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ABSTRACT

In mass storage systems or certain transmission channels, such as optical data storage and non-
volatile memory (flash), noise or interference is not the only disturbance during the data transmis-
sion, the error performance sometimes can be seriously degraded by the phenomena of unknown
channel offset (drift) or gain mismatch, this is because the conventional minimum Euclidean dis-
tance decoding, where the receiver picks a codeword from the code book to minimise the Euclidean
distance with the received codeword, doesn't offer resistance for the offset and gain mismatch. As
a alternative to the minimum Euclidean distance detection, a new distance called Pearson distance
and the Pearson-distance-based detection are introduced by Immink and Weber[1], where the error
performance is immune to unknown offset and/or gain mismatch but more sensitive to the noise
than the traditional Euclidean distance detection. In addition, the Pearson-distance-based decod-
ing can only productively used for sets of q-ary codewords with some specific properties, which is
a new class of code called Pearson code. Therefore, to make the Pearson-distance-based detection
more applicable against the channel noise, it is crucial to improve the error control capabilities of
Pearson code.

In this thesis, we will investigate the performance of different Pearson codes in the Pearson-
distance-based detection for offset-only mismatch case and offset-and-gain mismatch case. We
will analyze the factors that can reflect or affect the performance of the Pearson code by studying
the relations between Pearson distance and Hamming distance. The simulation results will be com-
pared and discussed, the advices for improving the error control capability of the Pearson code will
be given according the factors we found.

Keywords: noise, offset and gain mismatch, performance, error control capacity, Pearson dis-
tance, Pearson code
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INTRODUCTION

In recent years, with the rapid development of large-scale, high-speed data networks for com-
merce, government, and military use, reliable and efficient data transmission and storage technol-
ogy becomes more and more important for the growing demand of digital transmission and storage
systems, for example, cellular telephony and Blu-ray Disc. In telecommunications, code is a sys-
tem of rules to convert the information-here we are talking about digital data—into another form or
representation, and coding theory is the study of the properties of different kinds of codes and their
fitness for a specific application.

data storage

:

data
transmission

data
transmission

= [—
) 8
EBJ:_i % ‘ i

.....

Figure 1.1: The data transmission and data storage in large-scale networks

There are four types of coding[2]: source coding, channel coding, cryptographic coding, and
line coding. The source coding(3], also called data compression, attempts to compress naturally
redundant source data for efficient transmission or storage, for example, Zip data compression.
Cryptographic coding is a technique for secure communication which can protect the private data
from third parties, it applications are ATM cards, computer passwords, etc. The line coding is a code
chosen scheme for use within a telecommunications system for baseband transmission purposes,
it is widely used for digital data transport. In this thesis report, we focus on the channel coding.
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As we know, Shannon published an article[4] in 1948 about how best to encode the informa-
tion a sender wants to transmit. He demonstrated that, by proper encoding of the information,we
can reduce the errors caused by the channel to any desired level without sacrifice the information
transformation rate, as long as the information rate is less than the channel capacity. Therefore, the
channel coding for error control has become an essential part of modern communication technol-

ogy.

1.1. CHANNEL CODING

In digital communication systems or storage systems, a channel, by definition, is the physical
or logical link that connects a data source to a data sink, or a storage which can communicate a
message over time as well as space. As we can see from the Figure 1.2 below, the source encoder
transforms the source information, which could come from a person or machine, into a binary dig-
its sequence called information sequence, then the channel encoder transforms the information
sequence into encoded sequence called codeword sequence. The modulator transforms the code-
word sequence into wave which is suitable for transmission in the channel, after the transmission,
the de-modulator transforms the received wave into the same form of codeword sequence called
received sequence. Then the channel decoder transforms the received sequence into estimated in-
formation sequence, and the source decoder transforms the estimated information sequence into
a estimate of original source information. In the ideal condition, the estimate is a reproduction
of the original source information. However, the channels are always not noise free, and noise
can bring randomness or unpredictability errors into the transmission information sequences, and
sometimes lead to a wrong estimate of original source information for the destination.

e o
4

noise

e

3
o fom iy o i |

Figure 1.2: Block diagram of a typical data transmission or storage system

Therefore, a major concern for these systems is the control of data errors during transmission or
storage in the channel so that the data can be reliably reproduced. There are various coding meth-
ods to deal with the transmission errors, the very simple way is asking for data retransmission if
the receiver found there are errors occur during the transmission, which is called automatic repeat
request(ARQ) and could be costly or impossible sometimes. While channel coding, is a forward
error correction (FEC) technique, which combines communications and computer technology, it
encodes the information data in the beginning, and enable the receiver to detect and correct a lim-
ited number of errors to recover the original data after a transmission from the source to the sink
or written and read in a storage device without retransmission. Different from the source coding,
channel coding systematically add redundancy to the data to ensure maximum possible rate trans-
missions with as few errors as possible.
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1.2. ERROR CORRECTING CODE

The error-correcting code is such a special algorithm for the encoding process of channel cod-
ing. The most famous error-correcting code was was invented by a mathematician named Richard
Hamming in 1950, known as the Hamming code, and it belongs to the family of block code. When
the sender wants to transmit a very long data stream, he will break the long data sequence into
pieces with fixed lengths, which is called message, and the block codes encode each message into
a individual block called codeword, after the transmission, the receiver can decode the blocks back
to original messages. Hamming code one of the block codes that entails the inclusion of additional
redundant digits which is called parity bits in the original message, and calculating the parity of
the received block sequence on the receiver end can reveal whether there are any errors, where the
errors are located, and how to recover the original message. Here a concept named distance (usu-
ally is Hamming distance) is introduced, which is a important factor of the quality of block code, it
measures the minimum number of substitutions required to change one codeword into the other
codewords, or the minimum number of errors that could have transformed one codeword into the
other codewords. Therefore, it determines error-correct ability of a block code, and we will intro-
duce different kinds of distance in the next chapter.

The idea behind of channel coding is so crucial because of the inevitable occurrence of different
kinds of errors during the transmission on any given type of communication channel, and the errors
mostly come from noise or interference in the channel, for example, the additive white Gaussian
noise(AWGN). But in some practical cases, noise is not the only issue in the channel, two common
physical factors called offset and amplitude(gain) mismatch may also hamper the reliability of com-
munication or storage systems. Here the offset refers to the shift of all information bits value during
data transmission or storage, and the gain refers to an amplification factor of the amplitude of all
information bits value during data transmission or storage. Note that unlike the random noise, both
gain and offset do not vary from bit to bit, but are the same for the whole block of the transmission
bit string.

1.3. RELATED RESEARCHES

There are many examples about the channels with offset and gain mismatch. In wireless com-
munication channels, fading, which may either be due to multipath propagation(multipath in-
duced fading), or due to shadowing from obstacles affecting the wave propagation(shadow fading),
is deviation of the attenuation(unknown gain) of the signal that varying rapidly. In baseband trans-
mission channels, the incoming signal power is evaluated against the baseline (a running average of
the received signal power), baseline wandering(a offset in the baseline) can be caused by the attenu-
ation of the low frequencies of the channel. In Non-volatile memories, like the ‘EPROM’ (Electrically
Erasable Programmable Read-Only Memory), data is stored as charge by use of floating gate tran-
sistors, which can leak away as the time elapsed between writing and reading the data, therefore,
in aging devices, this may leads to offset of threshold voltage of the memory cells, and the offset
of the different groups of cells could be very different. In optical disc media, such as Compact
Disc, DVD, and blue-ray disc, the retrieved signal depends on the dimensions of the written fea-
tures and upon the quality of the light path,fingerprints and scratches may result in rapid offset and
gain variation[5].

The paper|[1] shows that unknown channel gain and offset mismatch may lead to a massive per-
formance degradation when using traditional detector based on thresholds or the Euclidean dis-
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tance. In the prior art, various methods have been proposed to solve this issue. The first method
uses data reference[6], which is two reference symbol values, in each codeword, where the first sym-
bolis set equal to the lowest signal level and the second symbol equal to the highest signal level. The
positions and amplitudes of two reference symbols are known to the receiver, the idea is using these
reference data to teach the data detection circuitry the momentary values of the channel’s charac-
teristics such as impulse response, gain, and offset. So the receiver can directly measure the am-
plitude of the retrieved reference symbols and normalize the amplitudes of the remaining symbols
of the retrieved codeword before applying detection.The second method is called rank modulation
scheme, which is used for the multi-level flash memory cells, in this scheme, information is stored
in an ordered set of muti-level cells in the permutation induced by the charge levels of the cells. So
it allow the decrease of all the charge levels in a block of cells by a constant(like the data reference
in the first method) amount smaller than the lowest charge level, which would maintain their rela-
tive values, and leave the information unchanged(7], Thus it can overcome the difficulties in flash
memories having aging offset levels. Another prior art method in [8] shows that an code book where
all codewords have equal balance and energy (BE constraints) has an intrinsic resistance against
unknown gain and/or offset, which is called constant composition code and specialize to constant
weight codes in the binary case, however, the redundancy price of these codes is unattractively high
for small codeword length.

1.4. MOTIVATION

In arecent contribution[1], Immink & Weber advocated Pearson-distance-based detection, which
uses Pearson distance instead of Hamming distance(or Euclidean distance) and is immune to un-
known offset and gain mismatch, the Pearson distance comes from the Pearson product-moment
correlation coefficient[9], which can reveal the linear dependence between two codewords. How-
ever, not every block code can be used for the Pearson-distance-based detection. So in[5], they came
up with new codes called Pearson codes which can be perfectly applied in the Pearson-distance-
based detection, whose redundancy is much less than that of balanced codes, and we will introduce
it in the next chapter.

The Pearson codes have huge advantages over the other codes when there are offset and gain
mismatches in the channel, however, they are still very sensitive to errors. The single Parity Check
Pearson codes introduced by Immink and Weber[10] have better error performance and it is very
potential to be improved. Thus it is very promising to design and optimize the Pearson code with
more error correcting capacity and make them more applicable. In this report, we will analyze and
simulate the performance of different Pearson codes and solve these questions: which properties of
a Pearson code can have effect on its Performance in the channel with offset and/or gain mismatch?
code length? code rate? or Hamming distance? is there any relations between Hamming distance
and modified Pearson distance/Pearson distance? if so, can we improve a Pearson code according
one of these factors?

1.5. THESIS OUTLINE
The outline of this thesis report is as follows:

Chapter 1 introduces the background of error control coding techniques, and the practical is-
sues caused by channel offset and gain mismatch in different fields of the industry, then shows
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different methods proposed in related literature and the advantages of Pearson distance detection
compared with other methods.

Chapter 2 introduces associated basic concepts of error control code such as Hamming dis-
tance, Euclidean distance, Pearson distance, Modified Pearson distance, Word error rate etc. and
shows the minimum distance decoding computation for the traditional Euclidean distance detec-
tion.

Chapter 3 focuses on the offset-only minimum Modified Pearson distance detection and com-
pares the performance of different Pearson codes in several aspects like: code book size, codeword
length, code rate, Hamming distance, different q(q = 2 and g = 3) to find out which factors could
have impact on the code performance.

Chapter 4 investigates the relations between Hamming distance and Modified Pearson distance
and come up with advices to design and improve a Pearson code for the offset-only case.

Chapter 5 focuses on the offset and gain mismatch Pearson distance detection, illustrates the
advantages of Pearson detector over modified Pearson detector and Euclidean detector. Then com-
pares the performance of different Pearson codes in several aspects like: codeword length, code rate,
Hamming distance, and different q(g =2 and g = 3) to find out which factors could have impact on
the code performance.

Chapter 6 investigates the relations between Hamming distance and Pearson distance and come
up with advices to design and improve a Pearson code for the offset and gain mismatch case.

