

0.189609 0 0.164117 0 0.543493 | 0.885823 0 0.787518 | 0.253275 0

0 0 0.832375 | 0.478244 | 0.499266 0 0.842265 0 0.740099 | 0.203955
0 0 0.167625 | 0.521756 | 0.500734 0 0.157735 0 0.259901 ;| 0.796045

0 0.859034 0 0.478005 | 0.498000 | 0.116425 0 0.217493 0 0.203943

0 140966 0 0.521995 | 0.502000 | 0.883575 0 0.782507 0 0.796057
0.808242 | 0.860424 0 0.520590 0 0 0.843871 ; 0.215010 ; 0.743407 0
| 0.191758 | 0.139576 0 0.479410 0 0 0.156129 | 0.784990 ; 0.256593 0

Q/ 0.806122 0.859023 0.832369 0.478419 0.501915 0.116434 0.842260 0.217514 0.740088 0.203963
| 0.193878 0.140977 0.167631 0.521581 0.498085 0.883566 0.157740 0.782486 0.259913 0.796037

c=[0 001 01 01 0 1].

The majority of the complexity of the sum—product algorithm is due to the
horizontal step, since the number of possible non-binary sequences can become
very large. However, it has been shown that fast Fourier transforms (FFTs) can be
used to replace this step, resulting in a significant reduction in complexity [8].

6.3.4 Reducing the Decoding Complexity Using Fast Fourier Transforms

Thehorizontal step described previously involvesfinding all possible binary sequences
that satisfy a parity check equation, determining the probability of each sequence and
adding them all together, as defined in (6.10).
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If we take the simple parity check equation z; = ¢; @ ¢, @ ¢z = Othen to determine
r11(X) wefirst need to find al the solutions of ¢, @ ¢z = ¢; = x. For x = 0 the solutions
aec, =0,c3=0andc, = 1, czg = 1. Therefore:

r11(0) = d12(0)d13(0) + g12(1)q13(2).
For x = 1 the solutionsarec, = 0, cz = 1 and ¢, = 1, c3 = 0. Therefore:

r11(1) = d12(0)q13(1) + d12(1)q13(0).

In general, we can write this as the convolution operation:

1
r1a(x) = ) dua(V)oas(X — V),
v=0
wherev € GF(2).

This implies that the same result can be achieved by replacing the convolution
operation with Fourier transforms. Therefore, to determiner,, we must first calculate
the product of the Fourier transforms of the other g, and then apply the inverse
Fourier transform:

neNp/n

Fmn(X) = Fl( [1 F(an’(x)))a (6.21)

where F() isthe Fourier transform and F 1 isthe inverse Fourier transform. Since all
elements belong to the additive group Z,, the Fast Fourier transform reduces to the
Hadamard transform [9] W, where:

W, = %2 [1 _ﬂ . (6.22)

A property of the Hadamard matrix isthat itsinverse is a so the Hadamard matrix,

thatis;
171 1 1 1 112 0
szzzé[l _1][1 _1}25[0 Z}ZL

where | is the identity matrix. Consequently, the inverse Fourier transform can be
obtained by also multiplying by the Hadamard matrix. We will now use FFTs to
determiner1(0) and r11(2) for the first iteration of Example 3.2. From (6.20):

ru(x)=F* ( []F (Q1n/(X)))

n'eNo\0

el AR
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Therefore, r11(0) = 0.551914 and r11 (1) = 0.448086, whichisidentical to theresult
obtained in the previous example. It is quite obvious by comparing these two methods
that FFTs are much simpler to perform. FFTswill aso be applied to the decoding of
non-binary LDPC codes, explained later in this chapter.

6.4 Construction of Non-Binary LDPC Codes Defined Over Finite Fields

A non-binary LDPC codeis simply an LDPC code with a sparse parity check matrix
containing elements that could be defined over groups, rings or fields. In this book,
we concentrate solely on LDPC codes defined over finite fields GF(2'), where i isa
positive integer greater than 1. In 1998, Mackay presented the idea of LDPC codes
over finite fields [10], proving that they can achieve increases in performance over
their binary counterparts with increasing finite field size. Mackay also showed how
the sum—product algorithm could be extended to decode non-binary L DPC codes, but
the overall complexity was much higher. At that time it was therefore only feasible to
decode non-binary LDPC codes over small finite fields.

There are only afew papersin the literature on non-binary LDPC codes and most
of these codes are constructed by taking a known binary LDPC code and replacing
its nonzero elements with randomly-generated finite field elements. Shu Lin has
presented several structured methods to construct good non-binary LDPC codesusing
atechnique known as array dispersion [11], one of which we now describe.
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6.4.1 Construction of Non-Binary LDPC Codes from Reed—Solomon Codes

Shu Lin has demonstrated several array dispersion methods using tools such as Eu-
clidean and finite geometries and also using a single code word from avery low-rate
Reed—Solomon code [11]. Since this book is concerned with non-binary codes, this
section explains how to construct non-binary LPDC codes from a Reed—Solomon
code word.

In the context of anon-binary code defined over finitefields GF(q), array dispersion
is an operation applied to each nonzero element in a matrix whereby each element is
transformed to alocation vector of length g — 1. For an element o' € GF(g), 0 < i <
g — 2, itwill beplacedintheithindex of thelocation vector. For example, the element
«® in GF(8) would be placed in the fifth index of the location vector. The element in
this location vector is used to build an array with each row defined as the previous
row cyclically shifted to the right and multiplied by the primitive element in GF(q),
resultingina(q — 1) x (q—1) array. Performing array dispersion on a matrix with
dimensionsa x b would result in alarger matrix with dimensionsa(q — 1) x b(q —
1). Therefore, after array dispersion the element «® would become:

(0 0 0 0 0 « O
00 0 0 0 0 «f
10 0 0 0 O O
O« 0 O O O O
00?2 0 O 0 O
00 0 «® 0 0 O
KO 0 0 0 «* 0 O

wherethetop row isthe original location vector. For the zero element, array dispersion
will resultina(q — 1) x (g—1) zero matrix.

These non-binary LDPC codes are constructed from Reed—Solomon codes with
message length k = 2. Since these code are maximum distance separable (MDS) their
minimum Hamming distanceisd = n — k + 1 = n — 1. Since a Reed—Solomon code
defined over GF(q) hasablock length of n= g — 1, the Reed—Solomon code will bea
(g— 1, 2,g— 2) Reed—-Solomon code. Sinced = q — 2, thismeans that the minimum
weight of the code word is aso q — 2, implying that the code word will contain q —
2 nonzero elements and a single zero. It can be shown that the vector containing all
1s,[1,1, 1, ..., 1], and the vector [1, «, &?, .. ., «9?] are both valid code words. As
a Reed-Solomon code is linear, adding these two code words will result in another
code word:

[111-1]+[lao® - a%2]=[01+a 1+a? .-+ 1+a97?],

which has aweight of g — 2. This code word is then used to builda(q — 1) x (q —
1) array by cyclically shifting it to the right to form the next row of the array. Observe
that the main diagonal of this array will be zeroes.
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Example 6.4: Array dispersion of a (7, 2, 6) Reed—Solomon code word over
GF(8): The code word of weight q — 2 = 6 is obtained by adding the two vectors:

[1111111]+[1aa2a3a4a5a6]
=[0 ad af o o® oa? az].

Thisthen isused to build the 7 x 7 array:

a® a o ot a?
0 at b a o o
at a? 0 o a® o o
a® at a® 0 & b «a
a o o > 0 o of
a® a & a* @* 0 af
at a® a & o a* 0

Since Reed—Solomon codesarecyclic, each row isacodeword and each column,
when read from bottom to top, is also a code word, all with weights equal to 6.
After applying array dispersion we will obtain a much larger 49 x 49 array. This
istoo large to reproduce here but a small part of it is shown below, corresponding
tothe 2 x 2 subarray circled.

o
o
o
o
Q
w
o

S}
~

O O O o oo

O O O O O o
N

S

OO, O O o o oo

S
N

w
o O O O O o o o

]

S
~

o O O o O O O o o o o

o]

QR O O O O o o O O O o o o o
S

O r OO O O O O O O o o o
O O O O O o

O O O o o

o O O o

OOOQmOOO O O O O o o o
O O OO o o o O O OO OO
O O O o o o o O R OO o oo
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6.5 Decoding Non-Binary LDPC Codes with the Sum-Product
Algorithm

The sum—product algorithm for binary LDPC codes can be extended to decode non-
binary LDPC codes, but with an increase in decoding complexity. Firstly, for a non-
binary LDPC code defined over GF(q), each received symbol can be one of q different
elements in GF(q). Secondly, the horizontal step becomes more complicated as there
are now more possible non-binary sequences to satisfy the parity check equations.
The matrices Q and R used in the horizontal and vertical steps of the sum—product
algorithm are defined in (6.23) and (6.24) respectively:

011(0) 012(0) 013(0) 01,n-1(0) 01 (0)
1(1) a12(1) a13(1) O1.n-1(1) n(1)
Ou1(x) O12(x) O13(x) O1,n-1(x) Qn(a)
Ou(@72) | ua(@97?) | qua(e?7?) Oun-1(@97?) | Oan(e®72)
0m1(0) am2(0) ams3(0) Om,n—1(0) 0mn(0)
Oma(1) Om2(1) am3(1) Om.n—1(1) Omn(2)
Oma (o) Om2(ar) Oma(a) Om,n—1(c) Omn()
| gm1(@972) | gm2(@%72) | gma(«972) Clm,n—l((xq_z) Omn (@972) |

(6.23)
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i r11(0) r12(0) ris(0 -1 ryn-1(0) rin(0) |
ri(1) ria(1) ria(l) |- ron-a(l) rin(1)
ri(e) riz() riz(e) s rin—1(c) rin(a)

r11(0;q*2) r12(0;(172) r13(0;(172) e r1,n—1.(05(H) r1n(0;q*2)
R =
rm(0) rmz2(0) rma(0) ce F'mn—1(0) r'mn(0)
rml(l) rm2(1) I’m3(1) to I’m,n—l(]-) rmn(]—)
rm (o) rmz() rma(@) T Fm.n—1(c) rmn (o)
| I'ml(ollq_z) I’mZ(O.‘q_z) I’m?:(ollq_z) e I'm,n—ll(O‘q_Z) rmn(o'lq_z) _

(6.24)

It can be observed that each nonzero element defined over GF(q) in the parity check
matrix H has q probabilities associated with it, instead of two probabilities asin the
binary case.

6.5.1 Received Symbol Likelihoods

In (6.8) it was shown how to determine the likelihoods of a demodulated symbol
for the AWGN channel. Assuming a non-binary LDPC code defined over GF(q) and
that M-PSK modulation is chosen, then provided that g = M the likelihoods of the
demodulated symbols are also the likelihoods of the received symbols. However,
for the case where g > M and M divides g we must concatenate the likelihoods of
the demodulated symbols. As an example, take an LDPC code defined over GF(16)
and QPSK modulation. We know that a finite field element in GF(16) is made up
of four bits and a QPSK modulated symbol is made up of two bits. Therefore, two
consecutive QPSK modulated symbols contain afinite field element. The element «
in GF(16) is represented as 0010 in binary. Therefore, the likelihood of a received
symbol being « is the product of the likelihood that one demodulated symbol is 00
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and thelikelihood that the neighbouring demodulated symbol is 10, that is, from (6.8),
P(ri = O() = fo = googlo_

6.5.2 Permutation of Likelihoods

In general, the parity check equations are of the form:
n
z =Y _hjg, (6.25)
j=1

where h;; and ¢; € GF(q). The parity check equation is satisfied when:
h11¢1 + h1oCo + - - - + hgpcy = 0.

For the horizontal step we calculate the probabilities rij(x) from (6.10) by first
substituting all possible non-binary elements into the coded symbols that satisfy the
parity check equation when ¢; = X, that is:

hi1C1 + hizaCz + - - - + hinch = hj ¢,

and then determining the probability of each sequence. This is more complicated
than the binary case since we must now consider the non-binary parity check matrix
elements. Each coded symbol has q likelihoods associated with it. When the coded
symbol ismultiplied by anon-binary parity check element we can compensatefor this
by cyclically shifting downwardsthis column vector of likelihoods, with the exception
of the first likelihood, corresponding to the probability of the coded symbol being
zero. The number of cyclic shiftsis equal to the power of the primitive element that
is multiplied with the coded symbol. Thisisillustrated below:

;i (0) g;;(0) ;i (0)
. i (1) . 0j(«972) - : o
G — E aci > | g1 |*C @) C.
qij(aq_z) : i (1)

This cyclic shift of the likelihoods is known as a permutation [8] and transforms
the parity check equation from (6.25) to:

Ct+C+---+Ch =G,

which is more similar to the binary parity check equations. The inverse of a permu-
tation is a depermutation, where the likelihoods are cyclically shifted upwards, again
with the exception of the first likelihood.
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CONV] oo N1/ I CONV

Figure 6.4 Generaized factor graph of anon-binary LDPC code [8].

6.5.3 Factor Graph of a Non-Binary LDPC Code

The factor graph of a non-binary LDPC code graphically shows the operation of the
sum—product decoding algorithm (Figure 6.4).

The factor graph for non-binary LPDC codes is similar to that for binary LPDC
codes, but we must now take into account the non-binary elementsin the parity check
matrix, which are denoted as hyj, i = 1,2, ..., mandj= 1,2, ..., n. In Figure 6.4
the number of parity check matrix elements connected to a coded symbol ¢; is the
column weight of the code and the number of connections to each parity check z
is the row weight of the code. The likelihoods of each coded symbol f; are column
vectors containing the g likelihoods of the coded symbol being an element in GF(q).
The block labelled TT connects the non-binary elements in each row to the parity
checks. In Figure 6.5 a generalized factor graph is shown, with FFT blocks replacing
the convolutional blocks, which reduces complexity.

A factor graph of the parity check matrix in (6.26) is show in Figure 6.6.

1 0
0 1
Ol2

o
a2

H— (6.26)

R QR O
O~ R
R O

0[2

0

6.5.4 The Fast Fourier Transform for the Decoding of Non-Binary
LDPC Codes

In Section 6.3.4, the FFT wasused to reduce the compl exity of the horizontal stepinthe
sum—product algorithm. For binary decoding of LDPC codes, the matrix Q contains
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,

Figure 6.5 Generalized factor graph of a non-binary LDPC code showing the replacement of the
convolution operations with FFTs.

1 x 2 column vectors containing two probabilities, gm(0) and gm(1). The Fourier
transform of this column vector is then obtained by multiplying by the Hadamard
matrix defined in (6.21).

However, for non-binary L DPC codes defined over GF(q), Q contains1 x g column
vectors and the Fourier transform is obtained by multiplying by the tensor product of

Figure 6.6 Factor graph for the parity check matrix of (6.26).
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+ +

Grn(0) = 0,y (00) @ F(am(0)
Gpn(1) = Gpa(02) A F(Am(1))
o) = G,(10) F(Qmn())
O (@?) = G (11) F(Gm(@?)

Figure 6.7 Radix-2 butterfly diagram for GF(4).

Hadamard matrices. An example of the tensor product of two Hadamard matricesis
given below:

1 1 1 1
B W, W, ] 11 -1 1 -
W“_WZ@WZ_[Wz—Wz}_E 1 1 -1 -1
1 -1 -1 1

Therefore, for an LDPC code defined over GF(4), the Fourier transform of the 1 x
4 column vector of probabilities gm(0), (1), Gm(a) and gm(e?) is:

F (Gm(0) 1 1 1 17[ qm©
Fm@®) | 1{1 -1 1 —1{| dm(

F (Gm(@) | 2 1 -1 —1|| qml@)
-1 -1 1 an(az)

F (an (052))

Asbefore, theinverse FFT isachieved by multiplying by the Hadamard matrix, that
isW,;W, = l4. The FFT operation can be expressed in terms of its radix-2 butterfly
diagram. An example of the radix-2 butterfly diagram for GF(4) is shown in Figure
6.7.

