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Abstract

In wireless communication, the minimum Euclidean distance
between codewords is a major factor for the ability to correct er-
rors in messages, and it is of interest to maximize the minimum
Euclidean distance.

The thesis improves previously established general upper bo-
unds on minimum Euclidean distance of phase shift keying block
codes. There are no requirements on structure of codes, as the
bound depends only on alphabet size, word length and code size.
Prior to this thesis, bounds found by use of a method of Elias, had
been improved by generalization of Elias’ method. The method
used here is an attempt to optimize that generalization.



Acknowledgments

First and foremost I would like to thank my supervisors
Dr. Hakan Lennerstad and Dr. Magnus Nilsson for the help and en-
couragement they have given me during this work. I have learned
a lot from discussions with both of them.

I would also like to thank Dr. Robert Nyqvist who have helped
me greatly with BTEX. Without his help compiling this thesis
would have taken me a lot more work than it did.

My thanks also goes to all of my colleagues at BTH, in partic-
ular those at the department of mathematics and natural sciences,
for being good friends and forming a fantastic research enviroment.

Last but not least I would like to thank my family for moral
support.

vi



Contents

Abstract

Acknowledgments

Preface

1 Introduction
1.1 Communication . . . . . . .. .. ... L
1.2 Codes . . . . . . . . . e
1.3 Phase Shift Keying (PSK) . . . . ... ... ... ... ....
1.4 Distances and metrics . . . . . . ... ... ...
1.5 Hard- and Soft-decision decoding . . . . . .. ... ... ...
1.6 The research problem . .. ... ... ... ... ......

2 Presentation of papers

2.1 PaperI . . . ...

2.2 PaperIl . . . ... ..

2.3 Paper IIT . . . . . .. ...
Bibliography

I Improving bounds on the minimum Euclidean distance for

block coded PSK by inner metric optimization

II Bounding the minimum Euclidean distance for any PSK

block codes of alphabet size 8

IITI Inner distance measure bounds on the minimum Euclidean

distance for symmetric PSK block codes

List of Figures

1.1 Some symbols and corresponding waves in 8PSK . . . . . . . ..
1.2 Example of waves and noise . . . . . . . . ... ... ... ...
1.3 Squared Euclidean distance between points on a circle and be-
twWeen waves . . . . . ..o e
1.4 Example of the downside of HDD . . . . . . . .. ... ... ...

19

37

43

vii






Preface

This work consists of two parts. The first section introduces error-correcting
codes and presents the three papers which form the second part.

List of Papers:

I

II

III

E. Laksman, H. Lennerstad, M. Nilsson, Improving bounds on the mini-
mum Euclidean distance for block coded PSK by inner metric optimiza-
tion, Combinatorics 2008, Costermano, Italy, 2008

Submitted to Discrete Mathmatics

E. Laksman, H. Lennerstad, M. Nilsson, Bounding the Euclidean min-
imum distance for any PSK block codes of alphabet size 8, IEEE In-
formation Theory Workshop, Taormina, Italy, 2009

E. Laksman, H. Lennerstad, M. Nilsson, Inner distance measure bounds
on the minimal Euclidean distance for symmetric PSK block codes,
Fq 9, the 9th international conference on finite fields and their appli-
cations, Dublin, Ireland, 2009

Submitted to IEEE Transactions on Information Theory

The following paper is related to but not included in this thesis:

v

M. Nilsson, H. Lennerstad, E. Laksman, A two-metric approach to
improve bounds on the minimum Euclidean distance of block codes,
Proceedings of RVK0S8, Viaxjo, Sweden, 2008

Contribution to Papers included in thesis:
The author of this thesis has constructed the main parts of the proofs,
though all papers are joint work.



1 Introduction

This introduction starts with a short popular presentation of the general
problem of noise in communication, before turning to the research question.

1.1 Communication

Communication occurs whenever a sender transfers a message to a receiver
through a channel. A problem common to all forms of communication
is noise on the channel, i. e. the message attained by the receiver may
differ from the message transmitted by the sender. Some examples: in a
conversation some words may be unclear due to sound from the background,
when a computer attempts to read from a CD, there may be a scratch or
dust on the CD making some symbols on the CD unreadable or when a
receiver receives a carrier wave from a transmitting aerial the wave may be
disturbed by movement of the receiver or by other signals.

Given a received message, the receiver must find the message that was
sent, so error-correcting codes must be used to overcome the noise.

An error-correcting code is a way for the sender to encode a message such
that when the coded message is sent and disturbed by noise, the original
message will be reconstructed when the receiver decodes it, provided that
the noise was small enough. Some examples of where error-correcting codes
are used are internet, deep-space telecommunications, satellite broadcasting
and data storage. One of the simplest examples of an error-correcting code
is the repetition code, see [1], [9], [16] or almost any other literature on
error-correcting codes.

Example 1 (Repetition code). Assume that the message in question is in
written form. Now the sender codes the message with a repetition code by
transmitting each symbol (including blanks) n = 2e + 1 times. When the
recetver attempts to read the text, the receiver expects to observe n instances
of every symbol. If the n first symbols that the receiver reads are not iden-
tical, by deciding that the instance occuring most frequently is the one that
was sent, the receiver makes the correct decision, if at most e errors occured
among the first n symbols, leaving the majority of the copies intact. The
same decoding procedure is then done for the next n symbols, and so on.
Note that if more than e errors occur the repetition code may fail.

A repetition code using n repetitions is said to have rate 1/n, i. e. only
one of n symbols sent carries information. The other symbols are redundant.
Though unnecessary in the case of noiseless communication, they provide
the ability to correct errors in the case of appropriate noise.

A code in which n symbols have to be sent for where the same information
could have been passed along using only k£ symbols in a noiseless channel
is said to have rate k/n. Low rate, or high redundancy, results in longer
messages which costs more resources and time to send. It would seem to
be of interest to for every rate find a code with the best error-correcting
capabilities possible, i. e. with the smallest risk of getting a symbol error.
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However, as Shannon’s Theorem shows, it is not so. A simplified version of
Shannon’s Theorem is shown:

Theorem 2 (Shannon’s Theorem). Fvery channel has a capacity such that:

e for any rate below the capacity, codes yielding arbitrarily small error
probability exists, and

e for any rate above the capacity, no code yielding arbitrarily small error
probability exists.

In the case of a channel where all errors are equally likely, the capacity
is a convex function of the error probability p, with a minimum at p = %,
and for many channels the capacity is known.

A proof of Shannon’s Theorem can be found in [15], where it was first
presented.

Remark that Shannon’s Theorem only states whether or not codes of
certain rate resulting in arbitrarily small error probability exists. It states
nothing about how to find such codes. Generally though, to reach lower er-
ror probabilities without lowering the rate, one has to code a higher number
of symbols simultaneously, i. e. use large k and n. Coding many symbols
jointly comes with its own set of troubles, such as making the code imprac-
tical for use when transmitting short messages and making the code slow
to decode.

It becomes interesting not only to find a relationship between the rate and
the error-correcting capability of a code, but to find a relationship between
n, k and the error-correcting capability of a code.

1.2 Codes

There are two ways to view a code, leading to two different definitions. The
most common way is to define a code as a map from one space to another
space of at least the same size as the first space. This is a good model for
how encoders work. The idea is that input, the uncoded message, is given
to an encoder which responds by giving the coded message as output. Such
a definition of codes also renders itself well to defining different types of
codes by imposing restrictions on what mappings are acceptable.

Another way to define codes, which has been successful in this research,
is by viewing a code as a subset of some space. The idea is to consider
the “output” to be the entire code, and to take no notion of the existance
of input and encoder. This makes sense when there is no interest in which
input corresponds to which output.

Let I be a discrete index set, and let the sequence space W be the di-
rect product [],.; A;, so that different alphabets may be used for symbols,
sometimes called letters, on different positions, even though it is common
that A; = A; for all ¢, € I. Now any subset C of W is a code. This
is the definition of a code used by Forney and Trott [4] and Loeliger and
Mittelholzer [8].



The vast majority of codes used in practice are either block codes or
convolutional codes. Block codes can be defined as codes with finite I. For
a block code, elements of W are commonly called words, while the elements
in C are also called codewords. For other codes we have sequences and code
sequences.

The definition of convolutional codes that will be given here comes from [8].
Some definitions are necessary to be able to define convolutional codes.
First, it is necessary that the index set I is totally ordered. For simplicity
in expressing the necessary definitions, assume I = Z and let z; be the value
of the 7:th coordinate of the sequence x.

A code C'is time-invariant if for any y € C' there exists elements x,z € C
such that z;_1 = y; = 2z;41 for all ¢ € I. Note that this leads to all alphabets
being identical.

A code C' is strongly controllable if there is a nonnegative integer [ such
that for any 7 € Z and any x,y € C, there exists an element z € C such
that z; = x; for all j <7 and z; =y; forall j > ¢+ 1.

A code C' is strongly observable if there is a nonnegative integer [ such
that for any ¢ € Z and any x,y € C with ; = y; for all j € [¢,7+ 1), there
exists an element z € C such that z; = x; for all j < i and z; = y; for all
i

A code C is a group code if the alphabet A; is a group for every i € I
and C is a subgroup of W when the group operation acts componentwise
on sequences in W.

A code C'is a convolutional code if it is a strongly controllable and strongly
observable time-invariant group code.

If a part of the message which should correspond to a code sequence
(codeword) doesn’t do so, it can be corrected to a code sequence (codeword).
It is desirable to correct it to the code sequence (codeword) which is most
likely to have been sent, but this is not always done, see Section 1.5. To
achieve fast decoding, one often decodes to a code sequence (codeword)
close to what was received with respect to some distance function, d(-,-).
Types of distances will be discussed in Section 1.4. The free distance of a
code, called minimum distance in case of a block code,

diree(C) = miny yec d(x,y) or (1)
Awin(C) = ming yec d(x,y) :

is a crucial quantity for the code’s error correcting capability.

Mathematical theory for error-correcting codes has mainly been devel-
oped for block codes [16], possibly only due to simplicity in analysis. In this
thesis, only block codes are treated, and an interesting way to continue the
research presented in this thesis would be to generalize the method used
to bound minimum distance for block codes to bound the free distance for
convolutional codes. In the papers in this thesis upper bounds on the mini-
mum squared Euclidean distance, see Section 1.4, are found for block codes
over alphabets of the form (Zj, +), based on fixing ¢ and fixing the number
of codewords.
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1.3 Phase Shift Keying (PSK)

In wireless applications, machines communicate by transmitting and re-
ceiving electromagnetic or acoustic waves. The wave carries information
as variation of amplitude, frequency or phase (or combinations of these).
Error-correcting codes are widely used during communication of such forms.

This thesis considers only PSK. This signifies communication where the
carrier waves have equal amplitude and frequency, and only the phase is
modulated. PSK is commonly used in applications, where some examples
are wireless Local Area Networks, wireless Personal Area Networks and
Proximity Cards, where 2 or 4 different phases are used. PSK with 8 phases
is sometimes used in cellphones with 3G and in wireless Personal Area
Networks.

This thesis employs the common assumption that the carrier waves are
sinusoidal, and that phases used to represent symbols are evenly spread out
between 0 and 27w. While these assumptions are common, work has also
been made with different assumptions, e. g. [3] and [5].