Chapter 7 summarizes our conclusions and possible future work.






BASIC CONCEPTS AND METHODS

In this chapter, we will review some basic concepts in error-correct coding techniques and some
block codes, then introduce new concepts and computations related to the Pearson distance and
Pearson codes, after that, we will compute the word error rate upperbound of the traditional min-
imum Euclidean distance detection for several block codes and simulate the detection process in
Matlab, the results can be compared with that of Pearson-distance-based detection in the next
chapters.

2.1. BASIC CONCEPTS

In this section, first we will introduce the concept of block code, the channel model we use, and
4 distances: Hamming distance, Euclidean distance, Pearson distance, Modified Pearson distance.
Then we will introduce the Q-function, which can be used for the calculation of the word(block)
error rate(probability) in the minimum distance decoding.

2.1.1. BLOCK CODE

In coding theory, a block code is a family of error-correcting codes that encode data in blocks
over an alphabet Q ={0,1,...,q — 1}, g = 2 of size g, and every block has the same fixed length. All
the encoded blocks, also called codewords, are the elements of a block code, and all the different
codewords are gathered into a code book S of the block code. The length of every codeword is
called code length, denoted by n, and the number of codewords is called the cardinality or size of
the code, denoted by |S|. If g = 2, then the block code is called binary block code; if g = 3, then it is
called ternary block code. The code rate of a block code is the proportion of the data-stream that is
useful (non-redundant)[11]. It is defined as:

l S
R= 084Sl
n

2.1)

Because |S| is at most g", the code rate is a real number between 0 and 1, and the closer it is to 1,
the more efficiently the data is encoded by the block code.

7
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2.1.2. OUR CHANNEL MODELS

We consider a communication code book, S, of chosen g-ary codewords x = (x1, xz,...,X,) over
the g-ary alphabet Q = {0,1,...,g — 1}, g = 2, where n, the length of x, is a positive integer. Every
codeword have the same length n. We suppose the sent codeword x is received as the vector r =
a(x+ v) + b, r; € R, where we use the shorthand notation ax+ b = (ax; + b,ax, + b, ...,ax, +b). The
basic assumption is that the sent codeword x is scaled by both unknown gain a and offset b, where
aand b e R, a > 0, and corrupted by additive noise v = (vy, v, ..., V), v; € R are noise samples with
distribution 4 (0,02). Both quantities of gain and offset: a and b, vary slowly so that we can assume
they are the same for all n symbols of the codeword x. If a = 1 and b = 0, the channel is matched and
only contains the noise; if a = 1 and b # 0, there are only offset mismatch and noise in the channel;
if a# 1 and b # 0, there are both gain and offset mismatch and noise in the channel.

2.1.3. HAMMING DISTANCE

The Hamming distance between two signal vectors with equal length is the number of positions
at which the corresponding symbols are different. It represent the minimum number of symbol
errors could occur to transform one code word into another. In binary case, the Hamming weight
of a binary vector x, w(x), is defined as the number of nonzero components of x, and the hamming
distance between two binary signal vector x and y is equal to the Hamming weight of the modulo-2
addition of x and y:

dgx,y)=wkx+y)

and it is also equal to:

n n

du(x,y) =Y |xi—yi| =Y (xi —yi)? (2.2)

i=1 i=1

2.1.4. EUCLIDEAN DISTANCE

In the traditional minimum Euclidean distance detection, where the Euclidean distance be-
tween two signal vectors x and y, x; and y; € R, is defined as(squared):

n
Sp(x,y) =Y (xi—y)* 2.3)
i=1

When there is channel’s momentary gain a and offset b mismatch for the signal vector x, we can
get:

n
Splax+b,y) =) (ax;+b-y)*
i-1

n n n n
:—ZaZx,-yi+Z(axi+b)2—2bz,yi+zyl?

i=1 i=1 i=1 i=1

(2.4)

Compare the results of two equations above, we can see that the offset b and gain a mismatch have
massive influence in Euclidean distance measure, which means they can cause performance degra-
dation in the minimum Euclidean distance detection.
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2.1.5. PEARSON DISTANCE AND MODIFIED PEARSON DISTANCE

In this section, we will introduce the two new distances: the Pearson distance and the mod-
ified Pearson distance, which are proposed in [10]. The Pearson distance is used for the general
case, which is intrinsically resistant to both offset and gain mismatch, the regular Pearson distance
between the signal vectors x and y, x; and y; € R, is defined by

Op(x,y)=1-pxy (2.5)

where the (Pearson) correlation coefficient py,y is:

n . T
Day = Y xi=0)i-y) 2.6)

and

n
o%=) (x;-%°* 2.7
because the Pearson coefficient has the property:

Pxy = PCi+Cox,y

where C; and C; are constants and C; > 0, so we say the Pearson distance, 1 — py y, is invariant
to both offset and gain mismatch. Because —1 < px y < 1, the Pearson distance 6 p(x, y) lies in the
interval [0, 2].

While the modified Pearson distance, which can reduce the redundancy, and improve the resis-
tance against additive noise, usually used in the offset only mismatch case, is defined by

n

Smp(x, ) =Y (xi—yi + ) (2.8)

i=1

We find

M=

Omp(x+b,y) =

(xi+b-yi+3)*
1

~
1l

n
i —yi+7)2+2b Y (xi—yi + ) + 1P,
1 i=1

M=

~.
1l

where b is the offset mismatch, we know
n n
Y (xi—yi+tP =) xi
i=1 i=1
So that ; .
Smp(x+b,y) =) (xi—yi+7)*+2bY x;+b* (2.9)

i=1 i=1
We can see if x is the sent codeword, x+ b denote received signal vector, and y denote the codewords
in the code book. We can see the last two parts in (2.9) is independent from the codewords y, Thus

n
Smp(x+b,y) =) (xi—yi +)* =6mp(x,y)
i=1

So it is shown that the modified Pearson distance is intrinsically resistant to the channel offset b.
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2.1.6. THE Q-FUNCTION

In statistics, the Q-function is a convenient way to express right-tail probabilities for normal
(Gaussian) random variables. For x € R, Q(x) is defined as the probability that a standard normal
random variable (zero mean: u = 0, unit variance: 0% =1) exceeds x[12]:

Qx) = \/% e_%dt (2.10)
T Jx

while sometimes the Q-function is also useful for expressing right-tail probabilities of nonstandard
normal variates. If:

X~ N (0%
then

X -
—HmJV(O,l)
o

To express Pr[X > vy] in terms of Q, where y € R, define n = % Then
Pr(X>y]l=Pr[X>no+ul

X —
H>n]

om) o (2.11)
=Q

o

= Pr|

and because Q(x) =1 - Q(-x), so

PriX=<yl=1-Pr[(X>vyl]

=1-Q(n) =Q=mn 2.12)
o
Therefore, in the case of y = 0, we get:
PriX<0] = Q(g) 2.13)

2.2. SOME TRADITIONAL BLOCK CODES

In this section, we will introduce four traditional block codes: Hamming code, Extended Ham-
ming code(SECDED), BCH code, Reed-Muller code, which will be involved in the next chapters. In
this thesis, we only consider the binary cases of these traditional block codes.

2.2.1. HAMMING CODE

Hamming codes are a family of linear error-correcting codes, it can detect up to two-bit errors
or correct one-bit error without detection of uncorrected errors. Generally, for each integer ¢ = 2
there is a binary Hamming code with block length n = 2 — 1 and message length k = 2" — ¢ — 1. All
the binary Hamming codes are perfect codes, which means they can achieve the highest possible
code rate with minimum distance of three compared with other codes with the same codeword
length[13]. The rate of binary Hamming codes is

k t
R=—-=1-———
n 2t—1
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2.2.2, EXTENDED HAMMING CODE(SECDED)

The extended Hamming code is is popular in computer memory systems, where it is also named
as SECDED (single-error correcting, double-error detecting)[14], we know the Hamming codes some-
times cannot detect two-bit error, because it cannot distinguish a two-bit error of some codeword
from one-bit error of a different codeword, while adding an extra parity bit to the codewords can
overcome this problem, so that its minimum distance increase to 4, which means, the Extended
Hamming code detect and correct one-bit error and meanwhile detect (but not correct) two-bit er-
ror. Therefore, for each integer ¢ = 2 there is a binary Extended Hamming code with block length
n =2" and message length k = 2” — t — 1. The code rate is

k r+1

R===1
n 2t

2.2.3. BCH coDE

The Bose, Chaudhuri, and Hocquenghem (BCH) codes form a large class of powerful random
error-correcting cyclic codes. It is a remarkable generalization of the Hamming code for multiple-
error correction. For each integer ¢ = 3 and h < 27!, there exists a binary BCH code with block
length n =2" -1, and its minimum Hamming distance is:

Aming=2h+1

2.2.4. REED-MULLER CODE

The Reed-Muller code is named after Irving S. Reed and David E. Muller. It is listed as RM(u, v),
where u is the order of the code, 0 < u < v, and v determines the code length: n = 2¥. The minimum
Hamming distance of binary RM(u, v) is

min(dy) =2""4

We notice that the extended Hamming code (8,4, 4) is also a Reed-Muller code RM(1, 3).

2.3. THE PEARSON CODE

In this section we will introduce a new class of block codes: Pearson code, which will be mainly
investigated in this thesis. Then two related examples will be introduced: the T-constrained code,
and Single Parity check T-constrained code.

The Pearson code introduced by Immink and Weber is a new class of code and is defined as a
set of codewords that can be uniquely decoded by a minimum Pearson distance detector. Let S be a
code book of chosen g-ary codewords x = (x1, X2,...,X,) over the g-ary alphabet Q ={0,1,...,g—1},
g = 2. Thus the codewords in a Pearson code must have these two properties[5]:

* Property A:
Ifxe S, then c; + cox ¢ S for all ¢;, ¢ € Rwith (¢1, ¢2) # (0,1) and ¢ > 0.

* Property B:
x=(cc,...,c)¢gSforallceR
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we found that in the binary case, all block codes with all one and all zero codewords excluded are
Pearson codes and can be applied in Pearson-distance-based detection. Here we define the mod-
ified block code as the normal block code with all-one codeword and all-zero codeword removed
from the code book. To make the results more comparable for different detectors of different de-
tections, the object codes for all computations and simulations in this thesis report are modified
block codes, the reason why we also have to exclude the all ‘0’ codeword in minimum modified
Pearson distance detection will be discussed in section 3.1 of chapter 3. Moreover, in this thesis re-
port, we mostly focus the design of the binary(q = 2) block code, except the section 3.3 in chapter 3
and section 5.4 in chapter 5, which are the study of ternary(qg = 3) code in Pearson-distance-based
detection.

2.3.1. T-CONSTRAINED CODE

T-constrained codes, presented in [1], for enabling simple dynamic threshold detection of g-
ary codewords, consist of g-ary n-length codewords, where T, 0 < T < g, prescribed symbols must
each appear at least once in a codeword, a set of T-constrained codewords is denoted by St. There
are two classes of T-constrained binary codes, which are denoted by S; and S,. The first code class,
denoted by S;, where T = 1, comprises all codewords wherein the symbol ‘0" appears at least once.
The cardinality of S; equals

1S11=2"~1

The second code class, denoted by Sy, where T = 2, is of specific interest in this report, it is usually
used in conjunction with both the modified Pearson detector(modified Pearson distance) for the
offset-only mismatch and Pearson detector(Pearson distance) for offset&gain mismatch. By defini-
tion, it contains all codewords wherein both the two symbols ‘0’ and ‘1’ appear at least once. The
cardinality of S, equals

[Sp| =2" -2

We can see that S, is a Pearson code, S; is not a Pearson code but it can be applied in the modified
minimum Pearson distance detection.