The ordering of the probabilities gm(X) is very important when determining the
FFT. It is essentia that for each pair of qm(X), the binary representation of the finite
field elements x differ by one bit. In Figure 6.8, the radix-2 butterfly diagram for
GF(16) isaso given.

N

Example 6.5: Decoding a non-binary LDPC code with the FFT sum—product
algorithm: In this example we decode the (6, 3) LDPC code defined over
GF(4) with a parity check matrix given by (6.23). We assume that the trans-
mitted code word wasc=[2 1 0 3 0 2 ] and the received word is r =
[2 1 0 2 2 2], with two errors highlighted. Furthermore, it is assumed that
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0, (0) = q,,(0000)
(1) = G,,,(0001)

On(@®) = 0,,,(0010)

Upa(@®) = qmn(0011)
Ana(@?) = qmn(0100)
Upn(@2®) = qmn(0101)
Una(@®) = qmn(0110)

On(@™®) = 0,,,(0111)

Omn(@®) = Gy (1101)
(™) = Gy (1110)

qmn(alz) = qmn(llll) e

0.182512
0.046118
~ | 0.615774
0.155596

VAN
XXAVA

N

SO AT !
A\VWA\\'II :

+
F(Am(@?)
+

Figure 6.8 Radix-2 butterfly diagram for GF(16).

0.149675
0.723055
0.021827
0.105443

0.444988
0.324187
0.133538
0.097286

the received symbols have the following likelihoods:

0.044678
0.030350
0.550805
0.374167

0.412355
0.073539
0.436298
0.077809

+
F(am(0))
+
+
F(Qm (1))
+
F(Gnn())

F(Qmn(@?)

+
F(Qmn(®))

\\\Ml :
AiAYl\wm i

(0 (e)

F(Qp (@)

+
F(Gp())
+
Q@)
+
 F(u(@)
+
> F(Gp(@)
+
> F(Gp(e?)
N
 F (0, (@)
.
> F(0 ()

+
® F(Q(c?)

0.320530
0.079952
0.479831 |’
0.119687
(6.27)




228

NON-BINARY LOW-DENSITY PARITY CHECK CODES

[ 0.182512
0.046118
0.615774
0.155596

o O O

0

0.444988
0.324187
0.133538
0.097286

0.044678
0.030350
0.550805
0.374167

o O O

0

where each column in f contains the likelihoods of areceived symbol being 0, 1, «
or «?. The matrix Q is then initialized as shown in (6.21). However, as described
earlier, the elements in Q must be permuted due to the received coded symbols
being multiplied by anon-binary element in the parity check matrix. The permuted
version of Q isgivenin (6.28):

0.320530
0.079952
0.479831
0.119687

0.182512
0.046118
0.615774
0.155596

0.149675
0.723055
0.021827
0.105443

0
0
0
0

0.044678
0.030350
0.550805
0.374167

0.412355
0.073539
0.436298
0.077809

0
0
0
0

0

0
0
0

Permuted Q

[ 0.182512
0.155596
0.046118
0.615774

0.149675
0.723055
0.021827
0.105443

o O O

0

0.444988
0.324187
0.133538
0.097286

0.444988
0.324187
0.133538
0.097286

0

0
0
0

0.044678
0.374167
0.030350
0.550805

0.412355
0.073539
0.436298
0.077809

o O O

0

0.320530
0.079952
0.479831

0.119687
(628)

0.320530
0.079952
0.479831
0.119687

0.182512
0.615774
0.155596
0.046118

0.149675
0.105443
0.723055
0.021827

0
0
0
0

0.044678
0.030350
0.550805
0.374167

0.412355
0.073539
0.436298
0.077809

0
0
0
0

0

0
0
0

0.149675
0.105443
0.723055
0.021827

0.444988
0.133538
0.097286
0.324187

0

0
0
0

0.412355
0.436298
0.077809
0.073539

0.320530
0.079952
0.479831
0.119687 |
(6.29)
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We now perform the FFT operation on each of the 1 x 4 column vectors. For
example, the Fourier transform of the column vector in the top-left-hand corner of
the permuted Q matrix is determined by:

d11(0) 1 1 1 17[0.182512
el u@ [ _1)1-1 11 0.155596
oule) | 2|1 1-1-1]] 0046118
Oha(a?) |1-1-1 1| 0615774
~0.182512 + 0.155596 + 0.046118 + 0.615774
1 | 0.182512 — 0.155596 + 0.046118 — 0.615774
~ 2| 0.182512 + 0.155596 — 0.046118 — 0.615774
| 0.182512 — 0.155596 — 0.046118 + 0.615774
011(0) B 1
E qu(l) | _ 1| —0.542740
Qu1(@) 2| —0.323783
O11(er?) | 0.596571

The FFT of each column vector in the permuted Q matrix is given in (6.30):

F(Q) =
1 0 1 1 0 1]
—0.542740 0 0.157053 | —0.849944 0 0.600723
—0.323783 0 0.538351 | —0.162310 0 —0.199036
0.596571 0 0.084549 | 0.190965 0 —0.119566
1 1 0 1 1 0
—0.323783 | 0.745461 0 0.190965 | 0.697305 0
0.596571 | —0.489765 0 —0.849944 | —0.028213 0
—0.542740 | —0.656996 0 —0.162310 | —0.019673 0
0 1 1 0 1 1
0 0.745461 | 0.084549 0 —0.019673 | 0.600723
0 —0.489765 | 0.157053 0 0.697305 : —0.199036
0 —0.656996 | 0.538351 0 —0.0282143 | —0.119566 |
(6.30)

To complete the horizontal step we apply (6.20) to determine the probabilities
rmn(X). To determiner1(X) we take the product of the Fourier transformed column
vectorsin F(Q) corresponding to the third, fourth and sixth received symbols and
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then apply the inverse FFT to obtain a1 x 4 column vector containing r11(X):

r1a(X) = F*( I F(qlnf(x»>
neNg/1
1 1
_p-1 11 0.157053 —0.849944 0.600723
2 | 0.538351 —0.162310 —0.199036
| 0.084549 0.190965 —0.119566
B 1
_p-t 1| —0.080188
2| 0.0173917
| —0.003222
1 1 1 17 1
111 -1 1 -1 —0.080188
T 4l1 1 -1 -1|] 00173917
|1 -1 -1 1| -0003222
[0.933982 0.233818
1| 1.100802 0.274878
~ 40905642 | | 0.226088
| 1.059574 0.265216
The remaining probabilities ron(X) are givenin (6.31):

[0.233818 0 0.313258 | 0.244365 0 0.277593 |
0.274878 0 0.181512 | 0.272982 0 0.236553
0.226088 0 0.325298 | 0.230033 0 0.258631
0.265216 0 0.179931 | 0.252620 0 0.227223
0.271356 | 0.242364 0 0.208230 | 0.286092 0
0.222772 | 0.264788 0 0.295891 | 0.338076 0

R= 0.278277 | 0.236078 0 0.207616 | 0.190862 0
0.227595 | 0.256769 0 0.288262 | 0.184970 0

0 0.244755 | 0.264237 0 0.273865 | 0.238776

0 0.244347 | 0.269750 0 0.233789 | 0.234406

0 0.254745 | 0.231358 0 0.245066 | 0.260604

0 0.256153 | 0.234655 0 0.247279 | 0.266214

(6.31)
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The matrix R is now complete, but it must be depermuted before it can be used
in the vertical step. The depermuted R isgiven in (6.32):

Depermuted R
[ 0.233818 0 0.313258 | 0.244365 0 0.277593 |
0.226088 0 0.181512 | 0.230033 0 0.236553
0.265216 0 0.325298 | 0.252620 0 0.258631

0.274878 0 0.179931 | 0.272982 0 0.227223

0.271356 | 0.242364 0 0.208230 | 0.286092 0
0.227595 | 0.236078 0 0.295891 | 0.338076 0
0.222772 | 0.256769 0 0.207616 | 0.190862 0
0.278277 | 0.264788 0 0.288262 | 0.184970 0

0 0.244755 | 0.264237 0 0.273865 | 0.238776
0 0.254745 | 0.234655 0 0.247279 | 0.234406
0 0.256153 | 0.269750 0 0.233789 | 0.260604
0 0.244347 | 0.231358 0 0.245066 | 0.266214

(6.32)

The vertical step is carried out in the same way as for the binary case. To
determine g11(X) we apply (6.13):

0u(0) = Auf [] rma(0) = Bu x 0.182512 x 0.271356 = 004952661
meM;/1

Q11(1) = B fll 1_[ rm/l(l) = fB11 X 0.046118 x 0.227595 = 0010496/311
meM;/1

tua(@) = Bufy [] rale) = pu x 0.615774 x 0.222772 = 0.137177py
meMy/1

qll(az) = /311 flaz 1_[ rm/l((xz) = ,311 x 0.155596 x 0.278277 = 0043299,311
meM;/1

1

= = 4.162712
0.049256 + 0.010496 + 0.137177 + 0.043299

Bu

012(0) = 0.04952681; = 0.205930
011(1) = 0.010496,; = 0.043644

Oua(er) = 0.137177; = 0.570388
0u(er?) = 0.0432998;; = 0.180039
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The complete matrix Q isgivenin (6.33):

[ 0.205930 0 0.46625 ; 0.038683 0 0.303488 |
0.043644 0 0.301653 | 0.037341 0 0.074315
0.570388 0 0.142839 = 0.475497 0 0.495852

0.180039 0 0.089252 | 0.448479 0 0.126345
0.164650 | 0.145266 0 0.042123 | 0.447806 0
0.040229 | 0.730398 0 0.026937 | 0.072108 0
0.630104 | 0.022170 0 0.536854 | 0.404473 0
0.165017 | 0.102165 0 0.394068 | 0.075612 0

0 0.150837 | 0.537825 0 0.490530 | 0.343296
0 0.709767 | 0.227035 0 0.103376 | 0.072970
0 0.023304 | 0.167601 0 0.346251 | 0.478806
0 0

0.116092 | 0.067538 0.059844 | 0.104928
(6.33)

Finally, the pseudo posterior probabilities are determined using (6.18) and are
givenin (6.34):

0.205930 0.145266 0.466255 0.038683 0.447806 0.303488
0.043644 0.730398 0.301653 0.037341 0.072108 0.074315
0.570388 0.022170 0.142839 0.475497 0.404473 0.495852

0.180039 0.102165 0.089252 0.448479 0.075612 0.126345
(6.34)

From (6.19), taking the highest likelihood in each column of (6.34) gives
a decoded codeword of E=[e 1 O o O «]. The first iteration of the
sum—product algorithm has corrected the fifth received symbol but there is till
the error in the fourth received symboal. It turns out that only one more iteration is
required to correct thiserror too, and the rel evant matricesfrom the second iteration
are given. The updated matrix Q in (6.33) is permuted and the FFT is applied to
each column vector, as shown in (6.35). The matrix R is depermuted and shown
in (6.36), and the updated matrix Q and pseudo posterior probabilitiesare givenin
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(6.37) and (6.38) respectively:

FQ) =
1 0 1 1 0 1]
—0.500852 0 0.218190 | —0.847952 0 0.598679
—0.228062 0 0.535817 | —0.025675 0 —0.244394
0.552635 0 0.111015 ; 0.028361 0 —0.140334
1 1 0 1 1 0
—0.340666; 0.751328 0 0.157955 0.704559 0
0.589508 | —0.505138 0 —0.861880; —0.039829 0
—0.590243; —0.665128 0 —0.127581: —0.046837 0
0 1 1 0 1 1
0 0.721208 | 0.210727 0 0.100747 0.644204
0 —0.466142: 0.410854 0 0.673561 | —0.167468
| 0 —0.651719; 0.529721 0 0.187811 | —0.103553 |
(6.35)
Depermuted R
0.223039 0 0.312657 | 0.238958 0 0.274386
0.221579 0 0.186628 | 0.228330 0 0.227183
0.276740 0 0.314472 | 0.256737 0 0.271947

0.278642 0 0.186243 : 0.275975 0 0.226484

0.276232 : 0.236345 0 0.206548 | 0.291534 0
0.225755 | 0.244699 0 0.287521 | 0.336792 0
0.232438 | 0.265419 0 0.203285 | 0.188251 0
0.265575 | 0.253537 0 0.302645 | 0.183422 0

0 0239258 0278016 O | 0.291432 0.205369
0 0267581 0228322 0 | 0.226443  0.230132
0 0255501 0248275 0 | 0.224605  0.302287
0 0237570 0245388 0 0257521 0.262212

(6.36)
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[ 0.205545
0.042447
0.583537
0.168472

o O O

0

0.485609
0.290544
0.130139
0.093708

0.037950
0.035886
0.460471
0.465692

o O o

0

0.252543
0.070589
0.556467
0.120401

0.153792
0.038606
0.643804
0.163797

0.137779
0.744379
0.021464
0.096378

0
0
0
0

0.040705
0.026422
0.539167
0.393706

0.471531
0.065340
0.384507
0.078622

0
0
0
0

0

0
0
0

0.205545
0.042447
0.583537
0.168472

0.144486
0.722661
0.023662
0.109191

0.137779
0.744379
0.021464
0.096378

0.535638
0.232931
0.161675
0.069757

0.485609
0.290544
0.130139
0.093708

0

0
0
0

0.037950
0.035886
0.460471
0.465692

0.498018
0.102603
0.340255
0.059124

0.471531
0.065340
0.384507
0.078622

0.333508
0.068878
0.494822
0.102792 |

(6.37)

0.252543
0.070589
0.556467
0.120401

(6.38)

From the matrix Q’, the decoded codewordisnowé=[a¢ 1 0 «? 0 o],

which matches the original transmitted code word.

6.6 Conclusions

A very important class of block code known as the low-density parity check (LDPC)
code has been explained, with discussions on some structured construction methods
for binary and non-binary LDPC codes. Additionally, a decoding algorithm called
the sum—product algorithm has been studied in detail for use with binary and non-
binary LDPC codes. A method to reduce the complexity of the sum—product algorithm
has been given, using fast Fourier transforms based on the Hadamard matrix, which
replaces the original horizontal step of the decoding algorithm.

The study of LDPC codes is very important as they are fast becoming one of the
more popular coding schemes for anumber of future applicationsin wireless commu-
nications and eventually magnetic storage. The binary LDPC codes are well known
and perform as well as turbo codes, and in some cases can outperform turbo codes
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for large block lengths. Non-binary LDPC codes are less well known, but Mackay
showed that these codes outperform binary LDPC codes with further increases in
performance as the size of the finite field increases [10]. Thisis of course at the ex-
pense of higher complexity, but non-binary L DPC codes also have better convergence
properties, requiring less iterations to decode a received word. With the inclusion of
the FFT proposed by Barnault et al. [8], the complexity is reduced and non-binary
LDPC codes can now be used practically in many future applications.
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7

Non-Binary Convolutional Codes

7.1 Introduction

So far this book has deat with many different types of binary and non-binary
block code, from simple parity check codes to the powerful low-density parity
check codes, but another important class of error-correcting code is the convolu-
tional code, developed by Elias in 1955 [1]. Convolutional codes differ from block
codes in that a block code takes a fixed message length and encodes it, whereas
a convolutional code can encode a continuous stream of data. Convolutiona codes
also have much simpler trellis diagrams than block codes, and soft-decision decod-
ing can easily be redized using the Viterbi algorithm, explained later. However,
a higher code rates the performance of convolutional codes is poorer than that of
block codes.