Here, the waves take the form Asin(wt + «) for fixed A and w, while
the value of a € {2#2,27%,2#%,...,271"7%!1}, for a fixed integer ¢, car-
ries the information. When these particular phases are used, the modu-
lation is called symmetric PSK. In some communication, typically when
the transmitter or receiver is moving, information is instead carried in the
difference between phase in consecutive signals transmitted, which is known
as differential phase shift keying (DPSK). Whether PSK or DPSK is used,
high minimum distance is still of utmost importance, so with respect to the
further analysis PSK may be assumed without loss of generality.

This thesis will adhere to the common assumption that all messages
are equally likely. This assumption is reasonable as data is usually com-
pressed before it is coded error-correctingly and transmitted. There are
many different methods for data compression, depending on the data to
be compressed, but a common feature among them is that they remove
redundancy, which makes all messages roughly equiprobable.

As mentioned already in Section 1.2, the message is coded as a possibly
finite sequence of letters x1,xo,.... Each letter x; corresponds to a phase
2m(x; mod ¢)/q. An example of this can be seen in Figure 1.1, where each
symbol is shown for only one period. In practice, the wave corresponding to
each symbol is sent for a number of periods depending on the ratio between
the symbol rate and the frequency of the carrier wave. From a mathematical
point of view, this may be seen as an “internal” infinite repetition code, as
observing the wave for even very short period of time (any open interval)
would be enough to determine the phase uniquely. When using symmetric
PSK, it is practical to take the alphabet to be the group (Z,, +) as it
indicates that the distance between the letters i; and s is the same as
the distance between iy 4+ j and i3 + j, which is true for the carrier waves
corresponding to the letters, given a reasonable way of measuring distance
between the waves.



Figure 1.1: For symmetric 8-PSK, the phases and the carrier
wave of the message (0, 1,3,5,2) is shown.

In this thesis the minimum distance used to measure how good a code
is will be squared Euclidean distance, and Section 1.4 will not only explain
what squared Euclidean distance is, but also why it is suitable for many
applications.

The issue of distance is an important one in this thesis, and results have
been achieved by using different distance measures, even though all results
are in squared Euclidean distance.

1.4 Distances and metrics

We define distance measures and metrics as follows:

Definition 3 (Distance measure). For a set S, let § be a function
0:Sx5—R (1.2)

which satisfy the following properties:
e 0(s1,82) > 0, with equality if and only if s1 = s and
o 0(s1,52) = 0d(s2,81)-

Then we will say that § is a distance measure on S.

Definition 4 (Metric). Let ¢ be a distance measure on S with the additional
property

o §(s1,53) < d(s1,82) + (s2,53) (the triangle inequality).
Then 6 is a metric on S.

We next concider some common distances and upper bounds on minimum

distance for codes when using these distances.

6
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Hamming distance

The distance measure which is probably most common in mathematical
literature on error-correcting codes is the Hamming distance,

du(x%,y) = {zilei # yi}, (1.3)

where x and y denotes words and |S| is the number of elements in the set
S. Hamming distance, which is also a metric, is the only distance measure
used in [1], [9] and [16]. Hamming distance suits best when

P(receive y|x was sent) ~ P(receive z|x was sent), for all y,z # x € Z,
(1.4)
This is the case for symmetric binary and ternary PSK. As was shown in [7],
also symmetric quaternary PSK can be treated successfully with Hamming
distance.

An upper bound on the minimum Hamming distance in a block code
is the Hamming bound, also known as the sphere-packing bound or the
volume bound. It’s a well known bound, which can be found e. g. in [16].
It states that for a block code C with length of words n, alphabet size ¢
and minimum Hamming distance dg min, the following inequality holds:

o, (| 222 | ) <, (15)

where

T
Vo) =3 (a0 (16)
k=0

is the volume of a sphere with radius 7 in the space Fy. The bound follows
from placing one sphere of radius r centered at every codeword and max-
imizing r with the restriction that the spheres must be pairwise disjoint.
This relation can be taken to be a bound on either dg min, |C|, 1 or ¢, given
the other three. Note that while it is an upper bound for |C| or dg min, it
is a lower bound for n or ¢. Block codes which meet the Hamming bound
are usually called perfect codes.

Other bounds on dg min which are stronger for some n, |C| and ¢ exist.
Of these, the Elias bound is presented here, as it is related to the results in
this thesis.

Elias’ bound states that for given word length n, code size |C|, alphabet
size ¢ and minimum distance dg min, the relationship

n

|C| < (q - ]-)ndein q

~ qr? +n(q — 1)(dg min — 2r) Vy(n,7) 1)

holds, where r is any integer in the interval [2,n(g — 1)/g]. The idea is that
a sphere of radius r in Fy can be shown to contain at most

(q - 1)ndH min
qr? + n(q — 1)(dg min — 21)

(1.8)



words if the minimum distance between them is at least dy min, and that
F} can contain at most 4 pairwise disjoint spheres of radius r. See [16]

Vg(n,r)
for a complete proof.

Lee distance

Another distance measure which is also a metric, sometimes used when the
alphabet is (Z,,+), is Lee distance:

La/2]
di(x,y) = Y il{j i a; =y =i Vy; — ;=4 i}, (1.9)

i=1

where the summation sign is to be taken as addition over Z, not Z,. For
symmetric quaternary PSK, Lee distance coincides with squared Euclidean
distance. For n = 2, Lee distance is also known as Manhattan distance or
Taxicab distance.

Several bounds on the maximum number of words in a subset of Zg
with minimum Lee distance d are presented in [14], where also results for
q="5,6,7and n € [1,7] are presented in tables, constructed by application
of the different bounds presented. The most frequently applied bounds for
constructing the tables are the sphere-packing bound (generalization of the
sphere-packing bound for Hamming codes), and two improvements of it that
can be made for some parameter values.

The version of the sphere-packing bound given is

IC] < L@(an)J , (1.10)

where the sphere radius is r = | (dp min — 1)/2].
An improved version is given for even dy, min. If dp min = 2€, then

ICl < {ch(]nr)J , (1.11)

where W, (n,r) = Vy(n,e— 1)+ Vy(n —1,e —1).

If also ¢ is not less than dp, iy, the bound can be improved further. If
q= dL min = 2€, then

2qn—1 q
Cl<|—/—— 1= . 1.12
€< {Wq(n,r) bJJ (1.12)
Euclidean distance

On R, Euclidean distance (which is also a metric) is defined as

(1.13)
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On Zy, Euclidean distance is instead defined as

dp(x,y) = iélsinz <W> (1.14)

q

which corresponds to Euclidean distance between g points spread out evenly
on the unit circle on R?. Now follows motivation to why squared Euclidean
distance on Zg (which is not a metric) is suitable for modelling symmetric
PSK.

Noise in communication by carrier waves will be assumed to be addi-
tive white gaussian noise (AWGN), which is a very common assumption
of noise in many applications, not only coding theory. That the noise is
additive doesn’t actually say anything about the noise, it only describes a
viewpoint of how to relate the received signal to the transmitted signal and
the noise. More strictly, it says that the noise is chosen as the (signed)
difference between the received signal and the transmitted signal. However,
when stated that the noise is AWGN, something is said about the statistical
distribution of the difference between the received signal and the transmit-
ted signal. With a different viewpoint on how the transmitted and received
signal relates, the statistical distribution of noise would be different.

A process without any structure, i. e. with an autocorrelation function
which is zero except at ¢t = 0, is called a white process. The received signal
is usually filtered in such a way, that even if noise originally was not white,
the filtered signal behaves as though it was the transmitted signal plus white
noise.

If the noise is comprised of additive white noise from many small sources,
then by the central limit theorem it is a reasonable assumption that it will be
gaussian. The noise being gaussian means that it has the density function

1 w?

fw(w;o) = W67m7 (1.15)

so using the additivity gives the density function

e 20 ’
Vara? ’

for the received signal, where s,,(t) is the effect of the signal for the message
m at time ¢, and o is the standard deviation of the noise. Figure 1.2
illustrates the situation.

Even though the receiver has access to the received signal in continuous
time, one may assume that access to the values of the received signal exists
only for some discrete set of points, A. As it is possible to let A grow to cover
the continuous timespan arbitrarily well, this is a sensible approximation.
To find the message which is most likely to have been sent, given the received
message, one has to find the message m which maximizes the expression

I 7x(@aim.ta, 0), (1.17)

a€A

fX(x;m7t70) =



25

signal of the symbol sent
2r — — —signal of another symbol (4
recieved signal

25 . . . . .
0 5 10 15 20 25 30

Figure 1.2: An example showing what may be sent and re-
ceived. Given the received signal, the receiver wishes to find
what symbol has the highest likelyhood of having been sent.

where t, is the time at point a. The expression takes this form as the noise
at different points in time is independent when the noise is white.

The expression can be simplified to finding m which minimize the expres-
sion

> (@0 — sm(ta)), (1.18)

acA

which is the same as deciding which of the possibly sent signals which is
closest to the received signal in terms of squared Euclidean distance.

Note that the squared Euclidean distance and Euclidean distance give the
same minimum since the function 22 is increasing for = > 0.

The squared Euclidean distance is not a metric, but it is additive, i. e.
n
Bl za ) (e oon)) = Do dblwiy), (L19)
i=1

so the distance between signals corresponding to letters is of particular
interest.

According to the assumptions previously stated, the signals for z; and
y1 are Asin(2zi7/q +t) and Asin(2y,7/q + t) respectively, where A is the
amplitude of the signal. The squared Euclidean distance between the two

10
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signals with phases 2z17/q and 2y;7/q is then

27 2
2 2
/ (Asin( ”3177+t> —Asin( y”r+t)) dt =
0 q q

— 9427 (1 — Cos (W» - i (W)@QO)

Note that in this calculation it was assumed that each signal is sent for
only one period. Usually each symbol is sent for many periods, but all
that does with the distance is to multiply it by a constant. Normalizing
the constant, in this thesis the squared Euclidean distance between symbols
will be taken to be 4sin®((z; — y1)7/q), which is the same as the squared
Euclidean distance between the two points

o (35 (35) (o) o (35).

on the unit circle. Thus, by spreading out the symbols from Z, evenly on
the unit circle in R?, or placing them in the positions for the g:th roots
of unity on the complex plane, the squared Euclidean distance (as defined
on R?) between the points will be the same as that between the symbols
corresponding carrier waves. This is illustrated in Figure 1.3.

1.5 Hard- and Soft-decision decoding

Hard-decision decoding (HDD) means that every signal corresponding to
a letter is interpreted as a letter, the one which is closest to the received
signal. I. e. initial interpretation of the signal is performed individually for
each letter. If a word which is not also a codeword appears, then that word
is interpreted as the codeword closest to that word.

Soft-decision decoding (SDD) means that the signal corresponding to a
word is interpreted as the codeword with signal closest to the received signal.
The signal is interpreted as a codeword directly, without first interpreting
it as individual symbols.

Observe that closest is here taken to mean closest in the sense of Euclidean
distance, but what is stated about HDD and SDD in this thesis also holds
for other distance measures, such as Hamming- or Lee distance.

Figure 1.4 shows an example of the problems that can occur with hard-
decision decoding.