2.3.2. SINGLE PARITY CHECK CODES

The single parity check T-constrained code[10], denoted by Sy, 1, consists of codewords, x, taken
from S; that additionally satisfy the parity check:

n
(Z xi) mod q=a
i=1

where a € Q is an integer chosen by the code designer. The code size, |S pl \, is at least

1511
NRIE f7]

In the binary case, where g = 2, a € {0, 1}, when we choose a = 1, Sj,1 is a Pearson code, otherwise it
is not a Pearson code.

2.4. MINIMUM EUCLIDEAN DISTANCE DETECTION

In this section we will derive the theoretical word error rate(WER) upperbound of block codes
in the Minimum Euclidean distance detection. Recall our channel model in subsection 2.1.2, here
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we assume the channel is ideal and matched,which means a = 1 and b = 0, so a randomly chosen
codeword x is sent and the received signal vector r = x + v, where v are white Gaussian noise with
distribution A4 (0,02). We know the error occurs if there is at least one codeword £ # x, & € S, such
that the distance 0 satisfy

o(r,x)<d(r,x) (2.14)

In the minimum Euclidean distance detection (2.14) becomes:
6E(r,fc) —6E(r,x) <0

Using (2.3) we obtain:
n

Y -2 =Y (ri—x1)?<0 (2.15)

i=1 i=1

Because r = x + v, where the additive noise v are noise samples with distribution .4 (0,02).So the

left side of (2.15) becomes
n

(.fl'z — x? — 27’1')6,' +2r;Xx;)
i=1
n
= Z(Zvixi —-2v;X; + .fiz —-2x;X; + x?)
i=1
n n
=2Y (- %)vi+ Y (i —%)*<0
i=1 i=1

We can see it is a stochastic variable with distribution A (ag, Bro?), according to (2.13), so the prob-
ability that 6 g(r, %) < 0g(r, x) equals
0 ( dp(x, X) )

20

where the distance, dg(x, %), is defined by

Z(XE

VB

dp(x,X) =

where
n
A2
ag=)_ (xi— %)
i=1

and

Be=4) (x;i—%)*
i=1

We define the minimum squared distance between any pair of codewords in this case, d=, .,
by
2 y
Aiin g = MiNyg zeQxzidp (X, £)
- 2
= Ming sequezs ) (%i = %)
i=1

Which equals the squared Euclidean distance §.(x,X) between x and X. The word error rate
(WER) over all coded sequences x is upper bounded by

WER< — >y Q(dE(x'i))

ISlxesxﬁ 20
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For large signal-to-noise ratio, it is overbounded as[15]

d .
WER < N5Q (%”E) (2.16)

The Np is the average number of nearest neighbors at minimum distance d ;¢ for every code-
word. Assume the number of all codewords in the code book is |S|, and after using the exhaustive
method in Matlab we know there are N; pairs of codewords at minimum distance dlzn inE and, so
after we check each codeword’s nearest neighbors at minimum distance one by one, we get the total
number N |S|, where every codeword at minimum distance is counted twice, it is also two times of

the number of codeword pairs at minimum distance, which is 2N;. Thus

2N,

= 2.17
N &17

E

Then we can plug (2.17) into (2.16) to compute the upper bound of word error rate as a function of
SNR, where the quantity SNR is defined by

SNR(dB) =-20logio0

i WER curve for T-constrained coden=7,T=2

w 10-1 L

102 I . . . . . .
10 10.5 11 1.5 12 12,5 13 135 14
SNRin dB

Figure 2.1: Word error rate(WER) of Euclidean detector as a function of signal-to-noise ratio(SNR) for T-constrained
code(n =7, T =2) in the ideal, matched case only with additive white Gaussian noise. The error performance was com-
puted by upper bound (2.16) and computer simulations(lines with markers).

Figure 2.1 and 2.2 shows the word error rate theoretical upper bound and simulation curve for
the T-constrained code and modified Hamming code(7,4,3) whose code length are the same, the
modified Hamming code is the Hamming code with all zero and all one codewords excluded. For
T-constrained code, the average number of nearest neighbors N is 6.89, and the minimum squared
distance dfn inp 18 1; For modified Hamming code(7,4,3), the average number of nearest neighbors
Ng is 6, and the minimum squared distance dfn ing 18 3. We can see for both codes the computer
simulation (blue line with markers) matches theoretical computation very well, and the modified
Hamming code has smaller code size but it overperforms T-constrained code because of its Larger
minimum Euclidean distance.



2.4. MINIMUM EUCLIDEAN DISTANCE DETECTION

15

WER curve for modified Hamming code (7.4,3)

102 F

E 3
10
=

108
10

10.5

" 1.5 12 12.5 13 13.5
SNR in dB

14

Figure 2.2: Word error rate(WER) of Euclidean detector as a function of signal-to-noise ratio(SNR) for modified Hamming
code (7,4,3) in the ideal, matched case only with additive white Gaussian noise. The error performance was computed
by upper bound (2.16) and computer simulations(lines with markers).






MINIMUM MODIFIED PEARSON DISTANCE
DETECTION

In this chapter, we will investigate the minimum modified Pearson distance detection for differ-
ent codes and different g(q = 2 and g = 3) in offset mismatch only channel. In the offset only case,
modified Pearson distance is applied instead of Pearson distance. The object is to make comparison
between different Pearson codes and investigate which factor of a Pearson code may affect its error
performance in the minimum modified Pearson distance detection.

3.1. THEORETICAL UPPERBOUND OF WORD ERROR RATE

Recall the concept of binary T-Constrained Codes we introduced in chapter 2, Here we first as-
sume the signal vector x € S; is sent, where all ‘1’ codeword is excluded, and the channel is ideal
and matched, only contains additive Gaussian noise. On the receiving end the modified Pearson
distance (2.8) is applied to compute the distance between the received vector r = x + v and all the
other codewords in S;, the receiver decides that the codeword xy was sent if (2.8) attains its least
value for X = xy, that is

n
. ~ . N )
Xo = argmlnxesléMp(r,x) =argming.g, Z (r;i—x;+X)
i=1

Because r; = x; + v;, so that

(X; + v; — % + %)°

on

~
1l
—

Opmp(r,X) =

(x,-+vi—16i+);c—5c)2

Il

~
Il
—

Define e = x — % and é = ¥ — %, then

n
Smp(r,®) =) (ej—é+v;
i=1

)2

Same as (2.14), the detector errs if there is at least one codeword x € S;, X # x, such that

Omp(r,X) <Opmp(r,x)

17
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vilei—@)+ Y (e;—8)*<0 (3.1)
i=1 i=1

2

n
The left-hand side of (3.1) is a stochastic variable with distribution A (ayp, Brpo?), where
n
amp=_(e;—&)°
i=1

and

n
Bup=4) (e;—&)?

i=1

We define the distance between the vectors x and X by

=\/;e?—2éZei+Zé2 (3.2)

Therefore, the word error rate over all coded sequences x is now upper bounded by

WER< — Y ¥ Q(—dMP(x’ﬂ)

1S11 ¥e3, x78 20

For asymptotically large signal-to-noise-ratio’s, i.e. 0 « 1,the WER is over bounded by

d .
WER < NMpQ(M) (3.3)

20

It is clear that a pair of codewords X of x at Euclidean distance two is also a pair of codewords at
minimum distance d,;;, pp. From [1] we can approximate the average number of neighbors, Nyp
at the minimum distance d,;;,, pmp in S; by

2n(g-1)
Nump = e

In the worst scenario, Z?Zl el? =1land é=-1/n, and from (3.2) we obtain

1

dmin,MP =4/1-—
n

Then (3.3) becomes
2 —
WEMMQ(L 1_1),
q 20 n

Let n =7, then the average number of nearest neighbors Nyp is 7 and the minimum modified

Pearson squared distance(or minimum squared distance for shorthand representation) dfn inMp 1S

0.86.
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WER computer simulation for different Pearson code
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Figure 3.1: Word error rate(WER) of Pearson offset-resistant detection computer simulation, as a function of signal-to-
noise ratio(SNR) for g = 2, n = 7 (single) parity check constrained code with and without all-zero codeword.

i WER curve for S1 with and without single parity check {n=7)
10 T T T T

-4
10 no parity |
10 |

w10
oL
10-12 |
10’14 1 1 1 L
17 18 19 20 23] 22

SMR in dB

Figure 3.2: Word error rate(WER) of Pearson offset-resistant detection, as a function of signal-to-noise ratio(SNR) for
g =2,n =7 with and without (single) parity check computed using upper bound (3.3) and (3.5).

Recall the single parity check T-constrained code, denoted by S, 1, consists of codewords,x,
taken from S, that additionally satisfy the parity check

n
()_x;) modg=a,

For the binary case, g = 2, we choose a = (n+ 1) mod 2, then the code size equals |Sp,1| =2""1 g0
the worst scenario in this case is ¥} e? =2 and é = —-2/n, apply it in (3.2), we get the minimum
distance in S 1

2
Aminyp = V21/1- ~ (3.4)

Let n =7, from (3.4) we know the minimum squared distance dz nMP is 1.42, according to the
definition of the single parity check T-constrained code, all codewords with odd Hamming weight
are removed, then we divide the code book by the Hamming weight of codewords(0, 2,4, 6), so there
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are 4 sets of codewords: {0000000}p, {0000011},, {0001111},4, {0111111}. We know a pair of code-
words % of x at minimum distance d,;,, pp is also a pair of codewords at Euclidean distance two[1],
in this case, a neighbor at Euclidean distance two from x is obtained by adding or subtracting ‘1’
from each two symbols in x, for example, the nearest neighbors of codeword ‘0000011’ should be in
the set of codewords with Hamming weight which is 4: {0001111}4. We also notice that there should
be as many ‘1’s as possible overlapped between the neighbor and ‘0000011’, so the last two symbols
in its neighbor should be one, then the number of nearest neighbors is Cg. In this way we can get
the total number N; of codewords pairs at the minimum distance d,;;, pmp is

N;=C2+C3C2+CiC5 =336

We notice that the squared distance between ‘0000000’ and ‘0111111’ is 0.86, which is smaller than
the minimum squared distance computed by (3.4), to make it same as the computation result and
easy to compare, we use S, instead of S; in the minimum modified Pearson distance detection for
offset-only mismatch case, that s, both all ‘1’ and all ‘0’ codewords are excluded from the code book.
Also we know that removing the all-zero codeword can increase the minimum distance d;,,pmp of
the codewords, we did decoding simulation about the WER performance for SPC T-constrained
code with and without all-zero codeword, the results in Figure 3.1 shows that remove all-zero actu-
ally can slightly improve performance in high SNR. After the all-zero codeword is removed, the total
number N; of codewords pairs at the minimum distance d;;;,, mp is:

N, = C2C2+CiC2 =315

so the average number of neighbors, N /

\p» at minimum distance dpin,pp in Sp1(n=7):

¢ _ 2N _2x315_
MP 18,1 63

Then we can compute the theoretical bound of word error rate for the single parity check T-constrained
code(n=7) 4
WER < Ny;pQ (—’"’”’MP)

3.5
20 3.9)
Figure 3.2 shows the comparison of theoretical WER bound for T-constrained code with (all-zero
codeword removed) and without single parity check when n = 7. We can see that the performance

of code with single parity check is better, but the code size is also smaller.

3.1.1. COMPARISON OF THEORETICAL WER BOUND
A co-set of a code C is the subset of the n-dimensional vector space V,, given by
C+a={x+a|xeC}

where a is a vector in V. In this report we choose the vector a to be ‘1000000’. Here we calculate
the theoretical WER of several Pearson codes: co-set of Hamming code(7,4,3), modified Hamming
code(7,4,3), co-set of modified Hamming code(7,4,3). The computation results are shown in the
Table 3.1.