In this chapter, the principles of convolutional codes are introduced. The convolu-
tional encoder is explained, followed by a description of its state table, tree diagram,
signal flow graph and trellis diagram. From the signal flow graph we can determine
the transfer function of the code, which gives us the Hamming distance of each code
word, beginning with the minimum Hamming distance of the code and the number of
nearest neighbours. This distance spectrum can be used to evaluate the performance
of the convolutional code.

Theidea of trellis coded modulation(TCM) is then presented, whereby a convolu-
tional code is combined with the modulation process. By carefully partitioning the
constellation diagram, a bandwidth-efficient TCM code can be constructed with a
significant coding gain over an uncoded system.

Binary TCM coding is then extended to TCM codes defined over rings of inte-
gers, known as ring-TCM codes. Ring-TCM encoding is explained and a method
to search for new ring-TCM codes using a genetic algorithm is presented. Finaly,
ring-TCM codes are combined with spatial-temporal diversity to create space-time
ring-TCM (ST-RTCM) codes. The design criteria for good ST-RTCM codes are

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd
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Gy 121,23, ..k

Input Output
U= (Uy Uy Uy \\m{ 5 Oou \ C=(C Cp 1 Coo1s C)

Cyri=1,2,3, ...k

Figure 7.1 Nonsystematic convolutional encoder, R 1/2 with constraint length K = 3.

given and the performances of several ST-RTCM codes are presented on multiple-
input—multiple-output (MIMO) fading channels, including urban environments such
as indoor, pedestrian and vehicular.

An example of a convolutional code is shown in Figure 7.1, where D denotes a
memory element. Theencoder takesaninput u of length k bitsand for each bit produces
two coded hits. These coded bits are collected using the switch to produce a code
word ¢ of length n = 2k bits. In this case the input message cannot be easily recovered
from the code word since thisis an example of a nonsystematic convolutional code.

The two memory elements of Figure 7.1 can only have four possible pairs of binary
values, 00, 01, 10 and 11. These values are called states and for a given input we
can construct a state table showing what the next state will be from the current state,
along with the corresponding output. The state table for the convolutional encoder of
Figure7.1isshownin Table 7.1.

We can write the encoding process of the convolutional code in terms of poly-
nomials, with U(D), G(D) and C(D) as the input, generator and output polynomials
respectively. For example, the messageu = 110100 isequivalenttoU(D) =1+ D +
D3. The convolutional encoder of Figure 7.1 has two generator polynomials, G1(D) =
1+ D + D? and Gy(D) = 1 + D? Therefore, the code word polynomials are

Table 7.1 Statetable for the convolutional code of Figure 7.1.

Input Current state Next state Output
0 00 00 00
1 00 10 11
0 01 00 11
1 01 10 00
0 10 01 10
1 10 11 01
0 11 01 01
1 11 11 10
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C1(D) = U(D)G1(D) and C,(D) = U(D)G3(D). For the message polynomial defined
previously, the output will be:

C1(D) =U(D)G(D)
=1+D+D®»(1+D+D?)=1+D+D?+D+D?+D?3
+D%+ D*+ D®
=14 D*+ D% = 100011
Ca(D) = U(D)G2(D)
=(1+D+D¥»(1+D?»)=1+D?+D+D3+D3+D°
=1+D+ D?+ D%=111001

Combining the two coded output givesc = 11 01 01 00 10 11.

Graphical displays of convolutional codes have proven invaluable over theyearsfor
their understanding and analysis. A practically useful graphical representation is the
codetreeor tree diagram of the code. A treediagramiscreated by assuming zero initial
conditions for the encoder and considering all possible encoder input sequences. The
tree diagram for the convolutional code of Figure 7.1 isgiven in Figure 7.2.

Since the output of the convolutional encoder is determined by the input and the
state of the encoder, a more compact representation is the state diagram and signal
flow graph[2]. The statediagram issimply agraph of the possible states of the encoder
and the possible transmissions from one state to another. The signa flow graph for
the encoder of Figure 7.1 is shown in Figure 7.3.

The signal flow graph will be used to explain the method for obtaining the distance
properties of aconvolutional code. We label the branches of the state diagram as D°,
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Figure 7.3 Thesignal flow graph.

D! or D?, where the exponent of D denotes the Hamming distance between the coded
bits of each branch in the trellis and the coded bits of the al-zeros branch. If we
use the notation for S, S, S and & for state representation and replace X; = S,
Xp = S, X = s and Xy = S, we can write four state equations:

Xp = D?Xqa + Xe. (7.1)

¢ = DXp + DXy. (7.2)
Xg¢ = DXp + DXq. (7.3)
Xo = D?Xe. (7.4)

The transfer function for the code is defined as;

Xy  D2X
T(D)= >~ = <

= : 75
X, ~ X. (7.5)

Now we must express the numerator and denominator of T(D) in terms of the same
variable so that they will cancel out. First we can rearrange (7.3) to give:
DXy

Xq = .
171°D

We also observe that (7.2) and (7.3) areidentical, so:
Xc = Xd
D Xy

and therefore X. = 5.
We now rearrange (7.1) so that:

w. _ DXb Xp(1—-D)  DXp
P71 D 1-D 1-D) (1-2D)Xp
D2 D2 N D2 - D2(1-D)’

Xp— X
Xa: b c
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We can also rewrite (7.4) as.

D3Xp
1-D°
Finally, substituting X; and X, into (7.5) gives:

Xq = D?X. =

D3X,,
D) = (1—D> B D3Xy, D%, DS
T /1-2D)X,\ [((I—-2D)Xp\ (1-2D)X, (1L—2D)
(saoe) (55)

We have expressed X, and X;, in terms of Xy, so that they cancel out. Evaluating
the transfer function gives:

D5+ 2D%+4D7 +8D8 + - ..
1-2D) D5
D5 — 2D¢
2D6
2D% — 4D7
4D7
4D7 — 8D8
8D8’

Thetransfer function tellsusthat thereis one code word with aminimum Hamming
distance of 5, two code words with a Hamming distance of 6, four code words with a
Hamming distance of 7, and so on.

For a given input sequence, we can find the output by tracing through the trellis,
but without the exponential growth in branches as in the tree. Just as the encoding
operation for convolutional codes is quite different from the encoding operation for
linear block codes, the decoding operation for linear block codes and the decoding
process for convolutional codes proceed quite differently. Since we can represent
a transmitted code word for a convolutional code as a path through the trellis, the
decoding operation consists of finding that path through a trellis which is *almost
like' the received binary sequence. As before with the linear block codes, we are
interested in hard-decision decoding and a decoder that immunizes the possibility of
error, and therefore, for a given received binary vector, the decoder finds that path
through thetrelliswhich has minimum Hamming distance from the received sequence.
Given along received sequence of binary digits and atrellis similar to that in Figure
7.4, it would seem a quite a formidable task to search all possible paths for the best
path. However, there exists an illustrative procedure called the Viterbi algorithm [3, 4]
which simplifiesthe process. Thisalgorithmisaspecial case of what iscalled forward
dynamic programming.
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Figure 7.4  Trellis diagram for code.

A convolutional code can be made systematic [2] without affecting its minimum
distance properties by feeding back one of the outputs to the input. Such a code is
called arecursive systematic convolutional (RSC) code, and isthe basic building block
for turbo codes, described in Chapter 8. An example of an RSC encoder, derived from
the nonsystematic encoder of Figure 7.1, is shown in Figure 7.5.

The decoder for the convolutional code finds the most probable sequence of data
bits G given the received sequencey:

0=ag|max P(uly)].
wherey isthe set of code symbols ¢ observed through noise. The above equation can

be solved using the Viterbi algorithm [3, 4], explained next, in which case the solution
is termed the ‘ maximum likelihood’ or ML solution.

Input

N
N

O,

‘\§ Output

—— D D +——s o

A
N

Figure 7.5 Recursive systematic convolutional (RSC) encoder.
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7.1.1 The Viterbi Algorithm

The Viterbi agorithm was proposed in 1967 [3] for decoding convolutional codes.
The application of the Viterbi algorithm to decoding convolutional codesis based on
thetrellis diagram representing the convol utional encoder. Asapplied to our particular
problem, this principle states that the best (smallest Hamming distance) path through
the trellis that includes a particular node necessarily includes the best path from the
begging of the trellis to this node. What this means to us is that for each node in the
trellis we need to retain only the single best path to a node, this limiting the number
of retained paths at any time instant to the number of nodesin thetrellis at that time.
The basic stepsin the Viterbi algorithm are asfollows[3, 4]:

=

Beginattimet = 0, at state 00.

2. Determine the distances between the first received symbols associated with each
trellis path at the current time.

3. Select the path with the lowest distance at each state node and store both the path
and the distance.

4. If there is more than one path with the lowest distance, select one arbitrarily.

5. Increment time t and return to step 2. Add the lowest distance to the previous

lowest distance and store with the sequence of paths. This running scoreis called

the survivor score, and the corresponding sequence of paths, the survivor path.

Continue this process until al the symbolsin the code word have been compared.

The resulting survivor path with the lowest survivor score isthe most likely trans-

mitted code word.

No

7.1.2 Trellis Coded Modulation

In Chapter 3, theidea of coded modulation [5, 6] wasintroduced and applied to block
codes to form block coded modulation (BCM) codes. However, it is much more com-
mon to combine convolutional codes with modulation, resulting in trellis coded mod-
ulation (TCM) codes[6, 7]. The basic idea of TCM codesisillustrated in Figure 7.6,

u, —— | Convolutional
u, — 1 Encoder o

1
Rate R =

U, ——— k,+1

Selects a
subset of the
constellation

Input u of length k =k, +k,

Constellation

Hhost : Symbols
Up,2 Selects a point Yy

from the subset

Uy,

+ky

Figure 7.6 Generd ideaof TCM.
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which takes a binary message u = (uy, Uy, ..., Uk, Uk, 41, - - - , Uk, +k,) Of length k =
ki + ko bits.

The BCM codes from Chapter 3 consisted of a multi-level block encoder, with the
component code with the largest minimum Hamming distance selecting the subset
of the constellation where the Euclidean distance between neighbouring points was
minimal. In the same way, a TCM code consists of a convolutional encoder, which
also selects a subset where the distance between pointsis minimal. The uncoded bits
then select points within the chosen subset in exactly the same way asthe BCM code.

To find the free distance dsree 0f @ TCM code we can draw its trellis diagram and
find the path with minimum Euclidean distance. Once determined, the asymptotic
coding gain (ACG) y can be calculated by:

_ dfr‘;ee/s
dr%in/g/ ’

(7.6)

where d2,,, is the squared Euclidian distance between points in the uncoded constel-
lation, ¢ is the energy of the coded constellation and ¢’ is the energy of the uncoded
constellation. To maximize the free distance of the convolutional encoder, set parti-
tioning [6] must be applied to the chosen constellation, as explained in Chapter 3.
Figure 7.7 shows the set partitioning of the 8-PSK constellation.

An example of a TCM encoder for 8-PSK modulation is shown in Figure 7.8. In
this case, coded bit c; selects a QPSK subset of the 8-PSK constellation, ¢, selects a
BPSK subset of the QPSK subset and c; selects a point within the BPSK subset.

2

3 ! \0.765&
¢ 4 0 ¢,
5 7

000 001 010 011 100 101 110 111

Figure 7.7 The set partitioning of the 8-PSK constellation.
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U ‘2| 8-PSK Output

ﬁ;l»_@»@

Figure 7.8 A four-state TCM code for 8-PSK modulation.

The state table for the TCM code of Figure 7.8 isgiven in Table 7.2. From thiswe
can construct the trellis diagram of the TCM code, as shown in Figure 7.9.

From the trellis diagram we can see that there are two paths diverging from state
00 and converging at state 00 with minimum squared Euclidean distance d?,, = 4¢'.
Since we are determining the ACG of a TCM code using 8-PSK modulation over
uncoded QPSK, the energies of both constellations are equal, that is ¢ = ¢’. The
minimum squared Euclidean distance between the points of QPSK isd2, . = 2¢ and
so substituting into (7.6) gives:

d?e./e  4de'/e 4

= = =_-=2 or 3dB.
dzi./e’  2¢/e’ 2

From it can be seen that the large free distance of the TCM code more than
compensates for the smaller Euclidean distances between constellation points as a
result of expanding the size of the constellation.

Table 7.2 State table for the TCM code of Figure 7.8.

Inputs Initial States Next States Outputs
Up U S S S S C1 () Cs
0 0 0 0 0 0 0 0 0
1 0 0 0 0 1 0 1 0
0 1 0 0 0 0 0 0 1
1 1 0 0 0 1 0 1 1
0 0 0 1 1 0 1 0 0
1 0 0 1 1 1 1 1 0
0 1 0 1 1 0 1 0 1
1 1 0 1 1 1 1 1 1
0 0 1 0 0 1 0 0 0
1 0 1 0 0 0 0 1 0
0 1 1 0 0 1 0 0 1
1 1 1 0 0 0 0 1 1
0 0 1 1 1 1 1 0 0
1 0 1 1 1 0 1 1 0
0 1 1 1 1 1 1 0 1
1 1 1 1 1 0 1 1 1
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State
00 0426

10 2640

01 1537

11 3715

Figure 7.9 Trellis diagram of the TCM code of Figure 7.8.

7.1.3 TCM Based on Rings of Integers

Convolutional codes based on rings of integers modulo-M were first presented by
Massey and Mittelholzer [8, 9]. They were followed by Baldini and Farrell [10,
11], who presented TCM codes based on rings of integers. Baldini and Farrell have
devel oped anumber of modulo-M ring-TCM codesfor M-PSK constell ationsand have
concluded that, due to the similarities between M-PSK signal sets and the algebraic
structure of rings of integers modulo-M, modulo-M ring-TCM codes are the natural
linear codes for M-PSK modulation.

Assuming that m information bits are transmitted per baud, the general structure
of aring-TCM encoder suitable for M-PSK modulation, with M = 2™, is shown
in Figure 7.10. This ring-TCM encoder works as follows: first, m + 1 information
bits, by, are mapped into a modulo-M symbol, &, according to a mapping function f
(for instance, f can be a Gray mapping function). Next, m modulo-M g symbols are
introduced into a linear multi-level convolutional encoder (MCE), which generates
m + 1 modulo-M coded symbols, x«. Finaly, each one of these coded symbols x
is associated with a signal of the M-PSK signal set and is sent to the channel. As a
total of m+ 1 modulo-M coded symbols X, are transmitted per single trellis branch,
ring-TCM codes can be considered as 2(m + 1)-dimensional TCM codes.

Propagation delays caused by a fading channel can result in phase shifting of the
transmitted signal. At the demodulator these phase shifts result in a rotation of the
received signals compared with the transmitted symbols. If, after these phase shifts,
the received word is another valid code word, that code is known as phase invariant.

BINARY bi MAPPING g MCE Xk M-PSK
SOURCE a; = f(by, by, ..., byet) SIGNAL SET |

Figure 7.10 General structure of aring-TCM encoder suitable for M-PSK modulation.
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A multi-level convolutional code is 360/M phase invariant if and only if the all-one
code word can be found in the code [11]. A code with the al-one code word is said
to have atransparent encoder [11]. For example, an MCE defined over Z, is 360/4 =
90° phase invariant if the all-one code word is present in the code.s

In general, transparent modulo-M ring-TCM codes can be readily designed, with
neither additional difficulty nor significant decrease in performance with respect to
nontransparent ring-TCM codes. Furthermore, in addition to the transparency prop-
erty, ring-TCM codes present, in general, better coding gainsthan their nontransparent
Ungerboeck counterparts. However, the major drawback of these codes is that they
generally require a more computationally intensive decoding process. Therefore,
although it has already been established that ring-TCM schemes can constitute a pow-
erful aternative to conventional TCM schemes, their actual performance/complexity
tradeoff should be investigated.