It would seem that SDD is clearly better than HDD, as can be seen from
the example in Figure 1.4, yet HDD occurs in practice. One reason is that
it is faster for a computer to work with integers than with real numbers.
Another reason is that to find the distance between a signal of the length
of one word to the signal of each codeword may be slow since |C| can be
very large. However, if the code has some special structure, there may be
fast ways to find the codeword closest to a given word. Many such methods
require that the signal is first approximated by a word to be usable.

11
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Figure 1.3: The distance between the symbols 1 and 3 in 17-
PSK is shown above and to the left. Distance of the correspond-
ing waves is indicated above and to the right. Below are the cor-
responding squares, i. e. the squared Euclidean distance, which
is the same in both graphs.

To be efficient, a block code should have as large minimum FEuclidean
distance as possible, no matter whether HDD or SDD is used. This thesis
is written with the assumption of SDD, with the exception of the repetition
code as presented in Section 1.1, but the results hold just as well for HDD.

1.6 The research problem

From what has been stated in this thesis up to this point, it is clear that
there is practical interest in finding subsets C' of Zy, with a fixed size |C]
that have mazimal minimum Euclidean distance dg min (C). For general g,
n and |C|, the maximal minimum Euclidean distance max¢ dgmin(C) is
unknown. There exist both lower and upper bounds on this quantity, and
the research problem has been to improve the upper bounds that exist.
Elias proposed a method for finding an upper bound on the minimum
distance for any additive distance measure, word length n, code size |C|

and any alphabet size ¢q. Elias’ bound with respect to Hamming distance

12
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%, /N . wave of the codeword 000
. .
. o / \\ | — — — wave of the codeword 111
) : ) )
¢ .« L / *  signal + noise
. . { : NE ! \
. . \ ! \ ¢
o ; ¥ \
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Figure 1.4: Consider a 2-PSK code with only two codewords,
000 and 111. The carrier waves for the two words are shown in
the figure, as well as the received signal. With HDD, the first
symbol will be approximated to 0 while the second and third
symbols will be approximated to 1. Then the whole word will
be taken to be 111. With SDD, the entire word is a lot closer to
000 than to 111, which can be seen even without calculation as
the first symbol is clearly a 0 while the other symbols are almost
as likely to be 0’s as 1’s.

presented in Section 1.4 was found by applying Elias’ method with respect
to Hamming distance. Elias did not write of this method himself, but it can
be found in [2]. The idea is the following:

1.
2.

Form a sphere with radius ¢ around every codeword in C.

Set K = [|C] - |S¢(x)|g~™], where Si(x) is the set of words in a sphere
of radius ¢ with center at x. For reasons of symmetry, |S;(x)| is inde-
pendent on which word x is chosen. With asymmetric constellations of
symbols, this may not hold true. (This is a limitation of Elias’ method,
but in accordance with assumptions made in this thesis.)

By the pigeon hole principle, there must be at least one word, named
w, in Zg contained in at least K spheres.

Form the sphere S;(w), and observe that it contains at least K code-
words. This sphere is called a critical sphere.

The minimum distance between codewords in W = C N Sy(w) is an
upper bound on the minimum distance of C', assuming ¢ was chosen
large enough so that K is at least 2.

The average distance between codewords in W is an upper bound on
the minimum distance of W, hence also on the minimum distance of

C.
Write the codewords in W as rows in a matrix M.

Find the column in M which results in the highest average difference
between symbols on the i:th position, with respect to a limitation on
the total difference between w and the codewords of W.

13



9. This way an upper bound on the average distance of codewords in W
can be found, which is an upper bound for the minimum distance of C.

Every value of ¢, will result in a bound. Notice that K is a stepwise right-
continuous function of ¢, and that increasing ¢ without increasing K cannot
make the bound tighter, so that only the values of ¢ where K increases are
of interest. On the set of these points, K is an invertible function of ¢, so
that ¢ may also be seen as a function of K.

A contribution to Elias’ method in this research is to examine the possi-
bilities of creating a better bound on the minimum Euclidean distance by
using different distance measures than Euclidean for defining the shape of
the spheres that lead to a critical sphere.

In 2000, Nilsson and Lennerstad [10] considered a different shape of the
spheres in Elias method. As can be observed in the description of Elias
method above, while it uses spheres of radius t, it doesn’t state what dis-
tance measure should be used for the radius. Elias originally used the same
distance measure for the radius as the one in which he wanted to bound
the minimum distance. Nilsson and Lennerstad found that bounds could
sometimes be improved by use of a different additive distance measure for
the shape of the spheres. In this thesis the additive distance measure being
used for determining the shape of the spheres will be called inner distance
measure, i. e. it will not neccessarily satisfy the triangle inequality.

The restriction to additive distance measures as inner distance measures
is used in the last step of Elias’ method described above, when considering
the matrix column by column.

In [10], bounds were found for sets C with |C| > (g/3)™ by using the
additive distance measure \;, where \; was defined as

A(0)=0, XN(x1)=1, M(@)=occforie[2,q—1]. (1.22)
In [11], the inner metric A\; was generalized to A, where A, was defined as

Ar (i) = |i] for i € [—r,7] and \.(i) = oo for i € (—q/2,q/2]\ [-7,7] .
(1.23)
This resulted in bounds also when |C| < (¢/3)". Using r = 2 and r = 4
bounds were found for ¢ = 8. The distance measure A\, is Lee-distance,
and A, is a metric as it satisfies the triangle inequality.

A natural next step was to attempt to maximize the minimum squared
Euclidean distance with respect to a general inner distance measure. In [12],
additive inner distance measures that were allowed to depend on K were
introduced. Numerical testing was used to find an inner distance measure
which improved on previous bounds for ¢ = 8. With a K-dependent inner
distance measure, there appears to be a great deal of interdependence be-
tween ¢, K and the inner distance measure. It is important to note that
this poses no problem. If K is chosen first, this leads to an inner dis-
tance measure 0. For any pair of K and 0, the smallest ¢ such that
K < [|C] - |Se(x)|g~™] can now be used, so t, K and ¢ can all be well
defined in this manner.

14



2 Presentation of papers

The papers in this thesis attempt to optimize and generalize the idea of
a K-dependent inner distance measure.

2 Presentation of papers

2.1 Paper 1

In Paper I the restriction ¢ = 8 was used. Using Elias method, a bound of
the form

2tk (0) maxy f5(x)

A% min(C) < 2.1

Emm( ) = K—1 ( )

was found, where x is a column of length K and

.y d%(zj,, @,
f5(x) = Zl§J1<JIQ(§K B(T5,,%j;) (2.2)
>i=16(0,2)

One of the main results was that only the six columns
y1=(1,-1,0,...,0)7 yy=(2,0,...,0)T y3 = (3,0,...,0)T
ya=(4,0,...,0)7 ys = (1,-2,0,...,0)7 ys=(2,-2,0,...,0)T

(2.3)

can maximize f5. Which of these columns that maximize fs depends on §.

Using this result, a one-parameter family of inner distance measures
was found, from which all inner distance measures minimize the quantity
maxy fs(x). This family can be described as

6(0,1) = (K —1)dg(0,1) —2+2v2 —h, 6(0,2) —1)dg(0,2) + h,
(2.4)

h € [0,v/2—1]. All members of this family leads to y3, y4 and y5 maximizing
f5. Then, tx(d) may be minimized with respect to §’s within the given one-
parameter family.

Finding an inner distance measure from the given family led to an im-
proved bound on the minimum Euclidean distance for symmetric PSK block
codes. However, while it is proven in Paper I that maxy f5(x) is minimized,
it is not proven tx (0) maxy f5(x) is minimized.

(K —1)dg(0,2) + h

2.2 Paper II

A nuisance in Paper I was that rather than minimizing the upper bound
of (2.1), only one of two factors in (2.1) was minimized. In this paper it is
proven that minimizing the upper bound of (2.1) is done by using an inner
distance measure from the same one-parameter family that was found in
Paper I and minimized only one factor. Remark that it is not necessarily
the same inner distance measure that is optimal in both cases. It is only
shown that both can be found by sampling over the same one-parameter
family.
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2.3 Paper III

In Paper I and Paper II, the restriction ¢ = 8 is used. In Paper III a bound
for any ¢, n and |C] is found. Paper III begins similarly to Paper I, even
though slightly more general and requiring more trigonometry. When it
comes to the result however, it seems difficult to give a formula for exactly
which columns maximize fs in (2.2) for any ¢. Generalizing the method of
Paper I columns are found by a method for sorting out columns which can
not maximize fs. There are however many columns, so in order to make
the work of sorting out columns reasonable, a theorem which immediately
reduces the set of columns under consideration is given. The theorem states
that only columns y satisfying

K

> dp(0,y:) <4 (2.5)

i=1

can maximize fs.

While Paper III results in bounds for any ¢, n and |C|, just as in Paper I,
it is not proven to be optimal within the problem formulation. Paper II
showed that for ¢ = 8 this way of finding a bound was indeed optimal, but
for general ¢, no corresponding result has been found.
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Improving bounds on the minimum Euclidean
distance for block coded PSK by inner metric
optimization

Efraim Laksman, Hakan Lennerstad, Magnus Nilsson

Abstract

The minimum Euclidean distance is a fundamental quantity for block
coded PSK. In this paper we improve bounds for this quantity that are
explicit functions of the alphabet size ¢, block length n and code size
|C|. For ¢ = 8 we improve previous results by introducing a general
inner distance measure allowing different shapes of a neighborhood for a
codeword. By optimizing the parameters of this inner distance measure,
we find sharper bounds for the outer distance measure, which is Euclidean.

The proof is built upon the Elias critical sphere argument, which lo-
calizes the optimization problem to one neighbourhood. We remark that
any code with ¢ = 8 that fulfills the bound with equality is best possible
in terms of the minimum Euclidean distance, for given parameters n and
|C|. This is true for many multilevel codes.

1 Introduction

We intend to improve bounds for the minimum squared Euclidean distance
for block coded PSK. For error correction with respect to maximum likelihood,
when using a channel with additive white Gaussian noise, the squared Euclidean
distance of the code is a highly relevant measure of the efficiency of a code for
fixed block length n, code size |C| and alphabet size g.

On the set Zg, the squared Euclidean distance is defined as

dZE(X7y) = ZdQE(‘ijyj)> (1)
j=1
where d?(z;,y;) is
o (xy—y)m
Bly,1) = Byl — 13, 0) = asiu BT @)

Note that this distance measure is translation invariant, so that often the ar-
guments can be written in such a way that one of them is zero. To simplify
notation we will write d(z) = d(z,0) for any distance measure. Now a relevant
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model for the words are points in the group (Z;L, +), with the squared Euclidean
distance used for measuring distance, see for example [1], [9].

We consider an arbitrary subset C' of Zg, corresponding to a block code
having |C| codewords x = (1,...,z,) of length n in an alphabet of ¢ letters.
The minimum squared Euclidean distance for the code is then

dzEmin(C) = min dZE(X~y) . (3)
x,y € C
xX#y

Bounds on the minimum Euclidean distance are fundamental for the ge-
ometry of Zj: which is the largest possible distance between the two closest
members in a subset of Z7 with |C| members?