Figure 3.3 shows the theoretical word error rate(WER) bound for the three Pearson codes com-
puted using (3.3), we also add T-constrained codes(n=7) with and without single parity check in
the comparison. We can see in all these five Pearson codes with the same length n = 7, the modi-
fied Hamming code has the lowest bound, with the smallest size 14 and largest minimum squared
distance 2.86; while the T-constrained code has the highest bound, with the largest size 127 and
smallest minimum squared distance 0.86.
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Average number of near-
est neighbors Nyp

Minimum squared
distance d?

min,MP
co-set of Hamming | 2.5 1.71
code(7,4,3)
modified Hamming | 6 2.86
code(7,4,3)
co-set of modified Ham- | 0.86 1.71

ming code(7,4,3)

Table 3.1: Comparison of different Pearson codes

WER theoretical bound for different Pearson code

modified Hamming code
coset of modified Hamming code
coset of Hamming code

T-constrained code

single parity check T-constrained code

10 1 1 1 1
17 18 19 20 21 22

SMR in dB

Figure 3.3: Word error rate(WER) bound of Pearson offset-resistant detection, as a function of signal-to-noise ratio(SNR)
for g =2,n =7 of 5 different Pearson codes.

3.1.2. COMPARISON OF DECODING SIMULATION

Figure 3.4 shows the modified Pearson distance detection simulation curve for the five Pearson
codes we mentioned above in relatively low signal-to-noise ratio. We can clearly see it matches
well with the theoretical bound in high SNR, the modified Hamming code also have the best WER
performance in the low SNR, and T-constrained code have the worst WER.

3.2. PERFORMANCE COMPARISON FOR MORE DIFFERENT MODIFIED BINARY
CODES

In this section, we continue to investigate the performance of more different kinds of modi-
fied codes: Modified Hamming code(7, 4, 3), Modified Hamming code(15,11, 3), and three modified
Reed-Muller codes RM(1,3), RM(2,3), RM(1,4). All of these modified block codes above are original
codes excluding all ‘0’ and all ‘1’ code sequence. The object is to compare the error performance of
different Pearson code in other aspects: code rate, Hamming distance. From the chapter 2 We al-
ready know that the Reed-Muller code(1, 3) is also called the extended Hamming code(8,4,4) which
comes from the Hamming code(7,4,3) by adding an extra parity bit on top of its encoded word.

First we compare the modified Hamming codes (7,4) and (15,11), the WER bound and simula-
tion results are shown in the Figure 3.5 and 3.6. As we can see, the bounds fits the simulation results
well, and the performance of modified Hamming code(7,4) is better than the modified Hamming
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YWER computer simulation for different Pearson code

modified Hamming code
coset of modified Hamming code
coset of Hamming code

— T-constrained code

10 7 H single parity check T-constrained code B
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SMR in dB

Figure 3.4: Word error rate(WER) computer simulation of Pearson offset-resistant detection, as a function of signal-to-
noise ratio(SNR) for g = 2, n = 7 of 5 different Pearson codes, the message is generated with 10000 codewords.

code(15,11) with the same minimum Hamming distance 3, but the later code has longer length
which means more symbol error probability in the same channel condition compared with the for-
mer code, so the efficiency of error correcting is worse.

100 WER bounds comparison for modified Hamming code

WER

Hamming(7.4)
Hamming(15.11)

SNR indB

Figure 3.5: Word error rate(WER) bounds for Pearson offset-resistant detection, as a function of signal-to-noise ratio(SNR)
for Hamming code (7,4) and (15, 11) without both all-zero and all-one codewords.

Figure 3.7 and 3.8 shows the WER bound and simulation results comparison between modified
Hamming code(7,4) and modified Reed-Muller code(1, 3), we can see the bounds computation also
fits well with the simulations, and the modified RM(1, 3) code, which is also extended Hamming
code, performs better than modified Hamming code(7,4), so adding extra parity check bits to in-
crease Hamming distance also can improve the performance in Pearson detection for Hamming
code(7,4).

To make it more comparable for these codes, we compute the code rate, minimum Hamming

distance d,;;,, i, and minimum squared distance dfn in.yp for all these codes, which are listed in the
Table 3.2 below.



3.2. PERFORMANCE COMPARISON FOR MORE DIFFERENT MODIFIED BINARY CODES 23
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Figure 3.6: Word error rate(WER) simulations of Pearson offset-resistant detection, as a function of signal-to-noise ra-
tio(SNR) for Hamming code (7,4) and (15, 11) without both all-zero and all-one codewords.

100 WER bound for modified Hamming(7,4) code and modified RM(1,3) code
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Figure 3.7: Word error rate(WER) bounds for Pearson offset-resistant detection, as a function of signal-to-noise ratio(SNR)
for Hamming code (7,4) and Reed-Muller code(1,3) without both all-zero and all-one codewords.
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meR curve for modified Hamming(7,4) code and modified RM(1,3) code(MPD)
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Figure 3.8: Word error rate(WER) bounds for Pearson offset-resistant detection, as a function of signal-to-noise ratio(SNR)
for Hamming code (7,4) and Reed-Muller code(1,3) without both all-zero and all-one codewords.

Code rate AminH dfm. nMP Performance
ranking
MH(7,4) 0.544 3 2.86 3
MH(15,11) | 0.733 3 2.4 4
MRM(1,3) | 0.476 4 4 2
MRM(2,3) | 0.872 2 1.5 5
MRM(1,4) | 0.307 8 8 1

Table 3.2: Comparison of different codes

From the table we can see, the Pearson code with smaller code rate always has better perfor-
mance in offset-only Pearson detection, and the Hamming distance generally follow the same trend
with the modified Pearson distance. In the next chapter, we will investigate the relations between
modified Pearson squared distance and Hamming distance in offset-only Gaussian channel.

3.3. MODIFIED PEARSON DETECTION FOR TERNARY CODES

In this section, we will investigate the offset-only minimum modified Pearson distance detection
for T-constrained codes and single parity check codes in the case of g is 3, with the code length
n = 4, so the codewords are chosen over the alphabet Q = {0,1, 2} and the size of a full code book is
IS|=q" = 3% = 81. Note that the ternary T-constrained codes(T = 1) is not Pearson code, because it
doesn'’t satisfy the first property of Pearson code in section 2.3 of chapter 2, but it is still suitable for
the minimum modified Pearson distance detection. Recall that a single parity check T-constrained
code consists of codewords, x, taken from S, that additionally satisfy the parity check equation:

n
) xi) mod g=a
i1

In this case, a € {0, 1,2}, so the full code book is divided into 3 single parity check codes which have
the same size of 27, and the codewords in each single parity check code have 4 symbol compositions
over the alphabet Q which is shown in the Table 3.3:

First, we consider the T-constrained code when T = 1, which means all codewords wherein the
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mod3=0
0000
0111
0222
0021
1212

mod3=1
1111
0001
1222
0121
0022

mod3=2

1112
0011
0002
0221
2222

Table 3.3: All the symbol compositions of full ternary code book with code length n =4

WER simulation comparison between g=2 and q=3 S1 code(n=4)
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Figure 3.9: Word error rate(WER) simulations for Pearson offset-resistant detection, as a function of signal-to-noise ra-
tio(SNR) for single parity check T = 1-constrained codes(n = 4) without both all ‘0’ and all ‘g—1" codewords for both g = 2
and g =3.

symbol ‘0" appears at least once. The computation results show that, for g = 2, the code book size
|S1] = 15, the minimum squared distance dfnin, yp @among all codewords is 0.75, and the average
number of nearest neighbors is 4.27; for g = 3, the code book size |S;| = 65, the minimum squared
distance dfn in,Mp AMONG all codewords is also 0.75, and the average number of nearest neighbors is
5.66. The Figure 3.9 shows the WER performance simulation of SPC T = 1 constrained code for both
g =2 and q = 3, we can see as the g increase to 3, the performance of the Pearson code is worse
than the binary case because the average number of nearest neighbors increases with the same
minimum squared distance 0.75. Then the symbol compositions of three SPC codes becomes:

SPCi4 SPCyp SPCy
mod3=0 | mod3=1 | mod3=2
0000 0001 0011
0111 0121 0002
0222 0022 0221

0021

Table 3.4: The symbol compositions of different SPC T-constrained codes with 7= 1 and n =4

The Figure 3.10 shows the WER simulation performance comparison for these three Pearson
codes, it shows that SPCy, is better than other two codes. Now consider the T = 2, by definition,
both the symbols ‘0’ and ‘g — 1’ appear at least once. So the size of code book decrease to S, = 50,

the minimum squared distance drzn in mp 18 8till 0.75, but the average number of nearest neighbors is
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Figure 3.10: Word error rate(WER) simulations of Pearson offset-resistant detection, as a function of signal-to-noise ra-
tio(SNR) for the three single parity check T = 1 constrained codes with n = 4.
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Figure 3.11: Word error rate(WER) simulations of Pearson offset-resistant detection, as a function of signal-to-noise ra-
tio(SNR) for both T =1 and T = 2 constrained codes with n =4, g = 3.

3.84. Figure 3.11 shows the simulation performance of both T =1 and T = 2 in case of g = 3, we can
see the T =2 constrained codes is better in price of smaller code book size.

Then in this case(T = 2) the symbol compositions of three SPC codes becomes:

SPCy, SPCyy SPCy,
mod3=0 | mod3=1 | mod3=2
0222 0121 0002
0021 0022 0221

Table 3.5: The symbol compositions of different SPC T-constrained codes with T =2 and n =4

The Figure 3.12 shows the WER simulation performance comparison for these three Pearson
codes,it shows that SPC,, and SPC,. code are better than SPC,; code.

The Table 3.6 shows the information of all these codes above. As we can see, the codes SPC,,
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Figure 3.12: Word error rate(WER) simulations of Pearson offset-resistant detection, as a function of signal-to-noise ra-
tio(SNR) for the three single parity check T = 2 constrained codes with n = 4.

and SPC,. is the best two among these codes. The performance not only depends on the minimum
squared distance dfn inMP: when two codes have the same minimum squared distance, the one with
less average nearest neighbors is always better. Another interesting fact is when the S; is divided into
three SPC codes, the average number of nearest neighbors decrease dramatically while dfn inMP
fn in,mp 18 achieved when the hamming distance of two codewords
is 1(or 3) and the average symbol value difference between them are i(or %), then we can see the

majority of nearest neighbors are divided into other different SPC codes.

stays as 0.75, this is because d

Size | Minimum squared distance | Average number of
dfn inMP nearest neighbors Nj,p
S, 65 | 0.75 5.66
SPCi, | 21 | 0.75 0.7619
SPCy, | 22 ]0.75 1.0909
SPCy. | 22 | 0.75 1.0909
Sa 50 | 0.75 3.84
SPCys | 16 |2 2.25
SPC,p, | 18 | 2 5.33
SPCy. | 16 |2 2.25

Table 3.6: Comparison of different codes(g = 3)






MODIFIED PEARSON SQUARED DISTANCE VS
HAMMING DISTANCE

In this chapter we continue to investigate effect of the Hamming distance on the error perfor-
mance of a Pearson code in offset-only Gaussian channel by studying the relations between Ham-
ming distance dy and the modified Pearson squared distance djzwp (or minimum squared distance
for shorthand representation).