Thereisalso the necessity to extend the use of ring-TCM codesto other modulation
schemesthan M-PSK constellations. In particul ar, the structure of aring-TCM encoder
based on rings of integers modulo-4, which is suitable for any rectangular M-QAM
constellation, has been proposed [11]. Thisnovel coded modul ation scheme can result
in ring-TCM codes with excellent coding gains which are, in addition, transparent to
phase rotations of 360/4 = 90°.

7.1.4 Ring-TCM Codes for M-PK

This section describes a multi-level convolutional encoder (MCE) defined over the
ring of integers modulo-M, Zy, which is especially suitable for combination with
signals of an M-PSK constellation. It is important to notice that we would have
preferred to define the MCE over afield of integers modulo-M rather than over aring
of integers modulo-M. However, dueto the fact that the field requires M to beaprime
integer, it is not suitable for most practical M-PSK constellations, which include a
composite number of signal points M = 2k, with k some positive integer.

A rate (m/p) MCE defined over the ring of integers modulo-M, Zy, is a time-
invariant linear finite-state sequential circuit that, having minformation input symbols
(a1, @, ...,an) a atime defined over Zy, generates p encoded output symbols
(X1, X2, ..., Xp) @ atime defined over Zy, where the coefficients of the MCE also
belong to Zy, and all arithmetic operations satisfy the properties of thering of integers
modulo-M. In order to achieve the same transmission rate as uncoded modul ation, the
value of pischosen so that p = m+ 1. The modulo-M ring-TCM MCE [11] suitable
for M-PSK modulation is shown in Figure 7.11.

The information sequence of symbols, a;, is shifted into the encoder, beginning at
time zero, and continuing indefinitely. The stream of incoming information symboals,
g (with0 < i < 00), isbrokeninto segmentscalled information frames, each one con-
taining m symbols of Zy,. At discrete time n, an information frame can be represented
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9

9

Figure 7.11 Ring-TCM MCE.

as the vector:

én = [al, a, ...

9’ am]n-

(7.7)

In order to keep the same transmission rate as uncoded (M/2)-PSK (that is, m
information bits per channel symbol) by using the expanded rectangular M-PSK signal
set, the rate of the MCE must be (nVp), where 2p = m. Therefore, each information
frame a,, must generate an output coded frame x,, containing p symbols of Zy:

)_(n = [Xl, Xo, ...

, Xpln-

(7.8)

The MCE is characterized by the generator matrix G(D), which maps the input
information frames a,, into the output coded frames x,, and which can be written in

the functional form [12, 13]:

Xn(D) = an(D) - G(D),

where D isthe delay operator and:

G(D) = [Im|P(D)] =

- g9(D)/f(D) |
- g@(D)/f(D)

- g™(D)/1(D) |

(7.9)

: (7.10)
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where the entries of the matrix G(D):

g(D) = gDs +--- 4+ ¢’ D2 + ¢!'D + ¢! (Feed forward polynomial)

are polynomials with coefficients g; and f; belonging to Zy,, and I, is the (m x m)
identity matrix, asthe MCE is systematic.
The parity check matrix H(D) isa (1 x p) matrix that satisfies:

G(D)- H(D)" =0, (7.12)
where H(D) is readily obtained from G(D) following:
H(D) =[-P(D): I4]. (7.13)

Every state g of the MCE is unique and can be defined as:

S

g=>y M=v" (7.14)

i=1

where vi(”), which belongs to Zy, represents the value of the ith memory element at
discrete timen, and is given by:

m
v = (modulo — M) | i -xp+ Y g - a +vi(111)) for 1<i<s
j=1

- . (7.19)
v = (modulo — M) | f; 'Xp+Zgi(j)'aj) for s=1
j=1

with s denoting the constraint length of the MCE (number of memory elements). It
can be determined by examination of G(D) that:

s = max|degree gV(D)]. (7.16)

The number of states of the MCE, ng, represented in the trellis diagram as the
number of nodes in each column, is given by [14]:

ng < M%. (7.17)

Thereason for theinequality in (7.17) isthat every vi(”) in (7.15) can take on either
M or M/2 or M/4,. .., or M/2™ different values of Zy at a time, depending on the
coefficients g and f; (with 1 <i < s). So, ng = M® only in the case that all v{" take
ontheM possiblevaluesof Zy; otherwise, ng < M3, For instance, asaclear example,
if all coefficients g and f; are even, then all v will also be even, and ng < M.
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Each information frame a,, causes the MCE to change state. Thisis represented by
abranch or transition to the next node in the trellis. There are M™ branches entering
each state and M™ branches leaving each state. Each branch is labelled with a coded
frame X,,. Therefore, any encoded frame sequence can be found by walking through
the appropriate path in the trellis. It becomes very common that trellis diagrams
of MCEs have a sizeable number of paralld transitions between states (especialy
encoders with alow number of states), due to the sizeable number of total transitions
of their trellis codes. In fact, the minimum number of parallel branches, ny, occursfor
afully-connected trellis diagram; that is, every state of the trellis is connected to all
others and itself, and is given by [14]:

np > M™/MS = MM9), (7.18)

where (m > s). If s > m, thetrellis diagram can never be fully connected.

7.1.5 Ring-TCM Codes Using Quadrature Amplitude Modulation

In this section, a novel 4D TCM technique defined over Z,4, suitable for rectangular
M-QAM signal sets, is described [12]. There are many real channels that require the
useof transparent, or at least RI TCM, codes. We have presented the design of transpar-
ent ring-TCM codes suitable for M-PSK constellations, which have aminimum phase
ambiguity of 360/M° and require the proper combination of a(360/M)° Rl MCE with
a(360/M)° code-to-signal mapping. Now the design of RI and transparent ring-TCM
codes for rectangular quadrature amplitude modulation (QAM) is explained. These
have a phase ambiguity of 90°. The functional block diagram of the 4D ring-TCM
encoder [12] is shown in Figure 7.12. It is similar to the ring-TCM transmitter for
M-PSK signal setsin Figure 7.11, but there are two important differences [12]:

1. 4D ring-TCM codes suitable for rectangular M-QAM constellation (whereM = 4',
with i apositive integer greater than 0) are always defined over the ring of integers
modulo-4, Z4. That is, both bit-to-symbol mapping (i.e. Gray mapping) and MCE
are defined over Z 4. This particular ring definition is required in order to resolve
the phase ambiguities of rectangular M-QAM signal sets.

i. Linear | P2 '-- Nslgr';,\l/l M-QAM s(t)
MCE X(E/Z.)”'"H Mapping Modulator

1 : : 32
X, i

Figure 7.12 Block diagram of a4D ring-TCM transmitter suitable for rectangular M-QAM.
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2. The code-to-signal mapping must properly assign the output of the MCE to the
signals of the 2D M-QAM constellation. In this particular case, the p encoded
output symbols of the MCE must now be split into two sets containing (p/2)
symbols each, XV and x@, where:

X(l) = (Xl, Xo, ..., Xp/2)

X@ = (X(p/21+1, X(p/2) 425 - -+ Xp) (719
Each set of symbols is then mapped onto one signal of the 2D M-QAM signal
set, s = f(x®), according to some set partitioning rules that guarantee a certain
minimum distance between coded sequences. The two coded 2D M-QAM signals,
s and s, are then modulated and transmitted on the channel using time division,
forming the 4D coded signal, s(t).

L et us define theisomorphism v (Z4) = P asthe mapping of the elements of thering
of integers modulo-4, Z4 = {0, 1, 2, 3}, onto the phase rotation they represent, P =
{0°, 90°, 180°, 270°}. Then, following (7.19), groups of ( p/2) output symbols of the
MCE (X1, X2, . . ., X(pi2)) must be mapped onto one signal of the expanded rectangular
M-QAM signal set. Also, al the symbols must be used in the mapping process with
equal freguency.

A 90° RI code-to-signal mapping requiresthat any pair of signalsin the rectangular
M-QAM constellation which have the sameradius but are «-90° apart, where o € Z4,
be assigned the groups of symbols (X1, X2, . . ., Xp2)) and o.(Xy, Xo, . . ., Xpi2))-

Some possible transparent mappings for 16-QAM used by Tarokh [15], and 16-
QAM and 64-QAM from Carrasco and Farrell are shown in Figure 7.13a, b and c,
respectively [13].

7.1.6 Searching for Good Ring-TCM Codes

The choice of feed-forward and feedback coefficients of the MCE can significantly
changethe parametersof the code, such asthefreedistance, diee, and soitisimportant
to have methods for finding good TCM codes. The most obvious method would be
to apply an exhaustive search algorithm where al values of the coefficients are tried,
but this would become too time-consuming for larger codes defined over larger rings.

There are two criteria for good TCM codes over a Gaussian channel: maximizing
thefree distance and minimizing the number of pathsin the codetrelliswith Euclidean
distance equal to the free distance, denoted as Ny, Subject to the feed-forward and
feedback coefficients [16]:

min Nyeefo®, ..., a0, fs, ..., fi}. (7.22)
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Figure 7.13 QAM constellation mapping (8) Tarokh’'s 16-QAM, (b) Carrasco and Farrell 16-QAM,
(c) Carrasco and Farrell 64-QAM.
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Figure 7.13  (Continued)

In thefollowing section, amuch faster search algorithm for finding good ring-TCM
codes for M-PSK and M-QAM is presented.

7.1.7 Genetic Algorithm

For the solution of optimization problems, a genetic algorithm [17] has been inves-
tigated for several applications in signal processing, such as speech compression,
and has been shown to be effective at exploring a large and complex search space
in an adaptive way. Next, aformal definition of genetic algorithms is given, and the
operators used in this work are described.

A genetic algorithm can be defined as the nine-tuple:

GA=(p° S A, L, f,s,c,m, T), where
p' = (al, ..., al) = population in the tth generation
S = search space in which the chromosome is encoded
a? € S= elements of the search space
A = population size
L = length of chromosome
f : S— R =fitnessfunction
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s: S — S= selection operator
C: Sx S— Sx S= crossover operator
m: S— S = mutation operator

T:S — {0, 1} = termination criterion.

In searching for TCM codes, the genetic algorithm basically selects and classifies
the generator code word with a high degree of adaptation as parents generate a new
generation by the combination of their components, and by the elimination of the
weakest generators from the population [18]. In genetic algorithms there are many
operators but the selection, crossover and mutation operators are only used for code
searching.

7.1.7.1 Selection Operator

Assuming that the initial population p® = (a2, ... ., a) can be obtained in a heuristic
or random way from the search space, S, in which the chromosomeisencoded, the next
generation is obtained from members of the previous generation using a stochastic
process, which guarantees that the number of times that one structure is selected is
dependent on its performance compared with the rest of the population.

The parent-selection operation s, s : S* — S produces an intermediate population
p' = (@, ..., a})fromthepopulation p' = (ai, ..., al) inthetthgeneration, s(p') =
p'. Any a' = & in the p' is selected by a given random number «; satisfying the
following condition:

A
O<a <) f(a). (7.22)
j=1

Theindex g is obtained from:

A
q=max{k/Vke{l,...,x},s.t.aiSZf(af()}, (7.23)

k=1

where Y, f (a}) is the summation of &l the fitness from population p' for all
members of the population picking up the first index k that reaches o; < Zﬁzl

f(al).

7.1.7.2 Crossover Operator

For any selected chromosomesin a population p!, an associated real value0 < p < 1
is generated randomly. If p is greater than the defined crossover threshold p,
where 0 < p; < 1, the crossover operator c: Sx S— S x Sis applied to this pair
of chromosomes. The strategy used in this work is the one-point crossover, Cqp,



INTRODUCTION 255

which produces an intermediate population p' from the population pt and is defined
below:

ai/t ait . -

(a(itﬂ) a1y

CO (([ai,p].? ai,p27"'7ai,pj’ai,(pj+1)v"'7ai,pL]T ))
PN\ L8G 4201, 8641 25 - > A1), )0 B 0).(0)41)5 - - -» A1) pL] T
([ai,pl, Q. p2s -+ s Bipjs A1), (0] +1)s - - - » Ai+1) oL | )

P [AG+1).p1> Ai11).p25 - -+ AG+1),pj > B (pj+1)» - - - ai,,oL]T

Co
(7.24)

The pair of chromosomesis separated into two subchromosomes at p;, hence anew
pair iscomposed by swapping the second subchromosome, where each oneis crossed
from pj 4110 o

7.1.7.3 Mutation Operator

For any chromosome in a population p', an associated real value0 < p < 1isgener-
ated randomly. If p islessthan the defined mutation threshold o, where 0 < o, < 1,
the mutation operator is applied to the chromosome. The mutation operator ssimply al-
tersonebit in achromosomefrom0to 1 (or 1to 0). Themutation operatorm : S — S
produces an intermediate population p' from the population p', as below:

a' =m@)v €{1,...,1}
« _ fapk for ke{l,2....,p—1p+1....L}- (7.25)
&k = ax for k=p

The reproduction and crossover operators give to the genetic algorithms the bulk
of their processing power. The mutation operator is needed because, even though
reproduction and crossover are the main operators, occasionally they may become
overzealous and lose some potentially useful genetic material.

Usually there are four parameters to control the evolution of the genetic algorithm.
They are: the population size, ; the crossover threshold, p.; the mutation threshold,
om; and the number of generations. If three of these are kept fixed, an optimum value
for the free parameter can be found in order to produce the optimum code rate, dsree
and Niree.

The disadvantage of the exhaustive search agorithm is the time taken to generate
codes, especially when a high number of states and a high-order constellation are
used. It is important to note that the exhaustive search for the rectangular M-QAM
constellation is more computationally intensive than that for M-PSK constellations,
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because the rectangular M-QAM constellation requires that, to determine dee and
Ntree, al paths in the trellis be examined and compared to each other. The fithess
function used in this work is an a priori function based on the computation of the
distances.

Oncethe codeisobtained, afurther check isrequired to investigate the performance
in terms of symbol error rate as a function of signal-to-noise ratio. The application
of the genetic algorithm to 16-QAM is shown with new codes for this particular
modulation scheme to demonstrate its feasibility, when the number of statesis in-
creased to produce better constraint lengths. The application of the genetic algorithm
to the code-to-signal mapping for 16-QAM has produced a range of 180° and 90°
rotational invariant ring-TCM codes (RI ring-TCM), which are presented in Table 7.3
and compared with the exhaustive algorithm [18].

In Table 7.4, d?., is the minimum squared Euclidean distance between coded
sequences of the ring-TCM code suitable for 16-QAM; g is the asymptotic coding
gainof thering-TCM codesuitablefor 16-QAM over uncoded 8-AMPM modulation; *
means that the exhaustive search was stopped; and ¢ means a new generated code
using the genetic algorithm.

Table 7.3 RI ring-TCM codes for 4-PSK on AWGN channel.

Ny Ring-TCM Code Rot 02 Nfree
2 320 90° 8 5
4 230 0 8 5
4 032 90° 8 5
4 212 90 8 1
8 030/02 90 8 5
8 012/02 90° 8 1
16 032/31 90 12 6
16 221/31 90 12 2
16 232/33 90° 16 14
32 0302/130 90 12 2
32 2032/110 0 16 8
64 0232/303 90° 16 5
64 3103/213 90 16 4
64 1013/332 90° 16 2
64 2122/321 90° 16 1
128 21112/0222 90 16 4
128 13010/0112 90° 16 2
128 11230/0312 90° 20 2
128 21132/1210 90 20 6
256 32130/3113 0° 20 10
256 30013/1122 90° 20 8
256 33012/2101 90 20 2
256 21103/1221 90° 24

=N
o ©

256 23121/0332 90° 24
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Table 7.4 RI ring-TCM codes for 16-QAM on AWGN channel.