As is well known, the minimum Euclidean distance is essential for the error
correction capabilities for a code. We define the rate of a block code as

R(g,n,|C]) = 4)

log, |C|
-
For several combinations of ¢, n, and |C|, mostly for high rates, there are known
codes whose minimum squared Euclidean distances fulfil our bound with equal-
ity. For these combinations of ¢, n and |C/|, neither the codes nor the bound
can be improved.

For other combinations of ¢, n and |C| there is a gap between the bound
and the minimum squared Euclidean distances for the best known codes. The
size of this gap differs from case to case. Especially for medium and low rates
it is unknown whether there exist better codes to discover, or if it is possible to
improve the bound, or a combination of both.

Many of the best known block codes, in the sense of minimum squared
Euclidean distance, are constructed as multilevel codes, see for example [4], [11]
and [12]. There are also other code constructions providing some of the best
known block codes.

The results of this paper are derived by using different kinds of distance
measures and metrics, so we next define these concepts. Both a distance measure
and a metric are a function d(x,y) from pairs of codewords to non-negative
numbers with the symmetry property d(x,y) = d(y,x) for all x and y, and
d(x,y) = 0 if and only if x = y. Unlike a distance measure, a metric is
also required to satisfy the triangle inequality: d(x,y) < d(x,z) + d(y,z) for
all x and y. Note that the squared Euclidean distance measure d%(x,y) =
iy dh(z; — y;) is not a metric in general. For ¢ = 8 we have 2 = dj(2) >
2d%(1) = 2(2 — v/2), which may be the reason why the optimal inner metric of
Theorem 4 differs from d% (i) - (K —1) only for i = 1,2 (K is a constant, defined
later).

The quantities d%(z;,y;) = 4sin are Euclidean distances between
points when the entries 1,...,q are distributed equidistantly on a unit circle.
The generalized distance measures considered in this paper will be translation
invariant and defined on Zj so they will be defined by a sequence of non-negative

2 (zj—y;)m



numbers, § = §(1),5(2),...,0d(q), without any particular geometrical meaning.
The distance is then

n

j=1
generalizing
dp(x,y) =Y d*(z; —y;). (6)
j=1

Some of the numbers ¢(7) may be infinite, prohibiting the corresponding differ-
ences. The Lee metric, for example, is represented by (i) = i. Also truncated
Lee metrics, where 6(i) = ¢ for ¢ < 7 but 6(i) = oo for ¢ > r, have been
considered [7].

An alternative notation is sometimes useful. For two codewords x and y,
the number of positions where x and y differ by ¢ or by ¢ — i is denoted by
Ci (X7 y)

ci(x,y) =H{j € [L,n]: (x5 —y;) =i or (z; —yy) =¢ ¢ — i}, (7)

where =; means equal with respect to modulo g. We are still working with a
generalization of the closest distance of letters in a unit circle, so two words can
in one position differ by at most [¢/2]. Then an alternative notation for §(x,y)
is

n la/2]
5(x,y) =D d(x;—y;) = Y 8(i)ei(x,y). (8)
j=1 i=1

2 Previous work

Apart from the presentation in this section, Section 6 contains an overview over
the arguments that to some extent requires knowledge of the technical definitions
that occurs in the paper. The bounds in this paper and in the previous papers
in this line of research are partly based on the arguments leading to the well-
known Elias” bound (see also Secton 6, [1] pp. 318-321, and [9] pp. 558-564).
Elias’ bound arguments have been used by Piret [10], who calculates bounds for
the maximum rate, n=! In|C|, for codes C with given d% ;. (C)/n as n — oco.
Piret’s upper bound on the rate becomes

max (H(B)), 9)
2686" = d; 1, (C)/n
Zi ﬁz =1

Ing —

where H is the entropy function

HB) =- Zﬁi n(3;), (10)
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(3 is a vector of length ¢ and S is the ¢ X ¢ matrix with elements 2 sin2[(i —j)m/q]
in position (4, 7).

The maximum rate as n — 0o is a non-increasing function of d% ;,(C)/n.
Thus we can get a bound on d% ;. /n as n — oo as a function of the rate by
reflecting the graph of Piret’s bound in the line {Eﬂ

Wiyner [13] has produced another bound for the same quantity as Piret. It
is independent of ¢, and the ¢ points may be distributed arbitrarily, giving for

larger g weaker restrictions and a tighter bound in general. Wyner’s bound is

lim  © i (35) G : (11)

n S '
R <\/2n(1‘/ f,j—"> 1)

where V,(r) is defined as the volume of a sphere with radius = in the n-
dimensional torus with the Euclidean distance 27 in each dimension. Just as

with Piret’s bound, it is a bound on d%,;, (C)/n for a given rate as n — oco.

3 Problem formulation

The first result in the present research is a general and not very explicit bound,
which is valid for arbitrary values of the parameters ¢, n and |C|. The second
result is an explicit bound valid for ¢ = 8 only. We next start the argument and
simultaneously present results of previous papers [6], [7] and [8].

Generalizing the argument of the Elias” bound (see Sections 6), we define a
neighborhood Ss(z) for a word z as

La/2]
Ssi(z) ={y: Z 0(i)ci(z,y) <t} (12)

i=1

(see Section 1), where 4 is a distance measure. The set S5 4(2z) is in the literature
sometimes called a sphere with radius . Observe that the number of words in
a sphere is independent of the word that lies at its center.

We continue the Elias” argument of a critical sphere. If we label all words
by their membership in a neighborhood Ss(z), for each z € C, we distribute
in total |C||Ss¢| labels. Assume that ¢ is large enough so that |C||Ss¢|¢™™ > 1,
and define K = [|C||Ss+|qg"].

By the definition K = [|C||S5:|¢~™], and by the pigeon hole principle, it
follows that there is a word y* so that y* € S5(z) for at least K codewords z €
C'. (We may assume that exactly K codewords lie in this sphere, as bounds based
on this method are non-inreasing functions of K.) Then these K codewords
belong to the neighborhood Sj(y*). By subtracting y* from all codewords we
do not change any distances between codewords, so we may as well assume that
y* =0. Now let W = S5,(y*) N C, so |W| = K. We trivially have

dQEmin(C) S d2Em1n(W) (13)



The problem is thus localized from a minimum distance bound of C' to a min-
imum distance bound of W. Often this inequality results only in a small or
very small slack since the density of codewords in W is [|C||Ss.t|lg™™] /|Ss,:]
slightly higher than the density of C' in Z7.

Elias [1] pp. 318-321, and Nilsson and Lennerstad [6], [7] have found upper
bounds on d% ;. (W) by bounding the average distance between the words in
W by the mean distance d%,,..,(W).

Elias finds the bound

K?x(2 —x)Dn

KE-1) ° (14)

where D is the average distance between letters Z;];é d(j), which when d is d3,
results in D = 2 and ¢ is the radius in the spheres. One has to set x = t/Dn.

In [6] Nilsson and Lennerstad used 6(1) = 1 and §(¢) = oo for ¢ > 1, allowing
at most ¢ non-zeroes in a sphere, giving the bound

t

2 <
dEmm(C) = K —

S (2) 4 2(t — (), (15)

which is a main result of [6]. This bound is applicable for |C| > (¢/3)™ only,
so it cannot be used for low rates, but it is tight in many cases for high rates.
The tightness happens when all pairs of codewords in a neighborhood are at the
same distance, in which case d% ., (W) < d%ean (W) has zero slack — it is an
equality.

The Lee metric is the metric §(¢) = i for all . When restricted to the group
(Z7,+) it becomes

La/2]
i(x,y) = Z ic;(x,y) - (16)
i=0

In [7], for ¢ = 8 a two parameter (¢, r)-Lee metric §(i) =4 if i < r and 6(¢) = oo
if ¢ > r was tried for ¢ = 8. It turns out that » = 2 improves the small deviation
neighborhood for medium rates, while r = 4 is preferable for low rates (see [7]).

The idea of considering a general inner distance measure ¢ and designing
it to optimize the bound for the outer distance measure, which is a squared
Euclidean, was first presented in [8]. Here a K-dependent inner distance measure
was presented, as well as columns that appear to be extremal by sampling the
space of all possible distance measures. Compared to that paper, the present
paper presents an improved K-dependent distance measure. Furthermore, in
this paper a partial optimality of this distance measure is proven.

4 General results
Continuing the argument of the previous section, we have a sphere Ss.(w)

containing at least K = [|C]|Ss+|¢™™] codewords, W = Ss(w) N C, and we
assume w = 0.
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Theorem 1 For any code C' in Zy we have the bound

2 . )

. < —_—,
dpmin(C) < | i min =272, (17)

where
tx(8) = min({t: K < [ICl1Ssela™]}), (18)
Y1 s A5 (Wi i)
Foly) = ShERope (19)
Zj:l 5(y;)

and 'y 1is a vector mazimizing f5(y).

Even though tx is a function not only of 4, but also of n, |C| and ¢, we
usually omit those parameters as we assume that they are fixed. The same is
true for the dependence f5(¥) has on ¢. We also remark that the minimum over
t always exists since the sphere Ss; is defined with an inclusive inequality.
Proof. We start by representing the codewords in W as rows in a matrix M of
type K x n. Then we may write the average distance between the codewords as

n K j1—1

Emean ( (M0, My i
d2 ( Z > d; ), (20)

=1 j1=1j2=1

with the restriction
n K

>0 d(mya) < Kt, (21)

i=1j=1
where m;; is the element on row j and column 7 of M. The restriction comes
from the weight of each codeword being at most .

Define X )
Z]‘1:1 Z;; 1 dz 5 (Y510 Y52)
Zj:l 6(y;)

where y is a vector of length K — a column in the matrix M. We then have

fs(y) = (22)

n K ji—1 n K
dEmean } } E dE My iy Mo i) = K § : m.i) E 3(myi),
2

2 i=1j1=1ja=1
(23)

i=1 j=1

where m. ; is the i:th column vector of M.
Let ¥ be a column vector such that f5(¥) achieves its maximum value. We
then have

n K
dpean(W) = Zfa(m )Y 8(my)
— =1

fa(y 3> o0msa) < A got) = BB oy
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where the second inequality comes from 21. Note that this holds for any additive
distance measure ¢ and any integer K € [2,|C|]. We have proved the theorem.
]

We next find vectors y by which 6 may be chosen to optimize the bound.
We start with a lemma to show that the bound is independent of the scaling of

d.

Lemma 2 The bound in Theorem 1 is scale invariant in the distance measure
8, i.e. for any s >0, let XN(z,y) = s6(x,y) for every pair x,y. Then

20k (8)/5(¥) _ 2tk (NA(F)

K-1 — K-1 (25)
holds.
Proof. Remark that fi(¥) = f5(¥)/s since
. ZK:1 EJI;} dZE(ijij)
fsly) = ="—2% (26)
' S o(wy)
Furthermore, we have Sy +(z) = Ss./s(2), since
la/2]
Ssa(z) ={y: Y 6(i)ei(z,y) <t} 27
i=1
Hence, tx(\) = stx(9). It follows that,
tx(NAT) = stx(8)f5(3) /s = tx(8) f5(3) - (28)

]
In the proof of the following lemma we will need the so-called mediant ad-
dition: N
(11 as ay as
O - = , 29
by by byi+by (29)

presented in [3]. The number “F%2 is called the mediant of % and %2. It is

b1 +b: b b:
similarly defined for ¢ ratios ‘;—11, . .?, %, and is a weighted mean value of the
ratios as can be seen by the identity
[ b a1 be Gc
.. b=+ .+ —. 30
bl bc b1++bcb1 b1++bcbc ( )

As a weighted mean, the weights are strictly between 0 and 1, and are deter-
mined by the denominators only. We thus have §- < a1taz o 52 if < 32,

N by+b2

alial Az __ Q2 ;£ a1 _ Qg

and T bitbe T b by — by . ) )
Next we intend to find vectors ¥ such that fs(¥) achieves its maximum.