4.1. MODIFIED PEARSON SQUARED DISTANCE VS HAMMING DISTANCE

Consider a binary communication code book with full size but excluded the all one sequence
and all zero sequence, S, of chosen binary codewords over the binary alphabet Q = {0,1}. Suppose
any two codewords with length n: a = (a;, ay,...,a,) and b = (by, b, ..., by,) of the code book, to
make it more simple to compare, we can arrange them in this way:

Figure 4.1: The comparison of two codewords with the same length by rearrange their symbols to three parts: same
symbol value positions; ‘1’ to ‘0’; ‘0’ to ‘1".

we can see there are three different kinds of positions in the comparison of two code sequences,
the quantities of these three kinds of positions are x, y, z respectively. The first one represents
identical symbols in both code sequences, where the codewords a and b both have the same(both
‘0’ or ‘1’) bits, the second one are the positions where the codeword a have ‘1’ while b have ‘0’,
and the last one are the positions where the codeword a have ‘0’ while b have ‘1. Clearly we can
rearrange the order of these positions but keep the same Hamming weight.in the same. So there are
many different codeword pairs (a, b) in the same constant composition subset pair[16]. Recall that
in the chapter 3, the modified Pearson squared distance between any possible pair of codewords in
minimum distance decoding with modified Pearson distance detector for the offset only mismatch

29
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case is defined as: ;
dypa,b) =Y (ej—&)° (4.1)
i=1

where e=a—b; é=a-b,and a = %Z?ﬂ ai; b= % ?:1 b;. We know that it is the minimum squared
distance among all possible codeword pairs of the code book that determines the performance of
the Pearson code, so if we can find the relations between the squared distance di/[P and Hamming
distance dg, it could be more simple and direct to reshape and optimize the code book to improve
the code performance in offset mismatch case. According the properties of Hamming distance, it
can be written in the binary case as:

dyg(a,b) = Z(d,‘ - bj)?

i=1

If @ = b, the squared distance dlzwp(a, b) reveals the same property as the Hamming distance; If
a # b, we suppose the Hamming weight difference between a and b is m, then we get:

y—z=m
X+y+z=n

_ m+n—x
{y -2 (4.2)

_ n—XxX—m
4="

therefore:

we also notice that in the case of the first kind of positions(Identical), e; — & = @ — b; in the second
kind of positions(‘1’ to ‘0’) it is: e; —& =1—(a — b); and in the third kind of positions(‘0’ to ‘1’) it is:
e;—eé=—-1-(a-b). So the equation (4.1) of squared distance can be written as:

dypla,b)=(a-b* x+1—-(@-b*-y+1+@-nl*z

Because @— b = 2 plug it and (4.2) into the equation above, we can get:

2

m n-m? n+m-x (n+m)?
d?,,(a,b)= — -x+ . + .
mp(@ b) n2 n2 2 n2

n-m-—x

2

mx 2n(n2—m2)—2(n2+m2)x
=—5t 2

n 2n
_2n(n®-m*) -2n*x
B 2n?

n? — m?
= -X

n

since we have: dg(a, b) = n— x, finally it can be derived as:

2 m*
dyp(a,b) =dy(a,b) - o (4.3)

The equation (4.3) clearly reveals the relations between the squared distance and Hamming dis-
tance: for a Pearson code with length n, the modified Pearson squared distance djzwp between any
possible pair of codewords not only depends on their Hamming distance dy but also their Ham-
ming weight difference m. Figure 4.2 shows the relations between the modified Pearson squared
distance and Hamming distance, the five lines with different color represent the equation (4.3) with
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Figure 4.2: Each dots represents the set of codeword pairs with the corresponding Hamming distance and squared dis-
tance in the full code book with length n = 7, only the all 0 and all 1 codewords are excluded.

m € {0,1,2,3,4,5}. We can see the Figure 4.2 fits very well with equation (4.3), therefore, there are
two strategies to improve a Pearson code in offset-only Gaussian channel: Firstly, we note that in
each set of codewords in the full code book with fixed m, there is a positive correlation between the
d12v1 p and dy, which means we can improve the code performance by excluding the ‘bad’ codewords
with lower Hamming distance from the code book. On the other hand, we can also reduce the max-
imum Hamming weight difference by deleting some specific codeowrds to increase the minimum
modified Pearson squared distance, this two strategies used for optimizing a Pearson code book are
discussed in the next section.

4.2. ALGORITHM FOR DESIGNING OFFSET-ONLY PEARSON CODE

In the previous section we conclude that both minimum Hamming distance and maximum
Hamming weight difference are the key factors that can determine the performance of a Pearson
code in offset-only Gaussian channel, in this case we can optimise a code according to its weight
distribution. The weight distribution of a full code book with length n where all ‘0’ and all ‘1’ code
sequences are excluded is as shown in Figure 4.3 and Figure 4.4:

So we can divide all words into many sections by their different Hamming weight. According to
the equation (4.3), the weight difference between any possible codewords should as small as pos-
sible, and from the distribution it shows that the set of weight g in the middle contains the most
codewords, to always get a larger code size, we should delete the codewords from both edges of the
weight distribution alternately. In an extreme case, where let m = 0, only the codewords from in the
center are left, then increase the minimum Hamming distance by deleting codewords in the center
section. Here we propose an algorithm to improve the performance of a Pearson code in offset-only
Gaussian channel, as shown in the Table 4.1.

To remove the codewords in a most efficient way and get largest number of remained code-
words, it'’s necessary to compute the performance of the two strategies, Consider a full code book
with codeword length n = 6 and excluding the all 0 and all 1 codewords, we divide them into 5
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Figure 4.3: The weight distribution of full set of code book with even code length n, all ‘0’ and all ‘1’ code sequences are
excluded.
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Figure 4.4: The weight distribution of full set of code book with odd code length 7, all ‘0’ and all ‘1’ code sequences are
excluded.
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Algorithm: Best scheme to optimize a given Pearson
code conditionally in offset-only Gaussian channel
Input: A bad Pearson code with length n;

Object minimum squared distance djzwp

Hamming distance dy
Output : A Pearson code with length n and object dzzwp
and largest size Ny qx
1: Compute the weight distribution of given code;
2: For all dy € [0, n] do:

Compute the m for each dy by solving the equa-

tion:

2 _g _m
dMP_dH n

3: For each set of (dy, m);, i € [0, n] do:

Delete the codewords according the weight distri-
bution using the two strategies,

Get the final code size N; and defined the scheme
Si;
4: Compute the largest code size Ny, get the optimize
scheme S;4x;
5: Output the optimized Pearson code with object d12v1p
and largest size Ny qx;

Table 4.1: The Best scheme to optimize a given Pearson code conditionally in offset-only Gaussian channel

sections(combinations) according to their Hamming weight: {000001}, {000011},{000111},{001111},
and {011111}, we know the minimum Hamming distance is 1, and the number of nearest neighbors
for each section are: 5, 6, 6, 6, 5 respectively, then we come up with five scenarios for the comparison:

* Scenario 1: Always remove the codewords with most nearest neighbors(Hamming distance)
alternately from both edges of the weight distribution;

* Scenario 2: Always remove the codewords with most nearest neighbors(Hamming distance)
in the central of the weight distribution;

* Scenario 3: Always remove the codewords with most nearest neighbors(Hamming distance)
and lowest Hamming weight in weight distribution;

* Scenario 4: Remove the codewords that have nearest neighbors(Hamming distance) alter-
nately from both edges of the weight distribution;

* Scenario 5: Remove the codewords alternately from both edges of the weight distribution

The scenarios 1,2,3and 4 are to remove codewords based on minimum Hamming distance(strategy
1) but in different ways; the scenario 5 is to remove codewords based on the maximum Hamming
weight difference(strategy 2). Figure 4.5 shows us the performance comparison of these five scenar-
ios.

As we can see, the performance of scenario 4 and 5 is the same, because in such alternate re-
movement, every codewords always have nearest neighbors at minimum Hamming distance. We
note that the scenario 1,2 and 3 performs better than scenario 5, which means that improving Ham-
ming distance(strategy 1) could always be more efficient than reducing the maximum Hamming
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weight difference(strategy 2), but removing codewords with most nearest neighbors from different
location could lead different efficiency, we know the codewords with combinations: ‘000011’,000111/,
‘001111" have most nearest neighbors which is 6, we can consider the whole code book as a graph,
every codeword is a node and only the nearest neighbors are connected as shown in the Figure 4.6.

Scenario 1 and 3 perform the same because we always remove the codewords with degree 6 until
the minimum Hamming distance improves to next level, which means removing 6 links every time
until the entire graph has been completely fragmented and there is no links between any nodes.
while in scenario 2, we can see after about 20 codewords are removed, the maximum degree of all
codewords drops from 6 to 5, then every removement could only involve codewords with 5 nearest
neighbors, that is, 5 links in each removement, thus more codewords should be removed to improve
the minimum Hamming distance and this clearly decrease the efficiency. Therefore, although re-
moving codewords with most nearest neighbors in different way could lead to different results, but
the most efficient way to improve the minimum Hamming distance is always remove the codewords
with the most nearest neighbors and smallest average neighbors number of its neighbors.

However, we found there are only some bounds[17][18][19] on the size of a code with given code
length and Hamming distance, and it is almost impossible to optimise a block code to one specific
object minimum Hamming distance by removing codewords in the algorithm we proposed before,
these two strategies can only improve the Pearson code, but for Pearson code design, it is more
important to understand the structure of the code, the next section will give some good choices for
the Pearson code design by study the relations between weight pillars in the weight distribution and
minimum modified Pearson distance.

4.3. HOW TO CHOOSE THE PILLAR

From the view of the weight distribution for full set of a Pearson code whose codeword length is
n, the codeword pair with the minimum modified squared Pearson distance could comes from the
same weight pillar or different weight pillars, the minimum modified squared Pearson distance be-
tween codewords in a full set of weight pillar is 2, but djzw p between different full size weight pillars
can vary very much, therefore, how to choose different weight pillars to construct a Pearson code is
another important question for the code designer.
Consider two codewords a and b from two different full set weight pillars respectively, and the

x 10 Compare the performance of 5 scenarios in high SNR = 20dB
T T T T T

—+— Scenario 1
—+— Scenario 2
Scenario 3
—+— Scenario 4
Scenario 5

L L TR MR WS -
0 10 20 30 40 50 60 70
Number of excluded codewords

Figure 4.5: Compute and compare the theoretical bound of the codewords in the 5 scenarios with different strategies, to
make it close to simulation results, the SNR is 20dB.
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Figure 4.6: Consider the code book as a graph and each codewords as a node, and all node only connect to its nearest
neighbors at minimum Hamming distance

weight difference of these two pillars is x, we can minimize their modified squared Pearson dis-
tance by minimizing the Hamming distance between a and b and choosing them like the Figure
4.7:

I 1
Codeword a(b) E EE @
Codeword b(a) EE E E

- x m

Figure 4.7: Choose two codewords with minimum Hamming distance, which also have the minimum modified squared
Pearson distance

In this case, the hamming distance between a and b is equal to the their weight difference, so we

have:

x2

min(dip(a, b)) =x-— (4.4)
(4.4) is the equation of a Parabola, and the parabola opens downward, so it has a peak which is
the maximum value of the modified Pearson squared distance between a and b, and it is 7, the
weight difference of @ and b is 7. For example, when the code length 7 is 10, the relations between
minimum modified Pearson squared distance and the weight difference between weight pillars are
shown in the Figure 4.8, We can see, every two full set pillars with weight difference 5 have the largest
minimum modified Pearson squared distance 2.5, and the minimum modified Pearson squared
distance of pillar pairs with weight difference 1 is the smallest. Therefore, to improve a Pearson
code, shrinking its weight range is not enough, it’s weight distribution should also be more sparse
than before.