Ny Ring-TCM Code Rot 02 Niree O 0B
2 (030020/0) 0 4.0 19.187 3.01
4 (220030/2) 90° 40 5.937 3.01
*4 (020300/0) o0° 4.0 6.5 3.01
*8 (020212010/32) Q0 4.0 1.031 3.01
*8 (0222310130/03) Q0° 4.0 0.75 3.01
*8 (010232020/21) 180° 5.0 5.234 3.98
*8 (000311010/03) 180° 4.0 4.5 3.98
*16 (010232010/22) 90° 6.0 9.796 4.77
¢ 16 (233311 213/20) o0° 10.0 0.5 4.77

Algorithm 7.1: Algorithm for select operator

select()

{
Randomly choose i, intherange 0 < o < Z?:l f(a})
for {k/Vke{l, ..., A}

{
if (q = max{k.st.ai < Yh_, f(aﬁ)})
{
return(q)
}
¥
Algorithm 7.2: Algorithm for crossover operator
crossing()
Randomly choose the coefficient from g, ..., g{), fs,..., f1 € S
if(o > pc)
{

increment crossover pointer;
compute crossover pointer;
}
else
crossover pointer; = 0; /* no cross, just reproduction*/
gene_counter = 0;
while(gene_counter < crossover pointer)

{

Copy to childl the genetic information of father;
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Copy to child2 the genetic information of mother;
increment the gene_counter;

while(gene_counter < L)

{
Copy to childl the genetic information of mother;
Copy to child2 the genetic information of father;
increment the gene_counter;

}

share parentage information();

Algorithm 7.3: Algorithm for crossover operator
mutate()

{
k = ring_elements() ;
for(k/Vk € {1,...,A})

if(o = pm)

increment mutation counter;
ater one bit k = p in the chromosome;

Example 7.1: A 4-state ring-TCM code defined over 4: A good 4-state ring-
TCM code over Zg4 isthe 23/1 ring-TCM code shown in Figure 7.14.

Input

Figure 7.14 The 23/1ring-TCM code.
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Table 7.5 Statetable for 23/1 ring-TCM code over Z,.

Input Initial state Next state Output
0 0 0 00
1 0 1 12
2 0 2 20
3 0 3 32
0 1 1 01
1 1 2 13
2 1 3 21
3 1 0 33
0 2 2 02
1 2 3 10
2 2 0 22
3 2 1 30
0 3 3 03
1 3 0 11
2 3 1 23
3 3 2 31

Itsstatetableisgivenin Table 7.5 and the corresponding trellisdiagramis shown
in Figure 7.15. From the state table we are able to obtain the signal flow graph for
the 23/1 ring-TCM code, as shown in Figure 7.16. Comparing it to the signal flow
graph of Figure 7.3, we can see that the number of statesis the same but there are
more connections. As before, state O is denoted X,, state 1 is denoted X, state 2 is
denoted X; and state 3 is denoted X4. From the signal flow graph, it is possible to
determine the transfer function of the 23/1 ring-TCM code and hence generate the

weight distribution of the code.

States

0 0/00 0/00 0/00 0/00
3/33 3/33 3/33
1/12
112, 1/12 112,
212055, 212095, 212055 .
1 e 2120 0/01 1

e
2\ XAN SAK AR
BNV i i

aeva

1
3 e 0/0: 0/03

Time

Figure 7.15 Thetrellis diagram of the 23/1 ring-TCM code.

0/0

3/33

2/22

1711
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Figure 7.16 The signal flow graph of the 23/1 ring-TCM code.

From Figure 7.16, we can define the following set of equations:

Xp = D?Xa + DXp + DXc + D2Xq. (7.26)

¢ = DXz + D?Xp + DX¢ + D?Xq. (7.27)
Xq = D2X, 4+ D2Xp 4+ DX¢ + D?Xq. (7.28)
Xa = D?Xp 4+ D?X¢ 4+ D?Xqy. (7.29)

An important step isto first notice that X, = Xq. Subtracting (7.28) from (7.29):

Xp — Xg = (D — DH)Xp + (D? — D) X4
(1- D+ D?) Xp=(1- D+ D?) Xq
Xb = Xd.

The transfer function T(D) of the signal flow diagram is:

Xa  D?(Xp+ Xc+ Xg)  DZ(2Xp + Xo)

T(D)= — = (7.30)
T(D) D2 ((2D2 + D) Xa+2 (2D2 + D) Xp + 3DXC)
= X
4 3 2 2 Xp 3Xc
=2D"+ D°+2D (2D +D)—+3D —. (7.32)
Xa Xa
We can show that:
D2X, + DX,
Xg= ————~, 7.32
b= D2 (7.32)
Also:
DX, + 2D2X
X, = —rat e R (7.33)

1-D
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Substituting X into Xy, gives:

D2X, D DX, + 2D?Xp
Xp = +
1-D-D2 1-D-D? 1-D
Xp 2D2 - D3
=, 7.34
X, 1-—2D - D8 (7:34)
Similarly:
X D 2D2X D — D2+ D3
Ze + b _ +o° (7.35)
Xa 1-D (@-D)Xs 1-2D-D3

Now substituting (7.34) and (7.35) into the transfer function (7.31) gives:

T(D) = 2D*+ D®+ 2D?(2D? + D) Xo 4 3p3le
Xa 2 (7.36)
D3 + 3D* — 3D% + 8D% — 6D’
- 1-2D - D3
Evaluating (7.36) gives:
D3 +5D*+7D%+23D% + - .-
1— 2D — D3) D3 + 3D* — 3D5 + 8D6 — 6D
D3 — 2D* — DS
5D* — 3D° + 9D® — 6D’
5D*4 — 10D° — 5D7
7D° +9D% — D’ _
7D% — 14D6 — 7D8

23D% - D7 +7D®

Therefore, the 23/1 ring-TCM code over Z,4 has one path with a weight of 3,
five paths with aweight of 4, seven paths with aweight of 5, and so on.

7.1.8 Performance of Ring-TCM Codes on Urban Fading Channels

Three simulation results are presented, showing the performances of three ring-TCM
codes on an indoor, a pedestrian and avehicular channel, as defined in Chapter 1. The
ring-TCM codes tested were transparent, and decoded using the soft-decision Viterbi
algorithm. The codes used were the 4-state 21/2, 8-state 213/30 and 16-state 212/31
ring-TCM codes defined over Z,4. The user velocities were 0 mph for indoor, 4 mph
for pedestrian and 70 mph for vehicular. The channel scenarios are easily modified
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Figure 7.17 Ring-TCM codes on the indoor channel.

by altering the delay, power profile and Doppler spectrato create virtually any single-
input—single-output (SISO) environment based on measured data. This gives amuch
more flexible channel model, which correspondsto actual measured dataand produces
atime-varying frequency-sel ective channel that is much morerealistic and isessential
for testing certain distortion mitigation techniques.

Figure 7.17 shows the performance of the ring-TCM codes on the indoor channel.
Thisis a dow-fading channel, but the least harsh of the three urban channel models
and good results are achieved, with the 16-state 212/31 ring-TCM code achieving a
coding gain of 1.2dB over the 21/2 and 213/30 ring-TCM codes.

Figure 7.18 shows the performance of the ring-TCM codes on the pedestrian
channel. This channel is more harsh but the relative performance of the three ring-
TCM codes has not changed. The 212/31 ring-TCM code achieves a coding gain of
approximately 14 dB over uncoded performance.

Figure 7.19 showsthe performance of thering-TCM codes on the vehicular channel.
This channel is a time-varying fading channel and is very harsh. The performance
of al three ring-TCM codes is poor and there is no significant coding gain over an
uncoded system.

7.2 Space-Time Coding Modulation
7.2.1 Introduction

Future-generation wireless communication systems require high-speed transmis-
sion rate for both indoor and outdoor applications. Space-time (ST) coding and
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Figure 7.18 Ring-TCM codes on the pedestrian channel.

multi ple-input—multiple-output (MIMO) channel s have been envisaged asthe solution
for high-capacity levels[15]. A reliable high-speed communication is guaranteed due
to diversity, provided by space-time codes. This section describes the realization of
a space-time TCM coding scheme suitable for M-PSK [19] and M-QAM [20] over
fading channels. In this section, we also provide ST-ring TCM codes suitable for

1.E+00 —aA—Vehicular Uncoded
—*— Vehicular (4-State)
—8— Vehicular (8-State)
—o— Vehicular (16-State)

BER

1.E-02-

m
D
@
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Figure 7.19 Ring-TCM codes on the vehicular channel.
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Figure 7.20 Space-time system model.

ic,

QAM over Rayleigh fading channels. The performance of ST-ring TCM codes with
16-QAM in slow Rayleigh fading channelsis evaluated with designs that involve rate
4 and 6 bits/s/Hz of 16 and 4 states.

7.2.2 Space-Time Codes Model

Consider amobile communication system wherethe transmitter consists of n antennas
and the receiver has m antennas, as shown by Figure 7.20. The binary source data
are encoded by a space-time encoder that generates n streams, and each stream
is modulated and transmitted through a different antenna. Let s(t) be the symbol
transmitted by antenna i at timet for 1 <i <n and let T be the symboal period.
At agiven instant t, all s(t) symbols are transmitted simultaneously in space-time
coding.

Thesignal received at each receiving antennais the superposition of the n transmit-
ted signals corrupted by both Rayleigh and Rician fading and additive white Gaussian
noise (AWGN). Assuming that the elements of the signal constellations have an
average energy of Es equal to 1, the signal r;(t) received by antennaj at timet can be
described as[15]:

n
rj(t):Zhji(t)s(t)-i-nj(t) with 1<j<ml<i=<nl<t<l, (7.37)
i=1

where the noise 7 (t) at timet is modelled as independent samples of a zero-mean
complex Gaussian random variablewith variance No/2 per dimension. The coefficients
h;i(t) are the channel gains from the transmit antenna, i, to the receive antenna,
j. These channel gains are usually modelled as independent samples of complex
Gaussian random variables with variance 0.5 per dimension.

(7.37) can be expanded to give a clear insight into the system model:

ri(t) = haj(t)su(t) + hzj (t)sz(t) + hsj(t)ss(t) + - - - + nj (). (7.38)
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Likewise, the received signal sequence may be written as an array R of dimension
m x |, aswell as the random AWGN variablesin amatrix N of:

ri(d rn@ --- nl
r2(1) a2 --- ral)

R= : - : ’
'm() rm2) - rm() (7.39)
m@® m@ - md)
n2(1)  m2(2) - mal)

N = . . .
Mm(1) 72 - nm()

The system model expressed in (7.37) may also be expressed in matrix form:
R=HS+N, (7.40)

where H isthe m x n channel coefficient matrix.
Theinformation symbol b(t) at timet isencoded by the ST encoder as the sequence

of code symbols s;(t), Sx(t), . . ., Sa(t). In the receiver a maximum-likelihood decoder

receives the signalsrq(t), ra(t), ..., rm(t), each at a different receive antenna. For a
given code of length I, the transmitted sequence was:
() s - sl)
(1) 22 - ()
= . . _ (7.412)
s %@ - =)

The code symbols are generated by the ring-TCM encoder shown in Figure 7.14.
Theoutputs x (i =1,2,3,...,d + 1) are Z4 symbols and are mapped according to
the constellation used and the number of transmitting antennas, n. To decode the ST-
RTCM code using the Viterbi algorithm, the accumul ated metrics are determined by:

M (rj(®), s®Ihi) =Y >

t=1 j=1

rj(t)_zhijS(t)

i=1

. (7.42)

Example 7.2: Construction and Viterbi decoding of a 4-state space-time ring-
TCM code: Inthisexample, the 23/1ring-TCM codefrom Figure 7.14 iscombined
with spatial diversity to form a space-time ring-TCM code defined over Z4 with
QPSK modulation. The The two QPSK outputs are transmitted from two antennas
simultaneously. Thetrellisdiagram in Figure 7.21 shows how the Viterbi algorithm
can be used for the soft-decision decoding of the 23/1 space-timering-TCM code,
withn=2and m= 2.
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Figure 7.21 Soft-decision decoding example of a space-time ring-TCM code using the Viterbi
algorithm.

Observe how the transition metric is calculated for every state based on (7.38).
All the information required in the calculation is from the received signals, the
CSl and the transmitted signal s specified by the respective branch label. Att = 2,
there are four competitive paths arriving at every state, whose accumulated metrics
are computed according to (7.42). In state O, for instance, the second competitor
has the lowest accumul ated metric, of 24.044; hence thiswill be the survivor path.
This procedure is repeated for every state and carried on to the continuing symbol
intervals. When the sequence finalizes there will be four survivors, one for each
state. The survivor with the lowest resultant metric will be selected and the input
sequences traced back so that the original data can be reconstructed.

7.2.3 Performance of ST-RTCM Codes Using QP for MIMO
Urban Environments

Simulation results for ST-RTCM codes are now presented, evaluating their perfor-
mance on the indoor, pedestrian and vehicular MIMO fading channels. The codes
are the 4-state 21/3, the 16-state 212/31 and the 64-state 2103/132 ring-TCM codes.
Figure 7.22 shows that, as for the case of the ring-TCM codes in Figure 7.19, the
performance of the ST-RTCM codes on the vehicular MIMO channel is poor. The
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Figure 7.22 Performance of a 4-state, 16-state and 64-state ring-TCM code on urban MIMO fading
channels.

4-state and 16-state ST-RTCM codes on the pedestrian MIMO channel also perform
poorly with an error floor, but the 64-state ST-RTCM code performs well with no
error floor at a BER = 107°. The best performance is on the indoor MIMO channel,
as expected, with the 2103/132 ST-RTCM code performing very well with a BER =
10-% at aSNR of 6dB.

7.2.4 ldeal CS and Sow Fading

It is assumed here that the elements h;; of matrix H are time-independent and the
receiver has full knowledge of them, so that there is no need to carry out any sort
of estimation process within the receiver. The probability of having received the
sequence R at the receiver when the code matrix S has been transmitted through
a fading channel H follows a multidimensional Gaussian distribution and shall be
described by the pdf:

L m |rj(t)—2j:1hijS(t)|2
p(R|s,H)=Enmap - NG . (7.43)

j=1

The above is due to the fact that, at a given symbol interval, the m-dimensional
noise array has a multivariate Gaussian complex distribution with zero mean and
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covariance matrix Zn equal to Ng - Iy, where |, is the m-order identity matrix. So,
if we consider the random vector 7j(t) = [ n1(to) n2(to) - - - nm(to) | asacolumn of the
noise matrix N for agiven timeinstant to, for example, with 1 < ty < I, then thejoint
pdf of the Gaussian random variables n;(to) is defined as [15]:

1
(27.[)m/2 /det Zn exp[

where r and § are the column vectors at time tp of matrices R and S respectively,
and (X)" denotes the transpose conjugate of vector X. As the columns of the random
noise matrix N are statistically independent, we will have that the overall probability
p(R|S, H), which may be expressed as:

p [ii(to)] =

—%(F _H.3 Z;l F — H -§)} (744

|
(RIS, H) = ] p[ii(to)]. (7.45)

to=1

When combined with 7.44, and after some mathematical processing, thiswill yield
expression given in (7.43).

7.2.5 Log-Likelihood Function

The next step is to define the likelihood function that shall be used in the maximum
likelihood sequence decoding of ST codes. It is desirable that this function, f, hasthe
following additive property: the likelihood of the complete sequenceisthe sum of the
partial symbol likelihoods; that isto say [15]:

|
f = Z fn, (7.46)
t=1

where f,, represents an individual instant likelihood. Having this in mind, the most
suitable function is the natural logarithm of p(R|S, H), namely the log-likelihood
function, which is obtained by taking the logarithm of (7.43):

m PR
>0 ( )

j

M_

IN[p(R|S, H)] =
t

Il
iN

(7.47)
N 2
ri(t) — > hijsi(t)

I m
= ——In(2nN) =1
0 ZJZ; 2No

t=1
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with the first term being a constant, and the second dependent on the received signal
sequence, R, the transmitted code matrix, S, and the channel matrix, H. Thisfunction
isof vital important for decoding ST codes.