This we do only in the case ¢ = 8, so from here and onwards the results are
restricted to ¢ = 8.
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5 Results for ¢ =8

Lemma 3 For any additive distance measure § and for any K, one of the
columns

y1=(1,-1,0,...,0) ¥2=(2,0,...,0), ys=(3,0,...,0), (31)
?4:(4707”‘70)7 ?5:(1772y07"'70)7 ?6:(2772107"'70)

provides a maximum for

2] 1ZJ 1d2 (y“yJ)A

32
Zi:1 5(!/1‘) ( )

fy)=

Furthermore, f(y2) = f(¥s)-

Proof. Maximization of the function f5(y) is done by a sequence of transfor-
mations of the variables. We first introduce the functions a;(y) that counts the
number of occurences of 7 in the column y. I. e. ag(y) is the number of zeros,
a1(y) the number of 1:s, az(y) the number of —1:s (as —1 =g 7), and so on.
Since the length of the column y is K, we know that K = ZZ:O a;(y)-

The function f5(y) can then be rewritten as follows:

Zz 1 Z] 1 dE(l/zﬂ/J)

f&(y) % =
Zi:l 6(3/17)
3 7 . 3
~ Yim1 im0 dB(Dajaip + 3o dp(Haiaia (33)
Y1 6(i) (it a—i) +6(4)as
The main objective is to maximize fs with respect to ag, . Note that
while there are 8% different columns (yy, ... ,yx), there are only (8+K 1) differ-
ent vectors (ag, ...,ar). This is the number of selections of K objects out of 8
alternatives with repetition but without order, since by going from (y1,...,yx)
to (ap(y),...,ar(y)) we have removed order changes that are insignificant for
the value of fs. It is independent of rearrangements as (y1,y2,...,YKx) —
(291, -+, YK).
We now proceed to the next transformation. The function can be expanded
as
I = 91d5(1) + g2d3(2) + g3d%(3) + gadj;(4) (34)
6(1) (a1 + a7) +6(2) (a2 + as) + d(3) (a3 + as) + 6(4)as’
where

= (apay + aras + azas + agas + asas + asag + agar + azap)
= (apaz + ara3 + agay + aszas + asag + asay + agag + aray) (35)
= (apas + araq + azas + azag + agar + asag + agay + azaz)

94 = (apasq + aras + azas + aszay) .



Now, rewriting fs in terms of the functions a;, i =0, ..., 8 where

Qp = ag Q4 = Qy

o] =a) +ay @5 =asz—as
Qay =az+ag Qg =az —ag
az =az+as Qa7 =a; —ay

(36)

exploits the symmetries of the problem, and leaves us with a denominator which
is far easier to handle. It has inverse relations

ap = Qq a4 = Q4
a1 = atar o Qs—o5
0 2
as = a2$»0<, ag = az—ag (37)
2 2
ag = O¢3J2ra5 ar = a—ag

Pure calculation proves that

_ hadE (1) + hod%(2) 4 hadg(3) + had%(4)

s = , 38
Js 4(6(1)ay +6(2)az + 06(3)as + 6(d)ovg) (38)
where
h1 = dagaq + 201 + 20003 + dazay + 20506 + 20607
ho = dagas + 04% + 2a1a3 + dasay + o<§ — ag + 2a5a7 — a% (39)

h3 = 40[0&3 + 40410(4 + 2&1042 + 20(20&3 - 2045&6 — 20&60[7
hy = dagay + 20103 + a3 — 257 — ad .

Recall that ap = K — Y1_, a; which gives ap = K — 31, a;. Also, since we
have the restriction ¢ = 8, which is studied here, we have

d5(0) =0,
d%(1) = d(7) = 4sin? g =22,

d%(2) = d%(6) = 4sin? %’T =2,

3
d%,(3) = d%(5) = 4sin? g =242, and
4

d%(4) = 4sin? g =4, (40)

This makes it possible to rewrite fs as
4 2 [ 4 2 2

4K Y oudp (i) — (Zi:l ”‘idE(Z)) -
4 2?:1 (5,&1
By construction, for any x the quantities aq(x), az(x), as(x) and a4(x) are
non-negative integers, at least one greater than zero, while as(x), ag(x) and

az(x) are integers, possibly negative. Furthermore, we know that a; (x)+a7(x),
as(x) + ap(x) and as(x) + as(x) are even numbers.

(V2as5 + 2a6 + \/§a7)2

fs= (41)
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Next we consider the function

4 2 [+ 4 2 [ 2
4K 37 oud (i) — (Zi:l aidi«j(l)) (42)
- 1XL ) ‘
Obviously we have f5(x) < ¢s(x) for any x.
Letyl = (1707"'70)1 y2 = (2-,01---70)7)'3 = (3707---70): Y4 = (4-,01----,0)7
and observe that we have

4Kd%(1)—db—2 _ 4Kdy(2)—dp—4
Folyr) = =gy = Joly2) = s — (43)

folys) = HAD L2 g KA
Now, any column x where
a1 (x) fs(y1) | ea(®)fs(y2)  as(x)fs(ys) . cu(x)fs(ys)
folx) < a1 (x) @ as(x) @ as(x) @ s (x)
< max(fs(y1), fs(y2), f5(y3), fs(y4)) (44)

cannot be extremal. There are still many columns that must be compared, so
we start by discarding a large set of columns which cannot be extremal.
Since we have fs < @5, we may first discard all x where

< Qsy1) | 0ax)fs(y2) | as()fslys) | 0a(x)fs(ya)
ws(x) < 1 (x) © az(x) @ as(x) @ ay(x) ’

This condition is equivalent to
4 2 /. 4 2 \2
4K S it dh () — (S ()
A 0(0)oi(x) B

< AK S ai(dh () = Sy ai(dh () = 201(x) — das(x) = 205(x)
A1 6(i)ai(x) '

<

(45)

(46)

which can also be expressed as

4 2
Z i(x)d% (i) 4 201 (%) + das(x) + 203(x) < (Z w; x)dE(z)) .47
i=1
We may immediately discard all columns x with a4 (x) > 7, as(x) > 3, as(x) >
2 or ay(x) > 2, as any of these inequalities being satisfied will make inequality 47
true. This leaves us with 8 -4 -3 -3 = 288 columns to examine. Testing these
with condition 44, we find only 14 columns which may be extremal, namely

Y1 (1,0,...,0), y2 =(2,0,...,0),
=(3,0,...,0), ya=(4,0,...,0),
(1 2,0,. '70)7 y6:(27_2707‘“70)a
=(1 -3,0,...,0), ys = (1,-1,0,...,0), (48)
yo = (1,1,-2,0,...,0), ylof(ll—l -2,0,...,0),
yuf( 17 10,.‘.,0)7 }’127(1,1,717 17074.470)7
Y13*( 17 ’ 1771707"')0)’ yl4:(171717 1 -1,- 1707 70)
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Since

f5(y10) = f5(y10) © f5(y10) < f5(ys) @ f5(ys) @ f5(ys) ® f5(ye) <
< max(f5(ys), f5(y6)), (49)

we may conclude that fs(y10) cannot be extremal. Continuing to reduce the
set of columns in our list in this manner, we end up with only the vectors given
in the lemma. Also, f5(¥2) = f5(¥6) follows from f5(¥2) ® f5(¥2) = f5(¥e)-
Those six columns are extremal, and the set cannot be reduced further. This
follows by considering different distance measures § such that they all cause fs
to achieve its maximum value, which we know it does for at least one of the six
columns. Considering the distance measure

5(1) = (2 f)(Kf D—3+2v2, 62)=2K-1)+v2-1
5(3) = 2+ V2)(K - 1), 5(4) = 4(K — 1),

we get that ¥1, ¥3, ¥4 and y5 are extremal. Considering the distance measure

(1) = (2—V2)(K —1)—4+3V2, §(2)=2(K—1),
5(3) = 2+ V2)(K - 1), 6(4) = 4(K - 1),

(50)

(51)

we get that ¥o, ¥3, ¥4, ¥5 and yg are extremal. ®
Equipped with knowledge about which columns are extremal, we can specify
which § that minimize f5(y).

Theorem 4 Distance measures § which minimize f5(¥) can in the case ¢ = 8
be described as

S1)=@2-V2)(K—-1)—2+2V2—h
5(2) =2K —1)+h
5(3) = (2+V2)(K — 1)
0(4) = 4(K - 1), (52)
for any h € [0,v/2 —1].
Furthermore, with
4
D 6(i) = 10(K — 1) — 2+ 2V/2, (53)

the minimum value of f5(¥) is 1.
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Proof. Let B = f5(¥). We then have

2-VHE -1 -1+V2 _

fs(¥1) < B+ 50 B, (54)
fEn<ne ot <n (55)
g < B e G < (56)
nEn<se il <n (57)

where at least one of the inequalities is an equality. From 56, 57 and 58 we get

10(K —1) —242v2
0(1)+d(2)+6(3) +6(4) —

(59)

by use of mediant addition. By the normalization 53 on §, we thus have B > 1.
By letting 56, 57 and 58 all be equalities, we get B = 1, which is the lowest
value we can get on B. (Using 54, 55, 56 and 57 in a similar manner only gives
a less tight bound on B, and so does not determine B.)

So distance measures § which minimize B, and give B = 1 must give equality
in 56, 57 and 58 and satisfy 54 and 55. This is exactly the distance measures
described in the theorem. m

Combining Theorem 1 and Theorem 4 with Lemma 2, we get the following
corollary.

Corollary 5 For any code C in Zg we have

21,
2 < . . K
dpmin(C) < S (60)

holds, where A is the set of distance measures with

4
D o) = 10(K —1) -2+ 2V2 (61)
and
tr(0) = min({t : K < [|C||Ss5.|g""}) and (62)
~ Zf:l Z;;;i d2E(yj17yj2)>
= max . 63
i(5) = ma ( S (63)



6 Conclusions

In this paper we have improved previous upper bounds for the minimum Eu-
clidean distance. One of the bounds is valid for any combination of the three
parameters |C|, n and ¢, while the other is explicit in the two parameters |C|,
ncase ¢ = 8.

The results develop the Elias sphere method to provide an improved bound
on the minimum Euclidean distance that is non-asymptotic. The proof method
is not tied to a certain structure of codes, and applies for any PSK block code
with parameters ¢ = 8, n and |C|. This means that one possible continuation is
to investigate other distance measures than a Euclidean by following a similar
path starting with the Elias’ sphere. It may be an even more challenging task
to investigate if similar bounds also can be constructed for PSK Trellis codes,
having a different basic structure.