4.4, CASE STUDY

The balanced code is a well studied Pearson code, and there are several prior art constructions
of it. By definition, the binary balanced code contains codewords that have equal numbers of '1’s
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Figure 4.8: The relations between minimum modified Pearson squared distance and the weight difference between
weight pillars of Pearson code with code length n = 10.

and '0’s, which means it consists of all codewords in the central pillar of the weight distribution. For
a full set of balanced code with code length n,n is even, it code rate is:

))/n (4.5)
n

Hbc:n—(logg(n)) (4.6)
2

if the code length 7 satisfy: n > 1, the redundancy Hy. can be approximated by[20]:

and the redundancy is:

1
Hy, = Elog2n+0.326 4.7)

Since it can be easily constructed, and it's minimum modified Pearson squared distance is exactly its
minimum Hamming distance, the balanced code is a fast lower bound approach for code designer
given the object code with code length n and minimum modified Pearson squared distance larger
than or equal to 2, After check the table of constant weight code, we can compare lower bounds of
code rate with codeword length n grows for balanced code with different minimum Hamming dis-
tance.

From the Figure 4.9 we can see that, higher minimum Hamming distance always means lower code
rate, and the trend for different minimum Hamming distance is almost the same.

While the Figure 4.10 below shows lower bounds of code rate with minimum Hamming distance
grows for balanced code with different length. We can see that the lower bounds also almost follows
the same trends.

However, is the binary balanced code the largest size Pearson code with minimum modified Pearson
squared distance 2? can we add more codewords to the balanced code to construct a new Pearson
code with larger code rate, but still hold the minimum Hamming distance 2?

Theorem 1.  For the full set binary balanced code ¥ in a full set of Pearson binary code book
with all zero and one sequences excluded, and the codeword length n > 8, there always exist a code-
word c out of the balanced code ¥ so that we can build a new code & contains both ¥ and ¢, and
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Figure 4.9: Lower bound of code rate for balanced code given its codeword length n € [6,20] with minimum modified
squared Pearson distance 4 and 6
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Figure 4.10: Lower bound of code rate for balanced code given its minimum modified Pearson squared distance (Ham-
ming distance) dp,pq € [4,14] with codeword length 14 and 16

the minimum modified Pearson squared distance of code 9 is still the same as code €6 but has larger
code rate.

Proof. Suppose the Hamming weight of the codeword we choose is w = 1, and codeword length
is n, the Hamming weight of the balanced code € is 4. So minimum the modified Pearson squared
distance between the codeword we choose and any codewords of € is:

(2 -1)?

min(dyp) = min(dy) — (4.8)

from the last section we know that min(dy) is the weight difference between the codeword we
choose and the balanced code ¥ therefore, we can get:
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Figure 4.11: The minimum Hamming distance is also equal to the weight difference between the codeword we choose
and the balanced code.

(5 —1)?
min(dyp) = = —1— -2
2 n (4.9)
_n 1
4 n

we can see that min(dysp) increase with n increase, we already know n > 8, thus
) 9 1
min(dyp) = 279 >2 (4.10)

therefore, we can always choose the codewords with weight w = 1 when n > 8. From the Theorem
1 we know, in the offset-only Pearson detection, when the codeword length n > 8, we can always
combine more codewords with balanced code to form new Pearson code with minimum modified
Pearson distance 2.



MINIMUM PEARSON DISTANCE DETECTION

In this chapter, we will investigate the minimum Pearson distance detection for different Pear-
son codes, different from offset only case, in minimum Pearson distance detection, the channel
contains both offset and gain mismatch. The object is to make comparison between different Pear-
son codes and investigate which possible factor of a Pearson code may affect its error performance
in the minimum Pearson distance detection.

5.1. THEORETICAL UPPERBOUND OF WORD ERROR RATE

Recall the channel models we introduced in chapter 2, here we assume the channel is ideal and
matched, only contains additive Gaussian noise, and the signal vector x of a Pearson code is sent,
where all ‘0’ and all ‘1’ codewords are excluded. So the the receiver use the Pearson distance (2.5) to
compute the distance between the received vector r = x + v and all the other codewords in the code
book, Thus in this case (2.14) is:

Op(r,%) <6p(r,x) (5.1)
Combine (2.5) and (2.6) we can get:

YR (ri-T(&i - %)

0‘,-055

Yror@i-% Y (&%)
-— +7r—

0,0% 0,0%

remove the factor which is independent of r;, we can write down the equivalents of the Pearson
distance measure: _
Yrori&i—X%)

O3

6P(r;£) = -

Now apply itin (5.1), we can get:

Y (xi+vi)(a;—di) <0 (5.2)
i=1

39
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where _
Xi—X
a; =
Ox
and _
. Xi—X
a; =
O3

Because the left side of (5.2) is a stochastic variable with distribution .4 (ap, Bpo?), where
n
ap=)_ xi(a;—a)
i=1
and

n
Br =) (a;—d)*
i=1

According to the transformation[1], we can define the minimum Pearson squared distance(or min-
imum squared distance for shorthand representation) between any pair of codewords in S, d?

min,P’
by,
4a?
2 P . 2
min,P = Bp = MiNy zeS;x#220 (1 — Px 2) (5.3)

WER curve for (7,4) Hamming code

107" T T T T T T T T
107§ 1
¥
o
w
=
— Theoretical bound
1073 ¢ —+— Computer simulation 4
£
104 I ' L ' it L L ' L
8 8.5 9 9.5 10 105 11 115 #“M2 125 13
SNRin dB

Figure 5.1: Word error rate(WER) bound and simulation of Pearson detector as a function of signal-to-noise ratio(SNR)
for modified Hamming code (7,4, 3) in the ideal, matched case only with additive white Gaussian noise. The error perfor-
mance was computed by upper bound (5.5) and computer simulations(lines with markers).

Because the detector decides by the minimum distance between every codeword and received
signal vector, Then we can transform the original word error rate (WER) upper bounded inequality:

WER<—~ Y ZQ(dP(x x)) (5.4)
N XESX#X
to
Amin,p
WER < NpQ| =2 (5.5)
20

Here Np is the average number of nearest neighbors at minimum distance d,,;, p for every code-
word. The Figure 5.1 shows the word error rate computed using upper bound (5.5) and detection
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simulation for modified Hamming code(7, 4, 3), which is the Hamming code (7,4,3) with all zero and
all one codewords excluded. In this case, the average number of nearest neighbors N, is 6, and the
minimum squared distance d,;,,p is 2.86, we can see that the simulation results matches very well
with the upper bound in high signal to noise ratio.

5.2. THE ADVANTAGE OF PEARSON DISTANCE DETECTION

Here we compare the minimum Pearson distance detection with the minimum Euclidean dis-
tance detection and minimum Modified Pearson distance detection in the different condition with
the same code, and because Pearson detection is dedicated for Pearson code, this code should be
Pearson code, here we use the modified Hamming code(7,4,3), which comes from the Hamming
code(7,4,3) with all zero and all one codewords excluded.

WER simulation for medified (7,4) Hamming code
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Figure 5.2: Word error rate(WER) computer simulation of Euclidean detector, modified Pearson detector, and Pearson
detector for modified Hamming code (7,4, 3) in the ideal, matched case only with additive white Gaussian noise.

Figure 5.2 shows the computer simulation comparison of Pearson detector and Euclidean de-
tector in the ideal matched case, results shows that the Euclidean detector outperforms the Pearson
detector, because its the minimum Euclidean squared distance(3) is larger than minimum Pearson
squared distance(2.86) with same average number of nearest neighbors. While the performance of
minimum Modified Pearson distance detection and minimum Pearson distance detection is almost
the same because their minimum squared distance are same(2.86).

Figure 5.3 shows the computer simulation comparison of Pearson detector and Euclidean de-
tector with only offset mismatch b = 0.2, results shows that the performance of traditional Euclidean
detector drops dramatically, while the performance of modified Pearson detector and Pearson de-
tector almost stay the same as that in Figure 5.2. While Figure 5.4 shows the same computer sim-
ulation comparison but with both offset and gain mismatch: b = 0.2; a = 2.5. it shows that the
Euclidean detector performs even worse the results in Figure 5.3, however, the other two detec-
tor still stay the same, however, we notice that the modified Pearson detector performs exactly the
same as Pearson detector when there is gain mismatch, this is because the modified Hamming code
(7,4,3) is a special code where all the codewords have the same variance. Assume codeword a and
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WER simulation for modified (7,4) Hamming code
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Figure 5.3: Word error rate(WER) computer simulation of Euclidean detector, modified Pearson detector, and Pearson
detector for modified Hamming code (7,4, 3) with additive white Gaussian noise and channel mismatch: only offset mis-
match b=0.2.
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Figure 5.4: Word error rate(WER) computer simulation of Euclidean detector, modified Pearson detector, and Pearson
detector for modified Hamming code (7,4,3) with additive white Gaussian noise and channel offset mismatch: both
offset mismatch b = 0.2 and gain mismatch a = 2.5.
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codeword b are from the code book of modified Hamming code (7,4, 3). So from (2.7) we know:
n n _
afl= Z(ai—mz =a§]= Z(bi—b)2 =a%
i i=1
therefore, the squared distance (5.3) in Pearson detection, by definition, is:

Y (ai—a) (b —To))
Uuah

dp(a,b)* =205(1—
_ 2 - L A
=205-2) (ai—-a)(b;—b)

i=1

Y (ai-@*-2) (a;—@)(b;—b)+ Y (b;—b)*
i=1 i=1 i=1 (5.6)

Y [(ai—@ - b; - )]
=1

1

N

[(a; - b) - @-Db)]°
1

~
1l

= dyp(a, b)*

We can see that the squared distance dp(a, b)? in Pearson detection is equivalent to the squared dis-
tance dyp(a, b)? in Modified Pearson detection for modified Hamming code (7,4, 3). Therefore we
can conclude that for the Pearson codes which all codewords have the same variance, for example,
some constant weight codes like balanced codes, we can use Modified Pearson distance detector
instead of Pearson distance detector when facing the channel with both offset and gain mismatch.
If the Pearson codes have different variances, here we choose the single parity check T-constrained

WER simulation for SPC T-constrained code
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Figure 5.5: Word error rate(WER) computer simulation of Euclidean detector, modified Pearson detector, and Pearson
detector for single parity check T-constrained code where n =5, T = 2., with additive white Gaussian noise and channel
offset mismatch: both offset mismatch b = 0.2 and gain mismatch a = 2.5.

code where n =5, T = 2. The results in Figure 5.5 shows that in this case, the Pearson detector has
the advantage of resistance for both gain and offset mismatch, while the modified Pearson detector
can only offer the resistance against the offset mismatch.
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5.3. PERFORMANCE COMPARISON WITH DIFFERENT PEARSON CODES

In this section, we continue to investigate the performance of different kinds of Pearson codes,
here we choose 5 codes: modified Hamming code(7,4,3), modified Hamming code(15,11,3), T-
constrained code(n = 7, T = 2), single parity check T-constrained code(n = 7, T = 2), and modified
Reed Muller code RM(1,3), all of these codes are Pearson codes with all one and all zero codewords

excluded.

Coderate | min(dy) | mi n(df,) Np | Performance ranking
Modified Hamming(7,4) 0.544 3 2.86 6 2
Modified Hamming(15,11) 0.733 3 1.86 0.55 3
T-constrained 0.997 1 0.61 0.67 5
SPC T-constrained 0.854 2 0.91 1.67 4
Modified Reed-Muller(1, 3) 0.476 4 4 12 1

Table 5.1: Comparison of 5 different Pearson codes, the factors are: code rate; minimum Hamming distance min(dp);
minimum Pearson squared distance mi n(d}z,) ; average number of nearest neighbors at min(d%_,): Np; performance rank-
ing.

The table 5.1 shows the information of theses five Pearson codes in minimum Pearson distance
detection, and the Figure 5.6 shows the simulation results of these codes in Pearson detection. Sim-
ilar to the modified Pearson detection, the code with smaller code rate always have better perfor-
mance, and for the Modified Reed Muller code, the Hamming distance is also equal to the Pearson
squared distance, although the modified Hamming code(7,4, 3) have the same Hamming distance
with Hamming code(15, 11, 3), while its shorter code length means less symbol error probability and
its minimum Pearson squared distance is larger than the Hamming code(15,11,3), so it has better
performance. We also notice that for those Pearson codes with the same code length, the minimum
Hamming distance seems also have a positive correlation with the minimum Pearson distance, in
the next chapter, we will further investigate the relations between Pearson distance and Hamming
distance, and what factors should be considered in the Pearson code design for minimum Pearson
distance detection.