7.2.6 Maximum:-Likelihood Sequence Detection

The maximum-likelihood (ML) sequence detection in ST codes is performed by
maximizing the above log-likelihood function, that is the task is to find the sequence
§(t) that maximizesIn[ p(R|S, H)]I:

§(t) =ag max In[p(RIS, H)]. (7.48)

Thefirst term of (7.47) is constant, so it is rendered irrelevant in the maximization
process. Furthermore, the denominator of the second term is also unnecessary. The
maximization of (7.48) turnsinto the following minimization problem:

2

: (7.49)

ri®) = > hijs ()

i=1

§(t) = argrr;inz

|
t=1 j=1

which can be easily achieved with the Viterbi agorithm, using the following metric
to compute the ML path through the trellis:

| m
m(rj(t), s@®Ihi) => >

t=1 j=1

2
: (7.50)

r(t) = > his ()
i=1

withl<i<nl<j<mandl=<tc<l.

7.2.7 ST Codes Pairwise Error Probability

Consider that the code word s shown in (7.43) isinitially transmitted but the decoder
decodes erroneously in favour of the following decoded sequence e:

e=-e(Dex(l)...en(De(ex(2). .. en(2). .. el)exl) . .. enll). (7.51)

The probability of making such an erroneous decision, namely the pairwise error
probability (PEP), isgiven by [7]:

P(s — elhij) = P{m(rj(t), & (t)Ihij) < m(r;(t), s (t)Ihij)}, (7.52)

since the metric calculated for the erroneous sequence along the trellis must be less
than the metric worked out for the correct sequence in order to make the incorrect
decision.
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By applying a Chernoff bound [21] to the above expression, it turns out that the
PEP is bounded as follows[7]:

P(s — elhij) < E{exp(u[m(r;(t), s (OIhij) —m(r; ). e @)D}, (7.53)

where E{-} represents the expectation and p is a nonnegative parameter that must be
optimized in order to produce the tightest upper bound possible.
Replacing (7.50) into the above expression will yield:

I m n n

P(s— elhij) < [ [] ] Etexp(ulrj®) = Y _hijst)1> — ulrj) = > hija®)).
t=1j=1 i=1 i=1

(7.54)

After lengthy mathematical simplifications, which are presented in full detail in[7]
for the SISO channel (the only difference in this case is the different metric being
used), it is possible to reduce inequality (7.54) to an upper bound dependent on the
signal-to-noise ratio Es/Ng and the squared Euclidean distance between sequences s
and eonly [15]:

E
P(s — elhjj) < exp <—d 450) , (7.55)

where d?(s, €) will from now on be called the space-time squared Euclidean distance
(ST-SED) between code words sand e and is given by [15]:

m | n 2
d(s.9 =) > [ hist)-a®) . (7.56)
j=lt=11i=1
By defining v; = (hyj, hyj, ..., hpj) as the vector of associated channel gains of
receive antennaj, (7.56) can be rewritten as follows:
d*(s.€) = Z Z Z hijhr; Z (s —a®)Ns® — &), (7.57)

j=1i=1 =1

where X indicates the conjugate of complex number x. After some manipulation, the
distance turns out to be:

d*(s.€) = ) VjA(s e)v;, (7.58)

=1
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where v/; is the transpose conjugate of complex matrix v;, the matrix A(s, €) has
dimension n x n and the element at row p and column q is given by:

|
A = Y (Splt) — €p(OS(®) — €(0). (7.59)
t=1
We have from (7.55):
P(s— elhj) < [ Jexp <—Vj A(s, e)V] 4%70) (7.60)

j=1

Matrix A has some linear algebra properties [22] that are extremely helpful in this
context and will allow a mathematical interpretation of this expression for the PEP.
First, A is a Hermitian matrix because it is equal to its transpose conjugate matrix,
that isto say:

A= A. (7.61)

Furthermore, there is a unitary matrix U whose rows are eigenvectors of A and
constitute an orthonormal basis of C", the n-dimensional set of complex numbers.
There also exists a nondiagonal matrix, D, whose elements Ai(i = 1,...,n) are
eigenvalues of A, counting multiples, and which verifies the following equality test:

UA(s,e)U’ = D. (7.62)
At last, the matrix A can be decomposed in the following form:
A(s, e) = B(s, e)B'(s, ), (7.63)

where matrix B(s,e) has dimension nxl, and is made by the symbol difference between
the transmitted sequence s and the received code word e, as follows:

Fe(D) —si() e@—s(2) - - el) —su(l) ]
&) -1 e@)-%02) - - e(l)—-()

Bis,e) = | 81 —s(1) e&@-s02) - - el)-s0)|=c-s
Len(D) —s(D) en(@)—s(2) --- - ell)—s()

(7.64)

B is caled the square root matrix of A. Another important linear algebra property
isthat any matrix with a square root is always nonnegative-definite, so in this context
matrix A will verify the inequality:

XAX >0, V¥xeC". (7.65)
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It also follows that the eigenvalues of a honnegative definite Hermitian matrix are
nonnegative, therefore resulting in A’s eigenvalues A; being all nonnegative.

It is easy to see that the vectors vj as well as eigenvalues A; are time-dependant.
Now let’s definethe vector B = (u1j, p2j, - - ., unj) = VjU’. We can seethat u;; are
also independent complex Gaussian random variables of variance 0.5 per dimension.
Therefore, using (7.62):

Vi As, V)vi = v;(U'DU)v; = B;DB;

A 0 o0 0 72y,
0 » --- 0 /IZJ n
= (wijpzi-opnp) | 0L =20kl
. . . . . i=1
0 o - An lInj

(7.66)
Thus the probability of error is:

P(s — elhij) < [ Jexp (—4E—l\lso > |ui,-|2)- (7.67)
j=1 i=

We now examine two different cases:

1. If the random variables uj; have nonzero mean, then their modulus | ;| follows a
Rician distribution and, by averaginginequality (7.67) with respect to theserandom
variables uj, we get the following upper bound on the probability of error:

Es
m n Kii —A; n
1 YaN,™' Es 2
Ps—eh)<]]|]] E—&p EO ~IN > i w7
j=1\i=1 14+ — ) 14+ — ) 071
4Ng 4Ng

(7.68)

where Kj; is the Rician factor of |uij|. When taking the mean E (-) of inequality
(7.67), it isnecessary to work out the * moment-generating function’ of the random
variable |1} | which has a noncentral chi-square distribution.

2. If the random variables hjj have zero mean then the random variables pj; also have
zero mean. This is the case of independent Rayleigh fading and K;; = O for all i
and j. Hence, by replacing in 7.68, we now get:

m

P(s — elh;j) < ]_[; . (7.69)
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Let p betherank of the matrix A, it follows that exactly n — p eigenvaluesof A are
zero. Considering that the nonzero eigenvalues of Aare A4, A2, ..., A, and assuming
the signal-to-noise ratio E / Ng is high:

P(s — elhij) < (]_[ m) <%Z>_pm. (7.70)

i=1

L et us define the diversity advantage of an ST code as the power of the SNR in the
denominator of the expression given for the PEP bound. So a diversity advantage of
omisachieved in the above bound. Let us also define the coding gain of an ST code
as the approximate measure of the gain over an uncoded system that bears the same
diversity advantage. We can see that a coding gain of (AzAz...A,)% is obtained by
the multi-antenna system.

For the first case where Rician fading is present, the upper bound for the pairwise
error probability is very similar to the above, except for a correction factor in the
coding gain that depends on Kj;. The same diversity advantage is achieved. So, for
high SNR valuesin Rician channels, 7.68 is now reduced to:

—m Es —pm m P ke
P(s— ehj) <[] (E) [T]]e™ |- (7.71)
i=1

j=1i=1

Both matrices A and B have equal rank p, so thereisno need to calculate matrix A;
it is enough to know the code word-difference matrix B in order to get p and hence
the diversity advantage.

7.2.8 ST Code Design Criteria for Sow Fading Channels

The code design criteria for slow Rayleigh fading channels can be summarized as
follows:

 Rank Criterion: In order to achieve the maximum diversity advantage nm, the matrix
B(s, €) must have full rank for any code words sand e. Thiswill guarantee atighter
upper bound on the PEP of inequality (7.70).

 Product Criterion: If the system has a diversity advantage of pom, the minimum of
the pth roots of the product of the product of the nonzero eigenvalues of A(s, €)
taken over al pairs of different code words s and e must be maximized. That isto
say, the target is to maximize the coding gain G, defined as:

P
G=min| ” Al (7.72)
e (\ 11 )
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These criteria are valid only when full channel state information is available at the
decoder. They will assure the tightest upper bound on the PEP possible. The product
criterion is often called the determinant criterion.

In slow Rician fading channels the criteria are the same, with the only difference
being that the coding advantage to be maximized according to the product criterion

is (from (7.70)):
p m p 1/,0m
G =min ( l_[k) (]‘[]‘[eKJ) . (7.73)
sle \\i=1 i=1j=1

These criteria are only intended to be a guideline for ST code design. They are
not laws, are based only on upper bounds, and tighter bounds may be found later
on. Besides, the criteria work on the basis of making the bound as tight as possible,
which only happens when a given transmitted sequence s is confused with a decoded
sequence €; it could be that this occurrence seldom happens in practice and it might
be necessary to study the PEP bounds of sequence pairs (s, €) that are actually more
likely to be produced.

7.2.9 ST Code Design Criteria for Fast Fading Channels
The code design criteria for time-varying Rayleigh fading channels are similar to
those shown for dlow fading and are described as follows:

» Rank Criterion: Identical to criterion for slow Rayleigh fading channels.
Product Criterion: Slightly changes in the case of rapid fading. Here, in order to
achieve the highest coding gain possible, the minimum of the products:

I1 <Z|a(t)—s(t)|2>, 1<t<l

teO(s,e) \i=1

taken over all distinct code words s and e must be maximized, where © (s, €) isthe
set of time instances in which the code words s and e differ in at least one symbol.
If the system has a diversity advantage of pm, the coding gain G is:

n 1/p
G=min [] (Zla(t)—s(t)F) . (7.74)

s;ée teB(s,e) \i=1

7.2.10 Space-Time Ring-TCM Codes for QAM in Fading Channels

Space-Time Coded Modulation (STCM) has been implemented with awide variety of
modulation schemes. Most technical journal s/books available nowadays only describe
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the case where binary STCM uses phase shift keying (PSK) modulation, especially
QPSK and 8-PSK. In thisbook we consider non-binary coding (ring-codes) combined
with quadrature amplitude modul ation. We describe techniques to search for good ST
codes for 16-QAM for slow fading channels. The search was devel oped according to
a set of extended designed rules proposed in [7]. We assume QAM modulation with
sizesof 16 and 64 waveforms. Naguib et al. [23] employed the signal mapping shown
in Figure 7.13afor 16-QAM.

However, there are other mappings that yield increased Euclidean distances for ST
codes, as they provide higher values for the minimum determinant of the differential
code matrix taken over al pairs of possible code words. This improved 16-QAM
signal mapping is shown in Figure 7.13b and was originally proposed by Carrasco
and Farrell [13]. Figure 7.13c presents their proposed mapping for 64-QAM. The
improved mappings were designed by taking into account the isomorphism produced
by Z-numbers when considering phase rotations.

In Figure 7.13 every signal point is composed of a pair of Z-symbols, where the
leftmost symbol is the same for the four constituent signals of a given quadrant.
Within al quadrants the rightmost Z-number follows the same isomorphism. The
count goes up in one unit clockwise, starting at the upper-left corner point. The design
criteria for ST codes have been extended to refine computer code search and make
it more accurate. This complementary set of rules takes into account the calculation
of other parameters that are relevant in ST code performance. These parameters are
the average number of competing paths with minimum determinant A i, associated
with agiven path in thetrellis Np, and the average determinant A for all pairs of code
words. The design rules now have two new extracriteria. The four rules are presented
in hierarchical structure and are practical for use in code searches:

1. The minimum rank must be maximized. Ideally the code must have full rank n,
which is the number of transmitters. ST codes that do not possess full rank are
therefore discarded.

2. The codes selected are the ones that provide the highest minimum determinant
Anmin Of the matrix A(s, €) taken over all pairs of distinct code words, where the
matrix A(s, €) has dimension n x n and contains the symbol differences between
the transmitted sequence s and the received code e. The element at row p and
column g isgiven by [21]:

|
Apg = Y (Sp(t) — ep(t)) (5(1) — (1)), (7.75)

i=1

where () represents complex conjugation. A hierarchical code list can thus be
made, ordering them according to Apmin values.

3. In the case that two or more codes have the same Anin, the best code is the one
with the smallest N4, so codes are prioritized based on N 4.
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Table 7.6 Optimum ST-RTCM codes of modulo-16 for 16-QAM.

Code States Amin Na A

89/8 16 4 1.625 61.3
09/0 16 4 1.625 27.2
09/8 16 4 1.625 27.2
89/0 16 4 1.625 27.2
83/8 16 1 0.094 62.4
712/3 16 1 0.316 51.7
Tarokh et al. 16 1 1.25 27.2

4. If any two good codes dtill have identical Apin and N, the one with the highest
average A isfinaly chosen.

An exhaustive a priori search was conducted among all 16-state ST-RTCM codes
to find those that best satisfy these rules. Table 7.6 shows the best codes found with
their respective Amin, No and A; they are ordered from best at the top of the table to
worst at the bottom. All codes shown are of full rank, therefore yiel ding the maximum
diversity advantage nm, equal to four. All codesarewrittenintheform g, g,/ f1, where
g: and g, are the feed-forward coefficients and f ; is the feedback coefficient.

Note that codes 0 9/0, 0 9/8 and 8 9/0 have the same parameter values and must
have identical performance aswell. Thisis an indication of the existence of multiple
optimum codes. They are the best codes, together with 8 9/8, because their minimum
determinant isfour. No other codes can achievethis, all having aminimum determinant
of one. In spite of it not being an optimum code from the determinant criterion point
of view, the code 7 12/3 has been included for performance comparison with Naguib
et al. [23] and optimum ST-RTCM codes. It hasasmaller N, than Naguib’s code and
ahigher average determinant.

Figure 7.23 presents the simulation results for Naguib et al.’s code and the ST-
RTCM 8 9/8 and 7 12/3 codes for values of m equal to 2 and 4.The uncoded single-
channel 16-QAM curveisalso indicated. For two receive antennasand aBER of 102,
the89/8 code hasacoding gain of 1.8dB inrelationto Naguib et al.’s, while keeping a
gain of approximately 1.2 dB when compared with the 7 12/3 code. With four receive
antennas, the 8 9/8 now has a coding gain of 4dB in relation to Naguib's at 10~*
BER. This proves that the higher An,in isfor a particular code, the higher the coding
advantage will be when mincreases. Another conclusion drawn from the graph is that
7 12/3 performance is better than Naguib et a.’s, accounting for a 3.3dB margin at
SNRs greater than 20dB in a system with two transmitters and two receivers.

Both codes have full rank and minimum determinant, however 7 12/3 performs
better due to its smaller Np and bigger A, originating from the different code-to-
signal mapping used in the modulation of ST-RTCM codes. The ST-RTCM 8 9/8 is
the one with the best performance as it fully complies with the extended criteria: it
has the maximum A, of four and higher determinant average than the other three
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Figure 7.23  Error performance of ST-RTCM codeswith 16-QAM over slow Rayleigh fading channels,
130 symbols per frame, 4 bits/s/Hz.

codesthat al so present the highest A min. When more receiving antennas are employed,
Figure 7.23 shows alower probability of error for a given high SNR value due to the
increased diversity. Therefore the respective curve sinks sooner, with a pronounced
slope.