Next we give an overview over the technical method of this paper. First
Elias’ method, [1] pp. 318-321, was followed. Here the problem was localized
to a critical sphere, where codewords are at least as dense as elsewhere in the
code, and the minimum distance between codewords in the critical sphere is
trivially bounded by the average distance between them. However, in this line of
research, the critical sphere is defined in terms of a general distance measure, d,
characterized by its values 6(¢) for integers 7, called the inner distance measure.
Later, the values of the coefficients were chosen to obtain the best possible bound
on the outer distance measure, which here is the squared Euclidean distance.

Still following Elias, the average distance between the codewords in the
sphere is bounded by listing the codewords as rows in a matrix, and seeking
columns of the matrix which will maximize the average distance. Elias sought
columns that maximized the average distance between codewords and he con-
sidered compositions of the columns, allowing columns where each symbol may
appear a continuous number of times. Allowing such compositions is an ap-
proximation which we avoid. Instead, by fixing ¢ = 8, we found all columns
which can give maximal average distance between the codewords in the critical
sphere, independently of the inner distance measure §. Such columns are called
extremal columns. We then chose the values of 6(¢) to optimize the bound on
d% i, (C), which gave one of the main results.

The bound is a product of two factors, both depending on the shape of the
spheres. We minimized one of these factors, namely the factor which intuitively
is more sensitive to the inner distance measure. While this is not certain to
optimize the bound on the d% ;. (C), consisting of two factors, the new bound
is as good as previous bounds, and is strictly better for low-rate codes.

Central in the solution is that for ¢ = 8 it turns out that only six columns
can be singled out as extremal, independently of the inner distance measure.
Of these six, for given n and |C|, five are used since two of them give identical
values, defining an optimal inner distance measure with respect to one factor of
the bound.

While there are many high-rate codes which meet the bounds (older bounds
as well as the new bound), only a few medium-rate codes and no low-rate codes
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which meet the bound are known. It is thus of interest for low and medium
rates either to improve the bound or to find codes C' with higher d? ().

E min
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Abstract—We consider a previously known general bound for
minimal Euclidean distance for PSK block codes with eight
letters, attained by generalizing the method of Elias spheres,
that is optimal for many values of the parameters block length
and code size, and we show that this bound is stronger than has
earlier been proven.

We also improve this bound somewhat.

I. INTRODUCTION

We wish to set a bound for how efficient combined coding
and modulation may be. We restrict ourselves to PSK-codes,
i. e. codes with symbols on the unit circle, and allow any
word length n and any code size, |C/|, but when it comes to
alphabet size ¢, we deal only with ¢ = 8. We measure the
distance between code words by Euclidean distance, which is
commonly regarded as the most relevant measure of efficiency
of this type of codes. The distance between two symbols 7 and
j is measured as

d@—ﬁ:dFj=ﬂﬂn(g%%E>L

The distance between two words = = (z,...,
(?/1-, . ,?Jn) is

z,) and y =

and the minimal Euclidean distance of a code C' is defined as

n

: 2
E mm C) min dzj -y
z,yeC ;5
T#y

We consider an upper bound on d% . (C) for any block
code with ¢ = 8, linear or non-linear, that is explicit in the
two parameters n and |C/, i. e. we bound the largest possble
distance between the two members in C that are closest,
measured in Euclidean distance.

Many known codes fulfil the bound with equality, proving
both that these codes are sharp and that the bound is optimal
for these values of n and |C|. We consider the same bound
as in the previous paper [6], which is derived by means of an
Elias sphere argument and an inner metric argument, which
was new in that paper. That bound optimizes a part of a certain

Hakan Lennerstad
Blekinge Institute of Technology
MMS
Karlskrona, Sweden
Email: hin@bth.se

Magnus Nilsson
Blekinge Institute of Technology
PTI
Karlskrona, Sweden
Email: nim@bth.se

function that provides a bound of d%;,(C). In this paper we
prove that the bound presented in [6] is exhaustive in that it
actually bounds the entire bounding function.

II. PREVIOUS WORK

The bound in this line of research is partly based on the
arguments leading to the well-known Elias bound (see [2] pp.
318-321, [4] pp. 558-564). Elias bound arguments have been
used by Wyner [10] to derive an asympthotic bound for ¢ —
oo and by Piret [9] for an asymthotic bound for n — oco. One
development appeared in the paper [1], where the Elias sphere
argument was used to find a non-asymthotic bound — explicit
in n,q and |C|.

In [8], for the first time the idea of optimizing a general
inner metric to improve the bound in the outer metric, which
is Buclidean, was presented. An inner metric {0} defines the
Elias sphere Si(w) = {y|d(w,y) < t}, and is optimized to
give the best possible bound for the outer metrics. It was
considered in the case ¢ = 8 only. By optimizing the inner
metric of the Elias sphere, a sharper bound could be achieved.
This is proved in [6], where a so called the k-dependent metric
o was calculated:

=d?(k—1)-2+2V2—h,
=d3(k—1)+h,
=dj(k - 1),

pa = dj(k - 1),

for some h € [0,v/2 — 1]. In the present paper we prove
that this metric provides an exhaustive solution: it cannot be
improved within the problem formulation.

We start with Elias’ method of a critical sphere. We
form critical spheres S;(z) = {y|d(z,y) < ¢}, for some
metric 9, around each code word x, each of which contains
|S¢| words. Some word, w, has to be contained in at least
k= % critical spheres, as can be seen by the use of
the pigeon hole principle. We now form a sphere around w,
Si(w) = {y|d(w,y) < ¢}, which must contain k code words.
‘We localize the problem to this sphere by the first inequality,
and limit a minimum from above by an average by the second
inequality:

dy, . (C) < d}

Emin

(Se(w)) < dfs,..,,.(Se(w)).
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We will use the notation 6(¢) = §; = §(i,0), and allow any
linear metric, i. e. a metric ¢ such that 6(z,y) = > (x4, yi),
with g = 0. We denote the set of all such inner metrics by
A.

We next form a k& by n matrix M, which contains the &
code words inside S;(w) as rows. We then have

i1—1 n

d\me(st(w :TZ szmqu TMig,j?
2

i1=11i2=1 j=1

where m; ; is the element on position (7,7) in the matrix M,
i. e. the j:th letter in the ¢:th word. So the tripple sum involves
every pair of code words in the sphere (the two first sums),
letter by letter (the last sum).

Annotate that if the number of columns in M increase
without violating the maximum sum ¢ on each row, all
arguments in the following are valid.

Since we have d(x) < t, for every word z in the sphere,
we have that the weight of each of the k£ rows in the matrix
is at most ¢, so the weight of the entire matrix is

< kt.

k n
= Z Z 5"“4 -

i=1j=1

We may swap order of the sums. Since we’re looking for an
upper bound, we are interested in the worst possible matrix:

i1—1

2
dE:ncmgc<St<U))) < TM \M\<ktz Z Z My =iy,
2

=141=11is=1

We now consider, and denote, the contribution of a column y
in comparison to its weight

i1—1 2
Zzl 1 Zzg 1 yql Yig
Y1 0,
Again worst case columns give an upper bound:

kfs(y)t(d, k 2fs(y)t(o, k
dlz?uvc,“g(St(U’)) < ?é%k % - %,

fs(y) =

yEZ‘»

Observe that every 0 € A and any integer k greater than one
gives a bound, but we will find 6 and % that makes the bound
as tight as possible. So we have

2t
min min max M <
k SEA yezk k—1

2
< min max 2s()to, k) .
scAyezk k-1

T (St (w)) <

Since k belongs to a discrete set, the quantity in the right hand
side can be calculated for many %, and the smallest result can
be used.

In [6] extremal columns 3 : f(y) < f(y) were found that
are independent on the metric.

40

Lemma 1: For any metric {5;}%
the columns

_, and for any k, one of

i = (1,-1,0,..,0)
72 = (2,0,...,0),
s = (3,0,..,0),
U = (4,0,..,0),
¥ = (1,-2,0,...,0)
v = (2,-2,0,...,0)
provides a maximum for
= 2 By,
Y Oy,
Also, f(y2) = f(ye) for any inner metric, so we may

disregard from gg.
Using the lemma, we have the bound
2t(0, k) f5(%i)
k-1 '
In [6], we found a specific metric § = ¢, called a k-
dependent metric, that minimizes max, f(¥).
Theorem 2: A metric that minimizes max, f(y) is

o1 =d2(k—1)—2+2V2—h,
P2 —dz( —1)+h,
di(k —1),
P4 :dQ(k 1),
for some % € [0,v/2 — 1.

Certainly, this result is incomplete since the quantity which
we want to minimize is not f5(y), but ¢(4, k) f5 (7).

d?% . (C)<minmin  max
Emin(C) < k6 i€{1,2,34,12}

III. RESULTS

The result in this paper says that the same metric, ¢, actually
minimizes (6, k) f5(y), we have also two inprovements of this
bound. We remark that we do not prove that it is the same
value of h that minimizes both f5(y) and (9, k) f5(y).

Theorem 3: The k-dependent metric 6 = ¢ of Theorem 2
mimimizes
24(6, k) f5(¥:)

min F—1

6 i€{1,2,3,4,12}
for any k, giving the bound
2(9, k) fs(4i)

k-1 ’

Theorem 4: The bound of Theorem 3 can be sharpened to

d% < min max
min T RS ie{1,2,3,4,12}

4

d% < max a; d
me = g £
i=

where A is the set of a = (a1, az, a3, a4) such that a; > 0 for
i=1,2,3,4, E _,a; <nand

26, ), (51)

Z; a,d < min max 1

k0 i€{1,2,3,4,12}



Proof: The distance between any two words must be of
the form .
S
i=1

so that the minimum distance also must be of this form.
Since it must adhere to the bound in Theorem 3, which is
not necessarily of this form, we may sometimes truncate the
bound a bit, as stated in Theorem 4. Table I shows optimality
of some codes according to the bound of Theorem 3. u
Our next theorem gives a further improvement together with
Theorem 4. We here consider differences, and restrict the set
of words under consideration by adding extra columns, so that
all “words”, albeit too long to be actual words, have weight
t(d, k), or almost ¢(4, k).
Theorem 5: We have the bound
4
d%, < max Z la; — b;|d?
i=1
over all a = (al,a27a37a4) and b = (b17b27b37b4) in A,,
where A’ is a set of elements a = (a1, az,as, as) such that
4
t(0, k) — df <> aid? <t(6,k)
i=1
and a; >0 fori=1,2,3,4.

Proof: This bound introduces a symmetry that in some
cases give a sharper bound. It is a counterpart of Theorem
IL2 in [1] where the factor 2 in the second term appeared
by a similar argument to the one in this proof — in that
paper significantly decreasing the set of possible values of
E?:l a;d?, which gave a lower (sharper) bound.