Pearson detection simulation for different Pearson codes
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Figure 5.6: Word error rate(WER) performance simulation of the five Pearson codes, the channel is only with additive
white Gaussian noise and there is no channel mismatch.
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5.4. PEARSON DETECTION FOR TERNARY PEARSON CODES

In this section, we will investigate the minimum Pearson distance detection for Pearson codes
with g = 3 and the code length n = 4, where the channel contains both offset and gain mismatch.
The codewords are chosen over the alphabet Q = {0,1, 2} and the size of a full code book is |S| =
q" = 3* = 81. According to the definition of Pearson code, the largest size ternary Pearson code is
the T-constrained code(T = 2), where symbol ‘0’ and ‘2’ appear at least once in each codeword, so
there are only 6 kinds of symbol composition left: {0012}, {0112}, {0122}, {0002}, {0022}, and {0222}.
And the code size is | Sy, ;| = 50. While for binary Pearson codes(q = 2), the Pearson code with largest
size is also T-constrained code(T = 2), and the code size is |Sz 5| = 14. According to the Matlab
computation, the minimum Pearson squared distance of S, ; is 0.53, and average number of nearest
neighbors is 0.48; the minimum Pearson squared distance of S, 3 is 0.63, and average number of
nearest neighbors is 1.71, therefore, S, ; could perform better than S, ; at high SNR because of larger
minimum Pearson squared distance. The Figure 5.7 shows the simulation comparison of binary and
ternary Pearson code at high SNR, we can see that it matches our computation results very well.

Minimum Pearson distance detection simulation
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Figure 5.7: Word error rate(WER) performance simulation of the largest binary Pearson code S, ;, and largest ternary

Pearson code Sz ; with same code length n = 4, the channel is only with additive white Gaussian noise and there is no
channel mismatch.

Recall the definition of single parity check codes, then we divide S, ; into 3 single parity check
codes with different symbol compositions as follows:

SPCoy SPCyy SPCy,

mod3=0 | mod3=1| mod3=2
0012 0112 0122
0222 0022 0002

Table 5.2: The symbol compositions of different SPC T-constrained codes with 7 =2 and n =4

The Table 5.3 shows the information of all the three ternary Pearson codes above. We can see
that after adding a single parity check, the minimum Pearson squared distance of all three codes
increases, unlike the results of modified Pearson distance detection, here the minimum Pearson
squared distance of SPC,, and SPC,. are the same, while that of SPC,;, is smaller but with larger
code size. We also found that for SPC,, and SPC,,, all the nearest codeword pairs are located only
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in the same symbol composition set of codewords: {0012} and {0122}; while for SPC,; the near-

est neighbor are out of the same symbol composition set of codewords, for example, the nearest
neighbors of ‘0112’ are ‘0022’ and ‘0202’.

Size | Minimum Pearson | Average number of
squared distance nearest neighbors
Sp: | 50 | 053 0.48
SPCo, | 16 | 2 2.25
SPC,, | 18 | 1.17 1.33
SPCy. | 16 | 2 2.25

Table 5.3: Comparison of different Pearson codes(q = 3)

100 Minimum Pearson distance detection simulation
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Figure 5.8: Word error rate(WER) performance simulation of ternary single parity check Pearson code SPCs, SPCg3p,, and
SPC3.. The channel is only with additive white Gaussian noise and there is no channel mismatch.

The performance of these 3 single parity check codes are shown in the Figure 5.8, it matches
the computation results of Table 5.3 very well, the SPCsj performs worse than other two codes
because its smaller Minimum Pearson squared distance. Compared with modified Pearson distance
detection, the relations between codewords in Pearson distance detection are more complicated.



PEARSON DISTANCE VS HAMMING
DISTANCE

In the chapter 4 we have already discuss the relations between modified Pearson squared dis-
tance and Hamming distance, but if the channel contains not only offset but also gain mismatch, we
should apply the minimum Pearson distance detection. Because the Pearson squared distance d}z,
is not symmetric in each codeword pair, here we study the symmetric part of the squared distance,
which is the Pearson distance 0 p, for the code design. In this chapter, we will discuss the relations
between Pearson distance and Hamming distance for binary Pearson code, and shed some light on
how to utilize hamming distance to design a binary Pearson code for the channel with both offset
and gain mismatch.

The Figures 6.1, 6.2, 6.3, 6.4 below illustrate the rough trend of the relation between Pearson
distance and Hamming distance in some modified Hamming codes and modified BCH codes, where
all zero and one code sequences are excluded from the original Hamming codes and BCH codes,
to make it more comparable, the Hamming distance is normalized: it is divided by the codeword
length. We notice that there is always a positive correlation between the Hamming distance and
Pearson distance, and this is more clear when the codes contain less number of different nonzero
Hamming distances, but from the codes have more different Hamming distances, it shows that there
are some other factors that have impact on the relations between Hamming distance and Pearson
distance so that they can change the slope of the positive correlation or lead to some offsets, which
makes the relations much more complicated. So what are these other factors? How many are they?
In this chapter we will investigate these questions.

6.1. THE PEARSON DISTANCE VS HAMMING DISTANCE

Consider a full set binary communication code book with all one code sequence and all zero
code sequence excluded, S, of chosen binary codewords with length n over the binary alphabet Q
= {0,1}. Suppose any two codewords : a = (aj, ay,...,a,) and b = (by, b», ..., by) of the code book,
to make it more simple to compare, we can arrange them like the Figure 6.5(can represent all the
codewords in the same constant composition subset):

47



48 6. PEARSON DISTANCE VS HAMMING DISTANCE

Hamming distance vs Pearson distance
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Figure 6.1: Hamming distance vs Pearson distance in modified Hamming code, n=7 and k=4
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Figure 6.2: Hamming distance vs Pearson distance in modified Hamming code, n=15and k=11
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Figure 6.3: Hamming distance vs Pearson distance in modified BCH code, n=15and k=5
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Hamming distance vs Pearson distance
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Figure 6.4: Hamming distance vs Pearson distance in modified BCH code, n=15and k=7

Figure 6.5: Comparison of any codeword pair by rearrange their symbols to four parts: ‘1’ to ‘1’; ‘0’ to ‘0’; ‘1’ to ‘0’; ‘0’ to
‘1.

According to the definition of Pearson coefficient:

Y7 (ai-a)(b;-b)

= 6.1
Pa,b 720 (6.1)
where
_ 1 i
a=—)y a;
niz l
n
0%=Y (ai-a*
i=1
So we have:
nab- (x;+2)a—-(x;+V)b+x
Pab= ! Sl Lt = 6.2)
\/[x1 +y-2x;+y)a+ nﬁz] [x1+2z-2(x1+2)b+nb |
Because
Xx1+y=na
x1+z=nb (6.3)

2x1 +dy(a,b) = n(@+b)
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where the dy(a, b) is the Hamming distance between a and b,combine (6.2) and (6.3) we get the

expression of Pearson distance 6 p(a, b)
— _— dy(ab
a+b-z2ap- 42D
Sp(a,b)=1-pap=1-—— — (6.4)
2\/@b[1- @+1) +ab)

Let m denote the Hamming weight difference between a and b: m = |y — z|, then we can derive
_ — X1—Xo+n

oo
_— (t1—xp+tn)-m
ab =

4n?

From (6.4) and (6.5) we know there are three factors that determine the Pearson distance between
codewords a and b: the Hamming distance dj(a, b), the weight difference m, and the difference
between the number of ‘0’ and number of ‘1’ in the same position: x; — xo. The Figure 6.6 shows the
relations between Pearson distance and Hamming distance for a full set of code book when n is 7.

2 (6.5)

2
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Figure 6.6: The Pearson distance vs Hamming distance for a full set of code book with length 7 = 7, all zero sequence and
all one sequence are excluded.

Therefore, similar with the relations between modified Pearson squared distance and Hamming
distance, for two codewords from the same weight pillar or two known weight pillars, their Pearson
distance is proportional to their Hamming distance, and smaller Hamming weight difference also
means better Pearson distance. However, unlike the modified Pearson distance, the Pearson dis-
tance varies for different codeword pairs with the same Hamming distance and weight difference
in different position of the weight distribution, from (6.4) we also can write the Pearson coefficient
Pa,p aSs:

a1~ +b - - @b

Pab = n (6.6)

2v/a(l-b)b(1-7a)

(n+m)? - (x] — xp)?
4n?
(n—m)? - (x1 — xp)?
4n?

also we know

a(l-b) = 6
7

b(1-a) =
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plug (6.7) into (6.6) and substitute ¢ for (x; — X0)?, and we know t € [O, (n—dy(a, b))z], then we can
get the relations between ¢ and Pearson coefficient:

n?+m?-2ndy(a,b)—t
b=
\/[(n+ m)? —t|[(n—m)? -]

differentiate (6.8) with respect to ¢, we have

Pa (6.8)

—[(n-m)?—t] - [(n+m)*—1]

—\/[(n+ m)2 —t|[(n—-m)? - t] - (n®> + m* —2ndy(a,b) - 1)

dpap _ 2\/[(n+ my— 1] [(n—m)? 1]
dt [((n+m)?2—t][(n-m)?—t]
_ —4[(n+m)? - t][(n-m)? - t] +2(n* + m* - 2ndy(a,b) - O([(n—m)* - t] + [(n+ m)* - 1])

4[(n+m)?2—t][(n-m)? - t]\/[(n+ m)? —t|[(n—m)? -]

([(n=m)?—t] - [(n+m)? - t])* - 8ndu(a,b)(n* + m* - 1)

- 3
2

4[(n+m2-t][(n—-m)%—1])

_Am*n® -2ndy(a, b)(n®+m? -1

([(n+m)2-t][(n-m)?—1t])

3
2

(6.9)
we know the denominator of (6.9) is positive, and from (6.7) we know ¢ < (n—m)?, so the numerator

4am*n® —2ndy(a,b)(n® + m* — ©) <4m*n® —2ndy(a, b)[n* + m* — (n— m)?|

(6.10)
<4mn?(m-dg(a,b)) <0
therefore, for any ¢
dpa b
— <0 6.11
P (6.11)

Thus we can conclude that if Hamming distance dg(a, b) and weight difference m are both
constant,the Pearson distance 8 p(a, b) and |x; — x| are positively correlated. For example, when n
is 13, Hamming distance is 7, and weight difference is 3, the comparison of Pearson distance of all
possible codeoword pairs is shown in the table 6.1, as we can see, codeword pair with x; = xy has
minimum Pearson distance. Let w, denote the Hamming weight of a, and w;, denote the Hamming
weight of b, we have

n—dy(a,b)
X1=Xg=—""—
2
Wa =%+ (6.12)
wp=Xx1+2
then we get
n+m
Wy = 5
(6.13)
= n—-m
b

(6.13) shows us that despite any values of Hamming distance, codeword pair with w, and wj, which
n
is symmetric by 5 always have the minimum Pearson distance compared with any other codeword

pairs with same weight difference and Hamming distance, which means for Pearson code designer,
if the codewords with length n from weight pillar whose weight is w are chosen, it is better not to
choose the codewords from the weight pillar with weight n — w.
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codeword pair | x; —xo | Pearson distance | codeword pair | x; —xo | Pearson distance
0000001111100 11111111100

0000000000011 | ° 13371 1111110000011 | ° 13371
1000001111100 11101111100

1000000000011 | ~* 11409 1111100000011 | * 1.1409
1100001111100 1111001111100

1100000000011 | 10514 1111000000011 | 2 1.0514
11100011111

1118880000022 0 10250

Table 6.1: Comparison of Pearson distance for different codeword pairs

6.2. THE SQUARED DISTANCE FOR CONSTANT WEIGHT CODE

As we know the variance is same for all codewords of the same weight pillar, so all codewords of
a constant weight code have the same variance. In this section we will discuss the squared distance
df, in (5.3) instead of Pearson distance §p for constant weight Pearson code design in minimum
Pearson distance detection. From (6.8) we know, for constant weight code, m = 0, then we have

n2—2ndHuLb)—t__1 2ndy(a,b)

(6.14)
nz—t n:—t

Pab =

and the variance is ,
-t
4n
we know in the Minimum Pearson Distance detection consider the channel with Gaussian noise,
the squared distance determines the performance of Pearson code.

o2=05=nal-a= (6.15)

dp(a,b)* =20%6p(a,b) =20%(1— pap) =205(1— pap) (6.16)

Therefore, the squared distance is symmetric for the codeword pair of constant weight code. Plug
(6.14) and (6.15) into (6.16) we get

dp(a,b)* = dy(a,b) 6.17)
thus we know the Pearson squared distance is equivalent to Hamming distance for constant weight
code design.