Figure 7.24 shows that the ST-RTCM code 213 132/3 with n = m = 2 performs
on the Gaussian bound until an SNR of 18dB. It outperforms code 25 12/47 by a

101

10-2

BER

1073

— Gaussian bound, 64-QAM
10-4 || —e-Uncoded 64-QAM, n=m=1
——-2512/ 47, n=m=2

213 132/3,n=m=2
-8-213 132/3, n=2, m=4

5 9 13 17 21 25
SNR, dB

105

Figure 7.24 BER performance of ST-RTCM codes with QAM over slow Rayleigh fading channels, 65
symbols per frame, 6 bitsHz, 25 12/47, 64-state, 64-QAM, 213 132/3, 4-state, 16-QAM.



278 NON-BINARY CONVOLUTIONAL CODES

Table 7.7 Comparison of ST codes with 16-QAM, 4 bit/s/Hz.

Code SNR (dB)
Delay diversity, m= 2 26
ST-RTCM 712/3, m=2 23.6
ST-RTCM 89/8, m= 2 21.4
Delay diversity, m= 4 17.2
ST-RTCM 89/8, m=4 132

margin of 7dB. Thisis dueto the high coding gain provided by the former, being an
optimized code; thelatter isnot an optimum code. The4-state codeisnot only superior
in performance but also has a lower complexity than the 64-state code. There must
be 64-QAM ST-RTCM codes of better performance than 25 12/47, but the computer
search is quite long due to the large number of different codes and is not of practical
interest since these 64-state codes are much more complex than 213 132/3.

Finally, 213 132/3 performance is also presented in a four-receiver configuration,
which is even better due to higher diversity. It is 11.5dB better off than the same code
used with m= 2.

Table 7.7 gives a brief summary of the simulation results obtained for ST-ring
TCM codes with QAM modulation over slow Rayleigh fading channels. Table 7.7
compares different ST codes that have a bandwidth efficiency of 4 bit/s/Hz, providing
SNR values that reach a BER of 10~* in 16-QAM simulations.

7.3 Conclusions

In this chapter we have introduced the concepts of convolutional coding and trellis
coded modulation. We have shown how TCM codes are not only bandwidth efficient
but also achieve good performance. Theideaof TCM has been extended for symbols
defined over rings of integers, which outperform binary TCM codeswith only asmall
increase in decoding complexity. The criteria for constructing good ring-TCM codes
have been given and a genetic algorithm has been presented as a search method for
finding good codes. We have shown how Ring-TCM codes are suitable for combining
with spatial-temporal diversity, resulting in space-time ring-TCM codes. The perfor-
mance of ST-RTCM codes were eval uated with simulation results over urban mobile
radio channels, and these performed well in the slow fading indoor and pedestrian
environments. Finaly, the design criteria were presented for constructing good ST-
RTCM codes and the performance of some new ST-RTCM codes were evaluated with
simulation results for QAM on slow fading channels.
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Non-Binary Turbo Codes

8.1 Introduction

One of the most important breakthroughs in coding theory was the development
of turbo codes by Berrou, Glavieux and Thitimajshima [1] in 1993. Turbo codes
are a parallel concatenation of recursive systematic convolutional codes separated
by an interleaver. They provide a practical way of achieving near-Shannon limit
performance by using an iterative decoder that contains two soft-input—soft-output
component decoders in series, passing reliability information between them. Origi-
nally, the component decoders used the BCJR algorithm [2, 3] or MAP algorithm,
but this was considered too complex for practical applications. A reduction in the
complexity of the MAP algorithm with only a small degradation in performance was
achieved by working in the logarithmic domain, resulting in the log MAP algorithm.
Simpler trellis decoding algorithms also include the max-log MAP algorithm and the
Soft Output Viterbi Algorithm (SOVA). Both algorithms perform the same as one an-
other, but do not perform as well as the log MAP algorithm. Turbo codes are used for
error-correction in 3G mobile communications and are now also used for deep-space
communications.

In this chapter, the binary turbo encoding and decoding processes are introduced,
with detailed descriptions of log-likelihood ratios, the MAP algorithm and the iterative
log MAP algorithm. This is followed by an introduction to non-binary turbo coding,
which is an area of research that has received very little attention, with only a few
papers published. Finally, we complete this chapter with an explanation of the non-
binary turbo encoder and decoder structure.

8.2 The Turbo Encoder

A turbo code is a parallel concatenation of two recursive systematic convolutional
(RSC) codes separated by an interleaver, denoted by I1. A general turbo encoder is
shown in Figure 8.1.

Non-Binary Error Control Coding for Wireless Communication and Data Storage  Rolando Antonio Carrasco and Martin Johnston
© 2008 John Wiley & Sons, Ltd
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Figure8.1 Turbo encoder.

The two encoders have code rates R; and R, respectively, and the overall code rate
R of the turbo encoder is given by:

_ RR
 R+R -RR

(8.1)

Usually the code rates of both encoders are the same and a parallel concatenation
of codes reduces the overall code rate. It is common to choose an RSC with code rate
1/2 as the component encoders result in an overall code rate of 1/3. We are not limited
to convolutional codes but could also choose block codes as the component encoders,
known as block turbo codes [2].

The upper encoder receives the data directly, while the lower encoder receives
the data after it has been interleaved by a permutation function, IT. The interleaver
is in general a pseudo random interleaver, that is it rearranges bits according to a
prescribed but randomly-generated rule. The interleaver operates in a block-wise
fashion, interleaving L bits at a time, and thus turbo codes can be viewed as block
codes. Since both encoders are systematic, the systematic output of the top encoder is
sent, while the systematic output of the lower encoder is not sent. However, the parity
bits of both encoders are transmitted. The overall code rate can be made higher by
puncturing, which operates only on the parity sequences — the systematic bits are not
punctured. The code rate of a rate 1/3 turbo code is typically increased to 1/2 by only
transmitting the odd indexed parity bits from the upper encoder and the even indexed
parity bits from the lower encoder.

8.2.1 Notation
In this chapter, we use the following notation for the turbo encoding and decoding
processes:

. vt(o) € {0, 1} is a turbo encoder output corresponding to an information bit at time t.
. vt(l) € {0, 1} is a parity bit from the first component RSC encoder.
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(2) € {0, 1} is a parity bit from the second component RSC encoder.
_ ) e {—1,+1},1=0,1, 2, is the mapping of v; M to the BPSK constellation, where
a§') =2v) —1.
v(®s'9) ¢ {0, 1} is the information bit corresponding to a transition from an initial
state S to the next state s.
v(:s'9) ¢ {0, 1} is the parity bit from the first RSC encoder corresponding to a
transition from state s’ to state s.
v(®s') ¢ {0, 1} is the parity bit from the second RSC encoder corresponding to a
transition from state s’ to state s.
al-s9) ¢ {—1, +1}isequal to 2v(-s"9 —1,i =0, 1, 2.
) is the received information bit, where ry (0) at(o) + ny and ny is an additive white
Gau55|an noise sample at time t.
Y is the received parity bit from the first RSC encoder, where r a{(”
rt(z) |s the received information bit from the second RSC encoder, Where rt()

=a® + 1.

Example 8.1: Binary turbo encoding: Figure 8.2 shows a turbo encoder with
(1, 5/7) RSC component codes with a pseudo random interleaver of length N =
5 bits. Therefore, the turbo encoder receives a 5 bit message x;, which is encoded
by the first component encoder to obtain a 5 bit parity output v; Y The message is
also interleaved H(xt) and encoded by the second component encoder to obtain the
5 bit parity output vt ). The turbo encoder output is therefore 15 bits long.

Let the message be:

X = [X1Xz, X3, X4, Xs] = [1,0, 1,0, 1].

The state table for the first component RSC encoder is given in Table 8.1.
The input sequence runs through the first RSC encoder with transfer function
G(D), resulting in a parity sequence:

(1) [vgl),vgl) vgl),vfll),vél)] [1,1,0,1,1].

Message Bits x, Vt(o)
VR
N> v
g t g Encoder
o Output
c
1 a
{3,5,1,4,2} c
D=l 3
TI(x) F E! 9 £ VPl @

Figure8.2 Turbo encoder with (1, 5/7) RSC component codes.
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Table8.1 State table for the first component RSC encoder

% g s V{(O.s’.s) vt(l,s’,s) a{(0,5’,5) a{(1,5’,5)
0 00 00 0 0 -1 -1
1 00 10 1 1 +1 +1
0 01 10 0 1 -1 +1
1 01 00 1 0 +1 -1
0 10 11 0 1 -1 +1
1 10 01 1 0 +1 -1
0 11 01 0 0 -1 -1
1 11 11 1 1 +1 +1

The sequence x is also passed through an interleaver or permuter of length
N =5, denoted by IT, which produces the permuted output sequence x’ = TI(X) =
[1,1,1,0,0]. The sequence X is passed through another convolutional encoder
with transfer function G(D), which produces the output sequence:

Vt(2) _ [ng), ng), ng), V[(12)’ VéZ)] — [1, 0,1,1, 1].
The three output sequences are multiplexed together to form the output sequence:

0 1 2 0 1 2 1 1 2
ve = [(vi? v v?), (v v ) (v ve )]
=[(1,1,1).(0,1,0), (1,0, 1), (0, 1, 1), (1. 1, 1)]

Assuming BPSK modulation with Es = 1, the mapped output a; will be:
a = [(+1, +1, +1), (-1, +1, -1), (+1, -1, +1), (-1, +1, +1), (+1, +1, +1)] .

8.3 The Turbo Decoder

The near-Shannon limit performance of turbo codes is accomplished by their itera-
tive decoding algorithm. A general block diagram of the turbo decoder is shown in
Figure 8.3. The idea of the turbo decoding process is to extract extrinsic information
from the output of one decoder and pass it on to the second decoder in order to improve
the reliability of the second decoder’s output. Extrinsic information is then extracted
from the second decoder and passed on to the first decoder to improve the reliability
of first decoder’s output. This process is then repeated until no further gains in the
performance of the turbo decoder can be achieved.

The turbo decoder takes as its input the reliability values of the systematic in-
formation, rt(o), the parity bits from encoder 1, rt(l), and the interleaved parity bits
from encoder 2, rt(z). Turbo decoding is a two-stage process consisting of two soft-
input—soft-output decoders in series. The first decoder takes rt(o), rt(l) and prior in-
formation from decoder 2, which initially is zero. The output of decoder 1 is the
reliability of the systematic information. The prior information from decoder 2 and
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Figure8.3 Turbo decoder.

the reliability values of the systematic information are subtracted from the decoder
output, leaving extrinsic information, which is interleaved and becomes the prior
information for decoder 2.

Decoder 2 now takes the interleaved systematic information, the reliability values
of the interleaved parity bits rt(z) and the prior information from decoder 1. The output
is the reliability of the interleaved systematic information. The prior information and
the reliability values of the interleaved systematic information are subtracted from
the decoder output, resulting in extrinsic information, which is now deinterleaved
to become once again the prior information for decoder 1. This is called a decoder
iteration, where after each information the prior information to both decoders becomes
more reliable, thus improving the reliabilities of the decoder outputs. After each
iteration, the improvement in performance becomes less until it converges and no
further improvements can be achieved. Alternatively, instead of feeding back the
extrinsic information to decoder 1, the output of decoder 2 can be deinterleaved to
give the reliability of rt(o). A hard decision can then be made to recover the systematic
information.

8.3.1 Log-Likelihood Ratios (LLRs)

One measure of the reliability of a variable is to calculate its log-likelihood ratio
(LLR). For some variable u, its LLR L(u) is defined as:

Pu= +1))’

U= D) (8.2)

L(u) = In (
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where P(u=+1) =1 — P(u= —1). We can see thatif P(lu=+1) = P(u= —1) =

then L(u) = 0, that is the reliability of uis zero. As stated previously, the turbo decoder
takes as its inputs the reliabilities of the systematic information and parity bits from
encoders 1 and 2. If we define the received systematic information bit at time t as r(o)

then:
( (0)| 0) _ _|_1)
((0)| (0)) In ( ((O)I @ _ 1) . (8.3)

For the AWGN channel and BPSK modulation with constellation points at +./Es:

1o (1O-vE) 2ot

(0) 0) _ o2n
lag’ = +1
( ) ﬁe—(rfo)-&-«/?s)z/zﬁ_i_#Ee—(rt(o)—\/?s)z/&rz
L1 (1O4vE) 20
((O)I © _ 1) = o 2;12 .
#gef(rt(o)ﬁ/?s) QUZ—i—#Ee*(r‘(OL‘/E) /252
Therefore:
(rO_ /) 120
I P(r”1a® = +1) BT tP-/e) i (e (O-vE) 207
n O, 30 _ n . nle
P18 = 1)) "\ g () e

—In (e‘(r50)+¢?s)2/202>
_(rt(O) _ \/E)Z ( © 4 \/—)

202 202
212(( )+ 2VEr® — 1+ (1) + 2/Ex® +1)
2\/_I’(0)
o2

The term %F is called the channel reliability and denoted by L.. Therefore:

_2JEs ©
L(r®1a®) = Ler® rt - (8.4)

The output of decoder 1 is defined as:

0 _
L(at(o)|r):ln<|:)(at _+1|r)>, (8.5)

P(@®=-11r)
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Figure8.4 A more detailed diagram of the turbo decoder.

where r is the received vector. Finally, the prior information into decoder 1 is the
deinterleaved extrinsic information from decoder 2.

O _
L1(a®?%) = Le,(M(a®)) = In (%) : (8.6)
Therefore, the extrinsic information from decoder 1 is:
Le (8”) = L1(a©@ 1) — L1(a®?) — L. 8.7)
Similarly, the extrinsic information from decoder 2 is:
H(La(afo))) = H(Lz(at(o) Ir)) — H(Lz(at(o))) — H(Lcrt(o)). (8.8)

A more detailed block diagram of the turbo decoder showing the different LLRS is
given in Figure 8.4.

When no more iterations are required, a hard decision is made on L(afo) [r) from
the deinterleaved output of decoder 2, depending on the sign of the LLR.

v =0

0
a©® 1 (
.‘.Vt(o) =1

a = +1

If sign(L(a®r)) <o,

If sign(L(at(O) Ir)) =0, (89)

8.3.2 Maximum A Posteriori (MAP) Decoding

The BCJR or MAP algorithm was originally presented coincidentally in [2] and
[5], and later in [3]. It is a modified version of this that is used by each of the
component decoders of the MAP turbo decoder. This algorithm is used to perform the
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symbol-by-symbol MAP decoding referred to earlier. The turbo decoder’s decision is
whether V¥ = 1 or 0.

Itis presumed that V; 00 = 1|f P(as O = =4+1(r) > P(a{ = —1r)and that V; 09 =0
if P(a{) =1|r) > P(a{ =+1]r).