In page 2 the matrix M is defined as a k X m-matrix of
k codewords and thus n columns. However, the number of
columns of M may be expanded beyond n since the bound
relies only on the maximal column and that a codeword has
maximum weight ¢. We do not need to consider a codeword
2 with weight Zle a;d? <t — d?, since we then can add
a new column with 1 in the row of z (or a larger value ¢ if
S aid? < t+d?), giving the word 2. All other elements in
the extra column are zero. Denote the new k X (n + 1)-matrix
by M’. The maximum column of M’ is the same as for M,
deduced in page 2, since all codewords, now of length n + 1,
still has maximum weight ¢. Furthermore, the change cannot
decrease any distance between words, since all other column
elements are zero. Hence,

2t(6, k).f5(®)
k-1
By repeating this argument we can successively replace the set
of words from the constraint Z?:l a; < n to the constraint
that all words are close to the border of the sphere. Over this
set of words the maximum of Z?:l |a; — b;|d? may very well
become lower since extra cancellation occurs in the difference
a; — b;, as in Theorem I1.2 in [1]. | |
It is worth noting that when we optimize the bound, we
take no respect to truncation as in Theorem 4 and 5 that

U (M) S s,

M') < min max
kS i€{1,2,3,4,12}

may be possible. This means that “special” metrics, forbidding
some symbols in the spheres and thus also in M, may lead to
stronger truncation and thus perhaps even to a sharper bound.
For an example of how this may be utilized to get a stronger
bound, see [1].
Before we prove Theorem 3, we state the scale invariance
of the bound that is proven in [6]:
Lemma 6: The bound is scale invariant in the metric
{5’i};1:1’ ie.
2t(867 k)fsé (17)
k-1
if s6 = (801, 802, $03, 504), for any s > 0.
Proof of Theorem 3: Denote

= m(sin 2t(§];k_)‘);6 @)

min
s

D= L (-2
Dy = di+(k—2)(di+d3)
Dy = (k—1)dj

Dy = (k—=1)d}

Dy = (k—1)d%

Remark that D; is the contribution of 7; to the matrix
M. Remark also that ¢ is such that the ratio between the
contribution and the weight for the columns 73, ¥4 and ¥12
(and possibly either 7; or 7,) are equal.

Involving the five columns of Lemma 1, we want to mini-
mize

D1 Di2

e t(5.1) () = a6, ) (22, S22 22 B D)
over the metric 4.

We thus consider the five functions

D. Y G
4

fi(01,02,03,04) = Dj ,7=1,2,3,4,

J
. 247 5'Laz
01,02, 03, 0. = =L T
f12(01, 02,93, 64) A
and we want to find a minimum for

max(f1, fa2, f3, fa, f12)-

We call a function critical if it fulfils the maximum.
Lemma 7: There exists an inner metric § which minimizes
2t(6,k) f5(®)
k—1
such that f3 = f4 = f1o are critical.
Proof: When we minimize
2t(0,k) f5(@)
k—1
over all 4, at least some function f;, ¢ € {1,2,3,4,12} is
critical. Let’s assume that f; is critical. But f; being critical
is equivalent to

4 4
Dy 2iz19ii > D, Diz1 %0

D1

% for j =2,3,4 and

(51 (Sj
Zﬁl—l a;6; Zéﬂ a;6;
D, == > D, &=
L T P
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for some a = (a1, as,as,as). This in turn is equivalent to

9

Y

D
D—;él, for j = 2,3,4 and

by > D”TDlal.
We now decrease 02, d3 and 0, until we have equality in
three of the inequalities. The one in which we cannot achieve
equality is
- 5= Dy
22 5,0
as D15 — Dy > D, for all values of k.

As we alter the §’s as stated above, we do not change f5(7),
after all, fy is still critical. Also, (8, k) cannot increase, as
decreasing some 0; for a fixed value of ¢ can only increase
the number of words in S¢(w). If k increases in this process,
then we were not at minimum to start with, as ¢(d, k) should
have been smaller. Also, the factor 1/(k — 1) in the bound
assures that a larger value of k, nothing else changing, would
only give a sharper bound.

We assumed that it was f; that was critical, but to finish the
proof, one must perform similar calculations for starting with
the other functions as critical as well, but calculations are so
similar that we avoid showing it here. ]

It was shown in [6] that the metric ¢ resulted in f(y1) <
f(y12) = f(ys) = f(ya) > f(y2). But that is just the metric
we want! We may conclude that no inner metric can give a
tighter bound than ¢(h) does. [ ]

IV. CONCLUSION

The reasoning for finding this bound may leave slack in
several places.

o The localization of the problem to a sphere may cause

some slack.

o The approximation of minimum distance between code
words in a sphere by the average distance between code
words in the sphere may cause slack.

o We assume that the weight of the matrix M is kt, i. e.
that all code words in the sphere lie in the outermost layer
in the sphere. If this is impossible, then this may lead to
slack.

It is still an open question if these origins of slack can be
“handled” and whether or not our bound can be improved
further.

We conclude this section by giving some examples of
known codes which are optimal in the sense that they fulfil
the bound presented in this paper with equality. We choose
to consider the class of multilevel codes, but there may be
other code constructions providing optimal codes as well.
Multilevel codes were introduced by Imai and Hirakawa [11]
and have later been discussed by other authors. Let By, By
and B be binary block codes with blocklength n and let b;
be a code word in B;. Then the set of n-tuples of the form
¢ = by+2by +4bs is a multilevel code over Zg with component
codes By, By and Bs. Let B2 be a binary single parity code
and let B4 be a binary extended Hamming code. Using B2,
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TABLE I
OPTIMAL MULTILEVEL CODES

d%mm(C) n Component codes

1.1716 200 Bo=B2, B = Bo = 73

2 4,8,16,...,2° | By= B4, B; = By = Z2
2.3431 15,16,22 - co | Bo = B4, By = B2, Bo = 27
4 3,4 No By used, By = B2, By = Z3

B4 and Z3 as component codes we obtain optimal codes over
Zg with code parameters given in Table I. Most of the codes
in Table I can be expurgated (code words removed) to some
level without changing the bound.
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Abstract—The minimum Euclidean distance is a fund tal
quantity for block-coded PSK. In this paper improvements are
made of bounds for this quantity that are explicit functions of
the alphabet size ¢, block length n and code size |C|. Earlier
work, where the restriction ¢ = 8 was used, is continued by a
generalisation allowing any ¢.

The bound generalizes Elias critical sphere argument, which
localizes the optimization problem to one neighbourhood, by use
of so called inner distance measure for defining the shape of a
sphere. Remark that codes which fulfill the bound with equality
exist, and are best possible in terms of minimum Euclidean
distance, for given parameters ¢, n and |C|.

Index Terms—PSK, block code, upper bound, Elias critical
sphere, distance measure.

1. INTRODUCTION

HE bound for minimum squared Euclidean distance for
symmetric PSK block codes is improved in this paper.
For error correction with respect to maximum likelihood,
when using a channel with additive white Gaussian noise,
the minimum squared Euclidean distance is a highly relevant
measure of the efficiency of a code for fixed block length n,
code size |C/| and alphabet size ¢. This work is a generalization
of [1], where the restriction ¢ = 8 was used, and follows it
closely in the first sections.
On the set Z; we take squared Euclidean distance to be
defined as

dp(x,y) =Y di(z),v5), )
j=1

where d?(z;,y;) is defined as

(2 — )7

db(2;,y;) = di(x; — y;,0) = 4sin® ©)
Note that this distance measure is translation invariant, so that
often the arguments can be written in such a way that one
of them is zero. To simplify notation we will write d(z) =
d(z,0) for any distance measure. Now a relevant model for the
words are points in the group (Z, +), with squared Euclidean
distance used for measuring distance, see for example [2], [3].
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We consider an arbitrary subset C' of Zj, corresponding to a
block code having |C| codewords x = (1, ..., %y) of length
n in an alphabet of ¢ letters. The minimum squared Euclidean
distance for the code is then

min
x,y € C

x#y

Bounds on the minimum Euclidean distance are fundamen-
tal for the geometry of Zj: which is the largest possible
distance between the two closest members in a subset of Zj
with [C| members?

As is well known, the minimum Euclidean distance is
essential for the error correction capabilities for a code. We
define the rate of a block code as

A% min(C) = dp(x.y) - 3)

Rig.njo)) = 22l @
n

For several combinations of g, n, and |C|, mostly at high rates,

there are known codes whose minimum squared Euclidean

distances fulfill our bound with equality. For these combina-

tions of ¢, n and |C| neither the codes nor the bound can be

improved in terms of minimum Euclidean distance.

For other combinations of ¢, n and |C| there is a gap
between the bound and the minimum squared Euclidean
distances for the best known codes. The size of this gap differs
from case to case. Thus especially for medium and low rates
it is unknown whether there exist better codes to discover or
if it is possible to improve the bound, or both.

Many of the best known block codes with respect to mini-
mum squared Euclidean distance, are constructed as multilevel
codes, see for example [4], [5] and [6]. There are also other
code constructions providing some of the best known block
codes. E. g. some of the BCH codes from [7], where they are
shown to be good with respect to the Lee-metric, meet the
bound on Euclidean distance presented here.

The results of this paper are derived by using different
kinds of distance measures and metrics, so we next define
these concepts. Both a distance measure and a metric are
a function d(x,y) from pairs of codewords to nonnegative
numbers with the symmetry property d(x,y) = d(y,x) for
all x and y, and d(x,y) = 0 if and only if x = y. Unlike
a distance measure, a metric is also required to satisfy the
triangle inequality: d(x,y) < d(x,z) + d(y,z) for all x
and y. Note that the squared Euclidean distance measure
dp(x,y) = Yj_, di(2;—y;) is not a metric in general. E. g.

45




Paper III: Inner metric bounds

for ¢ = 8 and n = 1 we have 2 = d%(2) = d%((0),(2)) >
d((0), (1) + a2 ((2), (1)) = 243(1) = 2(2 — V).

The quantities d%(x;,y;) = 4sin® @297 4re Buclidean
distances between points when the entries 0,...,¢ — 1 are
distributed equidistantly on a unit circle. The generalized
distance measures considered in this paper will be translation
invariant and defined on Zj so they will be defined by a
sequence of nonnegative numbers, §(0),4(1),...,d(¢ — 1),
without any particular geometrical meaning. The distance is
then

S(x,y) =D oz — ) - ®)
j=1

Some of the numbers 6(¢) may be infinite, prohibiting the
corresponding differences. The Lee metric, for example, is
represented by (i) = i, and truncated Lee metrics, where
6(i) = i for i < r but §(¢) = oo for ¢ > r, have been
considered [8].

An alternative notation is sometimes useful. For two code-
words x and y, the number of positions where x and y differ
by i or by ¢ — i is denoted by ¢;(x,y):

ci(x,y) = {5 € [Ln] : (2;—95) =g i or (2;-y;) =4 a—i}],

©)
where =, means equal with respect to modulo gq. We are still
working with a generalization of the closest distance of letters
in a unit circle, so two words can in one position differ by at
most |¢/2]. Then an alternative notation for §(x,y) is

n la/2]
S(x,y) =Y oz —y) = D di)elxy) . (D
j=1 i=1

II. PREVIOUS WORK

The bounds in this paper and in the previous papers in this
line of research are partly based on the arguments leading
to the well-known Elias bound (see also, [2] pp. 318-321,
and [3] pp. 558-564). Elias bound arguments have been used
by Piret [9], who calculates bounds for the maximum rate,

n~'n|C|, for codes C with given d% ;. (C)/n as n — oo.
Piret’s upper bound on the rate becomes
g - max HP).  ®
28SB” = df i (C) /1
Zi Bi=1
where H is the entropy function
q
H(B) == Biln(B), ©
i=1

[ is a vector of length ¢ and S is the ¢ X ¢ matrix with elements
2sin?[(i — j)m/q] in position (i, j).