6.3. MINIMUM PEARSON DISTANCE BETWEEN WEIGHT PILLARS

We already know that for the codewords in the same weight pillar, improving minimum Pearson
distance is the same as improving minimum Hamming distance, but how to pick different pillar
combination for a Pearson code design still needs to be discussed, in this section, we will investigate
the minimum Pearson distance between every two weight pillars in the weight distribution of a full
set of code book.

From the Figure 6.5 we know, for the codeword pair from two different weight pillars we have:

{x1+y=wu (6.18)

Xo+y=n—uwyp

where w, and wy, are the weight of @ and b, which are both constant, then we can get:

X1—Xo=Wg+Wp—n (6.19)
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which means |x; — xp| is constant, therefore, the Pearson distance between the codewords from two
different weight pillars is also only determined by their Hamming distance, previous section told
us Pearson distance is proportional to their Hamming distance, so the codeword pair which can be
rearranged like Figure 6.7 have minimum Hamming distance and Pearson distance:

Figure 6.7: Comparison of any codeword pair from two selected weight pillars by rearranging their symbols

Figure 6.7 shows that dg(a, b) is equal to m. From (6.8) we get:

min(6p(a,b))=1-pap

dy(a,b)=m
n2+m?-2mn-t

\/[(n+ m)? —t][(n—m)?—t]

PRI (6.20)
=1_‘/—
(n+m)2 -t

Admn
(n+m)?—t

=1—

=1-

we know f is the substitution of (x; — xg)?, so from (6.20) we can see that both m and |x; — x,| are
positively correlated with the minimum Pearson distance of two weight pillars, where m € [1,n — 2]
and |x; — xp| € [0, n — m],which means the pillar pair with larger m or |x; — xo| has better minimum
Pearson distance, and according to (6.4), (6.5), and (6.8), Pearson distance also increases faster with
Hamming distance for pillar pair which has larger m or | x; — x|.

Number of codewords

Hamming
weight

=»

Wa

Figure 6.8: Keep wy, fixed, wq € [wy +1,n—1].

We note that m and the maximum value of |x; — x| are not independent from each other, there-
fore, to make it more clear, we can investigate the trend of Pearson distance when we fix the weight
of one pillar in the pillar pair, w, or wy,(w, > wy). Firstly, if we keep wy, fixed, w, € [wp +1,n-1], as
the Figure 6.8 shows. According (6.19), we have:

X1—Xo=2Wwp+m-—-n (6.21)
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where m > 0, plug (6.21) into (6.20), we get:

4dmn
in(p(a,b))=1-/1-
mm( pla )) \/ (n+m)?2—(m—-n+2wp)?
- (6.22)
:1— 1— 2
nLUb_wh

n—wp+

we can see that when m increase with w, increase, and the minimum Pearson distance between the
two pillars also increase. Next, let w, be fixed, wy, € [1, w, — 1], like the Figure 6.9 shows.

W |
‘.‘ Hamming

W weight

Number of codewords

Figure 6.9: Keep w, be fixed, wy, € [1,wg — 1].

Same according (6.19), we have:
X1—Xo=2Wga—M—n (6.23)

where m > 0, plug (6.23) into (6.20), we get:

idmn
min(6p(a,b))=1—1/1-
(6r(a, b)) \/ (n+mP2—-(n+m-2w,)?

P (6.24)

=1- |1- 5

nwg— ws;

Wy+——2

m

we can see that the minimum Pearson distance between the two pillars also increase with m in-
crease. Therefore, unlike modified Pearson distance detection, the minimum Pearson distance be-
tween the smallest weight pillar and largest weight pillar is the best among all pillar pairs for a full
set Pearson binary code in Pearson detection.

For example, for a full set Pearson code with code length n = 8, we compare the pillar whose
weight is 1 with every other pillars, their minimum Pearson distance and pillar information are
shown in the Table 6.2. It shows that the larger weight pillar(w,) we pick from the first pillar(wy),

{10000000}:wy, =1 | minimum Pearson distance | |x; —xo| | m / dy
{11000000}:w, =2 | 0.3453
{11100000}:w, =3 | 0.512

{11110000}:w, =4 | 0.6220
{11111000}:w, =5 | 0.7072
{11111100}:w, =6 | 0.7818
{11111110}:w, =7 | 0.8571

O|IHIN|W |G

DO | W N =

Table 6.2: Comparison of minimum Pearson distance for pillar w = 1 and other pillars in the weight distribution of a full
set Pearson code with code length n = 8.
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the better minimum Pearson distance they have, moreover, the previous section already told us both
lower |x; — xp| and larger m can lead to decreasing the Pearson distance, while from this table we
note that Hamming distance has more influence on Pearson distance than other two factors.

The Table 6.3 shows the minimum and maximum Pearson distance between pillar(w; = 7) and
all the other pillars(w,) in the weight distribution of full set Pearson code with length n = 10. It
also illustrates that larger |w; — w-| can lead to better minimum Pearson distance of the two weight
pillars, furthermore,the minimum Pearson distance increase faster with m when w» > w,, this is
because |x; — xp| also starts to increase. On the other hand, the maximum Pearson distance of two
weight pillar is positively correlated with |x; — xp|, and the maximum value of it is achieved in the
case that |x; — x| is 0 and it is 2.

{1111111000}:w; =7 | min(Pearson distance) | max(Pearson distance) | |x;—xg| | m | dy
{1000000000}:w2 =1 | 0.7818 1.5092 2 6 [6,8]even
{1100000000}:w> =2 | 0.6721 1.7638 1 5 (5,91 044
{1110000000}:w> =3 | 0.5714 2 0 4 | (4,101 0pen
{1111000000}: w9 =4 | 0.4655 1.8018 1 3 (3,91 044
{1111100000}:w> =5 | 0.3453 1.6547 2 2 [ 12,8lepen
{1111110000}:wo =6 | 0.1982 1.5345 3 1 (1,7 odd
{1111111100}:wo =8 | 0.2362 1.3273 5 1 (1,5] 044
{1111111110}:w» =9 | 0.4908 1.2182 6 2 | 2,4]00en

Table 6.3: Comparison of minimum and maximum Pearson distance for pillar w = 7 and other pillars in the weight
distribution of a full set Pearson code with code length n = 10.







CONCLUSION AND FUTURE WORK

7.1. CONCLUSION OF OUR WORKS

In this thesis, we studied the Pearson codes and the Pearson-distance-based detection. In chap-
ter 3 and chapter 5, we focus on comparing the Pearson-distance-based detection of different Pear-
son codes, and finding the factors that can determine the performance of Pearson code in different
situations. we found that:

1) In Pearson-distance-based detection, there are two factors for measuring the performance of a

Pearson code in the AWGN channel at high signal-to-noise ratios: the minimum (modified) Pear-
. 2 2 .

son squared distance (d;, ; n.mp OF d..; np) and the average number of nearest neighbors (N;p or

Np) of every codeword at the minimum squared distance, and the former factor is more impor-

tant than the latter factor. The Pearson code of the same code length with better performance

always has larger d}zn in,pp and dfn in,p» OF larger average number of nearest neighbors when min-

imum squared distance is the same, and the code rate is relatively small.

2) For the Pearson code where all codewords have same variance, the minimum modified Pearson
distance detector is the same as minimum Pearson distance detector, but for those have different
variances, the minimum Pearson distance detector outperforms the modified Pearson distance
detector in the channel with both gain and offset mismatch.

As we know, in the traditional Euclidean distance detection, the Hamming distance is the simple
and key factor for the performance of traditional binary block codes, so in chapter 4 and chapter 6,
we investigate the relations between Hamming distance and the modified Pearson squared distance
or Pearson distance to reveal the key factors for Pearson code design in the Pearson-distance-based
detection:

1) For the offset only channel, where minimum modified Pearson distance decoding is applied, the
squared distance is symmetric for every codeword pair, we investigate the relations between the
modified squared distance dzzwp and Hamming distance dy in chapter 4, and we found that:

m2

d]?hp = dH - 7 (71)
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2)

so there is two factors that can determine the modified Pearson squared distance between two
codewords: their Hamming distance dy and weight difference m: larger Hamming distance and
smaller weight difference can lead to better squared distance. So the furthest code pair in a full
set of Pearson code book is located in the central weight pillar of the weight distribution, mean-
while we know, the squared distance is equivalent to Hamming distance for constant weight
code. On the other hand, for the Pearson code design in the offset only channel, the better
Pearson code always has larger minimum Hamming distance, or small weight range with sparse
weight distribution.

If the channel mismatch are gain and offset, where minimum Pearson distance detection is ap-
plied, the Pearson squared distance di/l p is only symmetric for codeword pair of constant weight
Pearson code and it is equal to their Hamming distance. While for other Pearson codes, dzzwp is
not symmetric, because it also depends on the sent word’s symbol value variance, in this thesis
we investigate the relations between the Pearson distance 6 p(which is the symmetric part of the
squared distance) and Hamming distance dy in chapter 6. We found that there are three factors
determining the Pearson distance between two codewords: not only their Hamming distance
dy and weight difference m, but also the difference between number of ‘1’ and number of ‘0’ in
their same symbol value positions: |x; —xp|. The Pearson distance 6 p is positively correlated with
their Hamming distance dy and |x; — xp|, but negatively correlated with the weight difference m,
and the Hamming distance is more important than other two factors for improving the Pearson
distance. Moreover, we also found that the minimum Pearson distance of two weight pillar in the
weight distribution could be better if their weight difference is larger. According to these Prop-
erties, we can more easily choose good codewords and remove bad codewords to improve the
error control capacity of a Pearson code.

7.2. FUTURE WORKS

In this thesis, we have studied the Pearson-distance-based detection, and investigated the fac-

tors that determining the (modified) Pearson distance for Pearson code design. Based on our meth-
ods and results, some possible extension could be carried out with respect to the following direc-
tions:

1y

2)

3)

We can continue to investigate the relations between the Pearson squared distance with Ham-
ming distance given the asymmetrical component: the variance of sent codeword, and combine
with the results in our thesis for the Pearson code design.

Instead of study binary Pearson code, we can investigate the relations between (modified) Pear-
son distance and Hamming distance in Pearson-distance-based detection for q-ary Pearson codes,
and find out what factors of a codeword pair we can use for g-ary Pearson code design(q = 2).

We know this thesis is based on minimum distance decoding, It is possible to find other different
new decoding scheme for some Pearson codes for the better performance.
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