Put more simply, it can be said that the decision V, A(O) is given by:

0O = sign[L(at(O) )] (8.10)

The state transitions within the encoder’s trellis are governed by the transitional
probabilities:

P(s,s)=P(s;1=s|s=5), 0<s,8 <Mg—1. (8.11)

The posterior probabilities can be defined as:

P(at(o):—llr): Z P(s =S, S41=5S]|r)

(8,5 €S
PE? =1 = 3 Pla=s.s5a=sn

(s',s)eSt

which can be modified using Bayes’ theorem to:

P(s =9, =sr
PE? = 1))=Y 78 50 )
p-

P(s =9,8:1 =5
P = +11n) = 3 FE=S R =00,

(8.12)

st

where s, € Sis the state of the encoder at time t, St is the set of ordered pairs (S, S)
corresponding to all state transitions (s = S) — (S+1 = S) brought about by the data
input vt( ) = 1, and S~ is defined in the same way for vt( ) = 0. The received noisy

code word is expressed asr = (r1, r2, ..., rn). Therefore, (8.5) can be rewritten as:
> (P(sa=s.s11=5s7T)
L@®|r) = In | &2 . 8.13
@) > (P(s=¢8,811=57T) (8:13)
(s,8)eS—

Consequently, the joint probability:
P(s,s,r)=P(s41 =5, =95,r), 0<s,8 <Mg—1. (8.14)
(8.13) can then be rewritten in the following form:

Pls=5,%1=5T1)=P(&=5,%1=5" It l~t). (8.15)



THE TURBO DECODER 289

Applying Bayes’ theorem, this becomes:

P(s=S,841 =81, ;=) =P(§ =5,541 =S, TI)

X P(rot|s=5,541=8"T,T1)
=P(s=5.511=ST)P-t|s=9).
=P(sp1=srils=s)P(s=5,r4)

X P(rot|s=5,541=5r,Tt)

(8.16)
(8.16) is now expressed in terms of three probabilities:
at(s) = P(s =95, r.y), (8.17)
Br41(S) = P(r-t|s =), (8.18)
n(s,s)=P(s1=srils=5). (8.19)
This gives:
P(st =S, 811 =S, T<t, It, Tot) = ot (S) Brr1(S)ne (s, S).
Therefore (8.12) can be written as:
, )Z . at(S) - Br+1(S) - n (s, 9)
L@@ |r) = In | 528 (8.20)
@) Y a®) hnl) nE-9
(s',s)eS—

The values of a(S), Bi+1(S) and y(s, s) can be determined by forming recursive
relationships. To determine a,1(S):

ot41(S) = P(St41 =8, Fct41) = P(S41 =8, 1<, 1't)

Ms—1

=Y P(ama=sr.5=5.r4)
=0
M—1

- Z P(s =S, r«)P(st1=srilss=5,r)
= . @821
M—1

=) P(a=s,r)P(Em=srls=5s)
s'=0
M—1

= Z ot (S)n (s, s)
s'=0
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To determine Bi(s):

Bi(s) =P(rot1lss=8) =P, ri|ss =9)
Ms—1
=Y P(rot.M.S41=5[8=5)
s=0
Ms—1

=Y P(.ss=5|s=5)P(rt|r. 51 =55=5)
par . (822
Ms—1
= Z P(ri,s+1=s|s =s)P(r-tIs4+1=9)
s=0
Ms—1

= Z (S, 9)Bt+1(s)

s=0

Finally, to determine y(s, 9):

n(s s)=P(si=srils=5)=P(ri|s =5,541=9)

P& =8.511=9), (8.23)
2
1 _ 1 t—+/Es (GR)
Prils =s,s41=5) = —e< i ) (8.24)
2m o2

AT
e 7 .
V2mo?

We can simplify (8.23) by assuming that if each information bit is equally likely
to be a 0 or a 1 then all states are also equally likely and P(s =S, 541 =5) isa
constant. Therefore:

n(s,s)=P(s=5s,541=9) (8.25)

/.S 2
(s, s) = o~z lrvEatal) (8.26)

2mo?

8.3.3 Max-Log MAP

The amount of memory required, and the number of operations involving exponential
values and multiplicative procedures, means that the complexity of the MAP algorithm
becomes prohibitive when implementing a turbo decoder. The system can be simplified
by employing the logarithms of the probabilities defined in (8.16), (8.17) and (8.18)
and thus transforming any multiplicative operations to summations. This gives the
following:

a¢(S) = Inoy (8, (8.27)

Bi(S) = In B (s), (8.28)
n(s,s) =Inn(s,s). (8.29)
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This means that, with reference to (8.20), a1 1(S") becomes:

Ms—1 Ms—1
%7i(s) =1n (Z a(S)ns, s)) =In (Z e(&“s’)”‘(g’s») . (830

§=0 §=0

To evaluate (8.28) we can use the following approximation:

In(e" +e2 4+ ... +e)~ max 5. (8.31)
1=1.Z,...,n
Therefore:
Ms—1 B .
m(sl) —1In (Z e(at(S/)Jth(s’,S))) A~ max {&I(S/) + );t(s/, S)} ] (832)
s/
s'=0
Similarly, for ;(s):
Ms—1 Ms—1 )
Bi(s) =In <Z (s, s)ﬂt+1(s)> =1In (Z e(Vt(S”SHﬂM(S))
=0 _ §'=0
~ max {n(s. s) + ()} - (8.33)

Finally, for 3¢(s, s):

_ 1 (- levEasl)
s,s)=In e\ »
7.9 (m

1 (_A = VEa®d 2)
=In ( ) +lne\ ¥V
\2mwo?
1 1 7 2
=0 ege) ~ gl VBT
By neglecting constants we obtain:
A Y (s,9) |2
t P — . .
n(s,s) re — v Esa®?| (8.34)

Inserting these values into (8.20) yields:

et (S)+71(8.9)+Brs1(9)
(s,8)eSt

L@ r) =1 S— 8.35
(at |r) f Z @t(s)+71(8,8)+Br11(s) ( )
(s,9)eS™
(8.34) can be estimated as:
0) ~ — (o — (o o
L(a 1) ~ max [7(S9) +@(S) + Bra(s)]
— max [7(s, ) +@(s) + B1(9)]- (8.36)

(8,5 eS
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8.3.4 Log MAP Algorithm

The max-log MAP algorithm approximates the log-likelihood ratio L(at(o) [r), and is
therefore suboptimal. The log MAP algorithm instead uses the Jacobian logarithm [6]
to improve the log-likelihood ratio and therefore improve the decoding abilities of the
algorithm with only a small increase in complexity:

In(e™* + €2) = max(81, 8,) + In(1 — e~ 1%27%1), (8.37)

8.3.5 Iterative Log MAP Decoding

If we assume that the encoder is systematic with a rate R = 0.5 then the received
vector r at time t can be expressed as ry = (r{%, r{Y), where r? is the information bit
and r ) is the parity bit.

(8.22) can then be written as [7]:

Vt(s’ S/) = P(rt0| S T s, S+1 = S)P(S[+1 =SS = S/)
=P 118 =8 8y =9)Plsys = 5.5 = ). (8.38)
= P("t( )’ rt( ) IS =S, S = S)P(a{( ) _ a(o,s,s))

Since sy is determined by a©s'9, P(si1=s|s =5) = P@? = a0s9).
Therefore:

PrO s =9,51=9=Pr® s =5,a0 =a0%9).  (8.39)

©

Since the encoder is systematic, ry ) is independent of the state transitions and only

dependent on the input:

P(rt(o), rtl) s = a{(O) — a(O,S’,s)) _ P(r(o) | O))P(r (1) s =9, St = S)
— p( (0)| (0)) ( r@ | & O _ a(l,s’,s))

(8.40)
Substituting (8.38) into (8.36) gives:
n(s,9) =P r |5 =, 5,1 =9)P(a” = a®s9)
8.41
PO vO)P(r® o = als9)p @O — 40 y (8.41)
)7t(3’, s) = [ ((0)| (0)) ( (1)| 1 _ — alts, S))Pga{(O) a0.s. s))]
=InP(r?1a? =als9) £ InPrPal) =ats9) . (8.42)

+ In P(a{(O) = a0s9)

-1) P(at

From (8.5):
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L) _ _P@EY=+1)

= 8.43
1-P@” =+1) (843
L (5)
P = +1) = —° — = L e (8.44)
R CICORNE WS Y
Similarly:
P(@® = +1 1-P@EY=-1
Ll(Vt(O)) =1In M =In (Oa{ )
P(a” = 1) Pl = 1)
- . (8.45)
eL1(af°)) _ 1- P(a{ = —1)
Pl = 1)
1
PY=-1)=—F—. (8.46)
1+ e (@)
In general:
7L1(at(0)) 0.5.9)
, e 2094 (d%)
P(a® = a®9) = e (8.47)
1+e =
~u@?)
The term —£—= - is independent of a9 and can be taken out so we obtain:
ez
/ 089 (0)
in (P(al® = 05y = - La@T) (8.48)

2

We can derive similar expressions to determine In P(r(o)l © =a®s9) and
InPr®|a® = a®s9) using (8.3):

(0) (0) -1 r© (0) 1
'n< u (0)| © )> = '”( il (|0) Q) ) ) = Ler”
P(r” la” =0) 1-P(r &~ =1)

( (0)| © _ 1) E‘Lcl’t 1

1+ eter” N 14 et

Also, P(r? |a® = 0) = —L . Therefore:
14etett

e 2 a(o,s’,s)l_crt(o)

Pr)a® = a®s9) =
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Again, ignoring the constant term we obtain:

a(0.s.9) Lcrt(o)

In(P(r?a® = a%ss)) = > (8.49)
In the same way:
, als.9) L r(1)
In(P(r{"|af = als)) = — (8.50)
Substituting (8.46), (8.47) and (8.48) into (8.40) gives [7]:
_ a0s9L,(a®) 059 (O gass O
(s, s) = 1(a’) ot 4 °cr (8.51)

2 2 2

8.4 Non-Binary Turbo Codes

Extending binary turbo codes to non-binary turbo codes [8, 9, 10] can be considered
less complicated than the extension of binary LDPC codes to non-binary LDPC codes.
In particular, the principle of the non-binary turbo decoding algorithm remains the
same. One of the main differences is the trellis diagram associated with a non-binary
convolutional code, which has more branches leaving and entering nodes in the trellis,
resulting in more paths and higher decoding complexity. Secondly, an increase in the
size of the alphabet means that the reliabilities of these extra symbols must also be
considered. The non-binary turbo encoder has the same structure as the binary turbo
encoder in Figure 8.1, with the component encoders being replaced by RSC codes
defined over aring of integers Zq, where g is the cardinality of the ring. The non-binary
turbo encoder is given in Figure 8.5.

The message symbols x; and the turbo encoder output symbols vt(o), vt(l), vt(z)
now defined over Zg.

are

0
Message Symbols x, Vt( )
@)
g-ary RSC Vi U Encoder
Encoder 1 [
S Output
(@] —
—
c
Interleaver =.
n a
2
TI(x) g-ary RSC Vt( )
Encoder 2

Figure8.5 The non-binary turbo encoder.
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Example 8.2: Non-binary turbo encoding: A non-binary turbo encoder defined
over Z4 with 23/1 RSC component encoders is shown in Figure 8.6.

v@
Message Symbols x, t
@)
V,
L1 | Z
L o
I g Encoder
{3,5,1,4,2} 3 Output
—
c
=.
T1(x,) 8
(2)
Vl

Figure8.6 Non-binary turbo encoder with 23/1 RSC component codes.

Let the message be x; = [X1 X2, X3, X4, X5] = [1, 2, 3, 3, 3]. The state table for the
first component 23/1 RSC encoder defined over Z, is given in Table 8.2.

Table 8.2 State table for the 23/1 RSC code.

Xt s s v(0:5.9) v(L.s9)
0 0 0 0 0
1 0 1 1 2
2 0 2 2 0
3 0 3 3 2
0 1 1 0 1
1 1 2 1 3
2 1 3 2 1
3 1 0 3 3
0 2 2 0 2
1 2 3 1 0
2 2 0 2 2
3 2 1 3 0
0 3 0 0 3
1 3 0 1 1
2 3 1 2 3
3 3 2 3 1
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The input sequence runs through the first RSC encoder, resulting in a parity
sequence:

v = v v v VP v = 2,1, 1,0, 3],

The sequence X; is also passed through the interleaver of length N = 5, which
produces the permuted output sequence x{ = T1(x;) = [3, 3, 1, 3, 2]. The sequence

X{ is passed through the second convolutional encoder, which produces the output
sequence:

v = [v§ v V§2),V§2),V§2), (2)] ~[2.1.0.1.2].
The three output sequences are multiplexed together to form the output sequence:

0 1 2 0 1 2 0 1 2
ve=[(v7 v v () v V) (v v )]
—[(1.2.2). (2.1.1). (3.1.0). (3.0, 1), (3.3. 2)]

8.4.1 Multi-Dimensional Log-Likelihood Ratios

The binary log-likelihood ratio is a measure of reliability and is defined as the natural
logarithm of the ratio of the likelihood of an event being 1 to the likelihood of the
same event being 0. However, if we expand to a ring of integers Zq we must consider
the reliabilities of the other symbols too. The LLRs for an event u being an element

in Z4 are [10]:

L@(u) = In (H) (8.52)

. P(u=3)
LOW) = In (m) .

The output of decoder 1 is therefore defined by the multi-dimensional LLR:

L(3)(Vt(0) Ir)=1In (H)} (8.53)

where r is the received vector. In the binary case, the sign of the LLR was used to
make a hard decision on the decoded symbol. A negative LLR corresponded to a 0
and a positive LLR corresponded to a 1. This is also true for multi-dimensional LLRs.
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If In(E(E (2))) is negative, the hard decision will be u = 0; if it is positive the hard

deC|5|on WI|| beu=2.
In the non-binary turbo decoding procedure, the prior information into decoder 1
is the deinterleaved extrinsic information from decoder 2.

(L 00). LPO0). L)
= (LOMH W), LA WO)), LY (W)} (354
Therefore, the extrinsic information from decoder 1 is:
LOWM) = LOM® 1) LOW) — LOEO v0)
LOWVD) =L (VO 1) = LP?) — LOr O v?) (8.55)
LOM?) = LM 1) ~ LOM?) — LOGO 1),

Similarly, the extrinsic information from decoder 2 is:
L) = L0 1)~ LO ) L 1)
LAONVO) = LAV 1) — LAVO) — LA |v®)) (8.56)
LOM?) = LEMO 1) - LY () — L (112 1v)).

8.4.2 Non-Binary Iterative Turbo Decoding

Now that all the necessary multi-dimensional LLRs are defined we can present the
non-binary turbo decoder. The complete non-binary turbo decoder over Z, is shown
in Figure 8.7.

A hard decision is made on the multi-dimensional LLRs from the deinterleaved
output of decoder 2.

If sign(LOWV?r)) <0, v =0

) . 8.57
If sign(LOM[r)) >0, v® =i, where i=12...,q-1 (8:57)

Hence, there are q — 1 candidate values for the decoded symbol. The most likely
element is determined by comparing each LLR value L®(v; |r) and choosing the
LLR with the largest magnitude (the highest reliability).

One concern with regards to using q — 1 LLR values of the form In(g(b‘ (')))
i=12,...,9—1is that we only have a measure of reliability of the nonzero
elements with respect to zero, and not to each other. For the case of element in Z4 we
would have the extra LLRs:

(pe=) "(sa=n) "(Fuz)
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L<11) (Vt(O) ) L(elg) (H (vt( 0 ))
o) ()
I-(13) (V[(O) ) L(i) (H (V‘(O) ))
It
O (L0(1)
e 0)
) e |[L0e) | (Lt ) | 2 EE(% i
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Figure8.7 The non-binary turbo decoder defined over Z,.

Including these extra LLRs in the decoding procedure will provide more informa-
tion about the reliability of each symbol, but the number of extra LLRs will increase
exponentially with increasing alphabet size.

8.5 Conclusions

This chapter introduced the concept of non-binary turbo encoding and decoding
defined over rings. It can be seen that the non-binary turbo encoder structure is the
same as the binary turbo encoder structure, with non-binary RSC codes replacing
the binary RSC codes. Non-binary turbo decoding was explained by first introducing
multi-dimensional log-likelihood ratios. Essentially, the principle of non-binary turbo
decoding is the same, with the exception that we must now process an array of LLR
values for each nonzero element in the ring, instead of just one.

Non-binary turbo decoding is an area of coding theory that has not received much
attention in the literature, most likely due to the extra complexity in implementation.
However, with non-binary LDPC codes recently becoming more popular, we would
expect non-binary turbo codes to perform just as well and this would be an interesting
area of research for the future.
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