The maximum rate as n — oo is a non-increasing function
of d% .;n(C)/n. Thus we can get bound on d2,, ;. /n as n —
oo as a function of the rate by reflecting the graph of Piret’s
bound in the line ;’;‘—q.

Wyner [10] hasEf)nr‘?)duced another bound for the same
quantity as Piret. It is independent of ¢, and the ¢ points may
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be distributed arbitrarily, giving for larger ¢ weaker restrictions
and tighter bound in general. Wyner’s bound is

1 i (%) (2m)"

lim - )
- n :
Ty, <\/2n(1ﬂ/17‘;—%> 71>

where V,,(r) is defined as the volume of a sphere with radius
r in the n-dimensional torus with the Euclidean distance 27
in each dimension. Just as with Piret’s bound, it may be taken
as a bound on d% ., (C)/n for given rate as n — oo.

10

III. PROBLEM FORMULATION

The bounds in the present research are explicit in the
parameters g, n and |C|. We next start the argument in the
present paper and simultaneously present results of previous
papers [1], [8], [11] and [12].

Generalizing the argument of the Elias bound, we next
define a neighborhood S5 (z) for a word z as

la/2]
Ssi(z) ={y: Y d(i)ei(z,y) <t} (n
i=1
where § is a distance measure. The set Sj5.(z) is in the
literature sometimes called a sphere with radius ¢. Observe
that the number of words in a sphere is independent on the
word that lies at its center.

We continue the Elias’ argument of a critical sphere. If we
label all words by their membership in a neighborhood S5 +(z),
for each z € C, we distribute in total |C|| S5 | labels. Assume
that ¢ is large enough so that |C||Ss:|¢™™ > 1, and define
K = [1C1|Ss.4lq~™1:

By the definition K = [|C]|Ss5+|¢™"], and by the pigeon
hole principle, it follows that there is a word y* so that
y* € Ssi(z) for at least K codewords z € C. (We may
assume that exactly K codewords lie in this sphere, as the
bound based on this method is a non-increasing function of
K.) Then these K codewords belong to the neighborhood
Ss,.(y*). By subtracting y* from all codewords we do not
change any distances between codewords, so we may as well
assume that y* = 0. Now let W = S5, (y*)NC, so |W| = K.
We trivially have

The problem is thus localized from a minimum distance bound
of C' to a minimum distance bound of . Often this inequality
results only in a small or very small slack since the density
of codewords in W is [|C||Ss.|qg™™] /|Ss,¢| — slightly higher
than the density of C' in Zg.

Elias [2] pp. 318-321, and Nilsson and Lennerstad [8], [11]
have found upper bounds on d2%,..(W) by bounding the
average distance between the words in W by the mean distance
di‘mean(W)'

In order to bound the average distance between codewords
in W, those codewords are written as rows in a K by n matrix.
Then the ratio between the distance between symbols and total
weight of the symbols in the columns are found. Call columns



with the highest such ratio extremal columns. Then the average
distance between codewords in W will be bounded by total
weight of the matrix times the worst possible ratio, divided by
the number of distinct pairs of codewords in W.
In this manner Elias found the bound
K?2(2 —x)Dn

RE-1) (13

where D is the average distance between letters iz (j)
which when d is d% results in D = 2 and ¢ is the radlus in
the spheres. One has to set 2 = t/Dn. This result is attained
when using & = d%,.
In [11], 6(1) = 1 and 6(i) = oo for ¢ > 1, was used,
allowing at most ¢ non-zeroes in a sphere, giving the bound
d in(C) <

t t

d5(2) +2(t — ——)dp(1) . (14
LB 42t - B 0) . (14
This bound is applicable for |C| > (¢/3)™ only, so it cannot
be used for low rates, but it is tight in many cases for high
rates. The tightness happens when all pairs of codewords
in a neighborhood are at the same distance, in which case
d% in (W) < d%, 000 (W) has zero slack — it is an equality.
The Lee metric is the metric §(i) = ¢ for all <. When
restricted to the group (Z7, +) it becomes

La/2]

Z ici(x

i=0

o(x,y) = y) - (15)
In [8], for ¢ = 8 a two parameter (¢,7)-Lee metric §(i) = ¢
if ¢ <7 and §(i) = oo if i > r was tried for ¢ = 8. It was
shown that = 2 improves the small deviation neighborhood
for medium rates, while r = 4 is preferable for low rates.

The idea of considering a general inner distance measure &
and designing it to optimize the bound for the outer distance
measure, which is squared Euclidean, was first presented
n [12]. Here a K-dependent inner distance measure was
presented, for ¢ = 8, as well as columns that appeared to
be extremal by sampling the space of all possible distance
measures. Compared to that paper, in [1] an improved K-
dependent distance measure was presented and a partial opti-
mality was proven, but still only for ¢ = 8.

IV. RESULTS

Continuing the argument of the previous section, we have
a sphere Sj5,(w) containing at least K = [|C||Ss.]q™"]
codewords, W = S5 ,(w) N C, and we assume w = 0.

The following theorem is from [1].

Theorem 1: For any code C' in Zy we have the bound

. 2tk f5(F)
dEmm(C) S Kglpll\l(]\]ngnﬁl (16)
where
tx(6) = min({¢ : K < [|C||S5:1a7"]}), (17
S YR A3, )
foly) = FREL ezl BT (18)

2_7:1 3(y5)

and ¥ is a vector maximizing f5(y).

Even though fK is a function not only of ¢, but also of n,
and ¢, we usually omit those parameters as we assume that
they are fixed. The same is true for the dependence f5(y) has
on g. We also remark that the minimum over ¢ always exist
since the sphere S;; is defined with an inclusive inequality.

In [1] it was also shown that the bound is independent of
the scaling of 4.

Lemma 2: The bound in Theorem 1 is scale invariant in the
distance measure 4, i.e. for any s > 0, let A\(z,y) = sd(z,y)
for every pair z, y. Then

2tk (N /2(F)
K-1

20k (9)/5(9) _
K—1

19

holds.

Next in [1] extremal columns, i. e. vectors y such that f5(¥)

achieves its maximum, were found. This however, was done

only in the case ¢ = 8, and was given by the lemma below.
Lemma 3: Let ¢ = 8. Then for any additive distance

measure ¢ and for any K, one of the columns

y1=(1,-1,0,...,0) ¥y2=(2,0,...,0),
y3 = (3,0,...,0), ya=(4,0,...,0), (20)
ys =(1,-2,0,...,0), ¥6=(2,—2,0,...,0)
provides a maximum for
I-( j.71 d2 iy Yi
fly) = Z]:1 > i1 di(yisy5) @1

Efil 5(3/1‘)

Here, working with general ¢, We will instead write a
theorem. In the proof of the theorem we will need the so called
mediant addition and two trigonometric lemmas. Mediant
addition is defined as

ay as ay + as

—® == s 22

by by byt+bo’ @22)

presented in [13]. The number ‘“igj is called the mediant of
and . It is similarly defined for c ratios % b ey %, and

1s a welghted mean value of the ratios as can be seen by the
identity

g @&_ by (Ll_._ n be ac
bl be  bid...+b.b by + .. +b¢b§3)

As a weighted mean, the weights are strictly between 0 and 1,
and are determined by the denominators only. We thus have

ar aitas az ay az a1 _ aitaz _ az
b < bbb < g if gb < g and gro= G = g2 if
=

Now the trigonometric lemmas:

Lemma 4: We have dp(2i)dp(2j) = |d% (j+i)—d%(j—i)|.
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Proof: We observe that

)sm( )

T
= 16| sin(—) cos
\ (q) (q

dr(21)dg(27) = 4] sm( P

)sm(;)cog(”)\

= 4‘ (sin(%) cos(%) + cos(%) sirl(]'%r))2

- (cos( . )sm(?) — sm(;)cos({j))Q ‘
2 (J )T
( ” )

= 4|sin — sin

2((1—(11)77)‘
—dy(j — )l

and that we in particular have dg(2i)dp(2j) = d%(j +1) —

d%(j — ) when either i or j, taken modulo g, is between 0

and ¢/2, but not both, and dg(2i)dp(2j) = —(d%(j + i) —

d%(j — 1)) otherwise (which is easily seen by considering

the sign of sin(i) cos(7) sin(j) cos(j)) as we only care about

1<i,j<q—1. n
Lemma 5: We have

= db(j +9) 4

0 = 4d%(i) — di, (i) — di(20), (25)
when 1 <i<gqg-—1,
4d% (i) = 4d%(j) + 4d%(j + 1), (26)

when 1 <i<¢g—1andj=0, and

Adi (i) = 4d(5) + 4dp(j +1) — 2d5(7)d (5 + 1)

= 2(dg (25 + 1) — di (i)

when 1 <i<(¢/2)—1,1<j<qg—1.
Proof: This lemma can be proven by elementary trigono-

metric relations, in a way similar to the previous lemma. M
Theorem 6: The columns

@7

(1,-1,0,...,0),

(2,-2,0, 0),
(14],~14].0.....0), 28)
(2] +1,0,...,0),

(14,0.....0)

are extremal, and if a column y is an extremal column, then
e di () < 4.

Note that except for small g, other extremal columns than
those explicitly mentioned in the theorem exists.

Proof: Maximization of the function f5(y) is done by a
sequence of transformations of the variables. We first introduce
the functions a;(y) that counts the number of occurences of
in the column y. I. e. ao(y) is the number of zeros, a;(y) the
number of 1:s, aq—1(y) the number of —1:s (as —1 =, ¢—1),
and so on. By a(y) we mean (ao(y), .- ., aq—1(y))- Smce the
length of the column y is K, we know that K=Y, Lai(y).
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The function f5(y) can then be rewritten as follows:

- Zl 12; 1dE Yir Yj) .
M=
Zq/z 1’12() 3700707%
Y 8(i)as
/Q)Z] oilajajﬂ/?
YL 8(i)as

29

if ¢ is even, and

1)/2 -1
SV d i) S0 4y

30
2‘115) (30

fs(y) =

if ¢ is odd.
The main objective is to maximize fs; with respect

to ag,...,aq—1. Note that while there are ¢ different
columns (yi,...,yx), there are only (“"X~") different vec-
tors (ag,...,aq—1). This is the number of selections of K

objects out of ¢ alternatives with repetition but without order,
since by going from (yi,-..,yx) 1© (ao(y),---.ag1(y))
we have removed order changes that are insignificant for
the value of fs. It is independent of rearrangements such as
W1, y2, - yx) = (Y2, Y15+ YK)-

We make a new transformation. Define the functions «;
according to

Qo = Qo,

Q= Qi+ ag—; 7Vi6{17“‘7(lZ/21_1}¢

o =a;—aq—; ,Vie{lg/2]+1,...,¢—1} and
Qg2 = agq/2 , if ¢ is even. Gah

By a(y) we mean (ao(y). .. ag-1(y)).
It will be shown, for even ¢, that f5 may be rewritten as

2
4K I dp o — (19 o)
= 2] </ -
S o)
2
-1 .
- (Z;I:Lq/2j+1 dE(QZ)Oti) )
S 8(i)a
The same is true for odd ¢, but we refrain from showing it as
it is done in the same way.
The denominators in the right-hand sides of equations 29

and 32 are obviously the same, so we only have to show that
the numerators as well are equal. The numerator of the right-

hand side of equation 32 can be written as X; — Xy — X3,
where
1 q—1
=4 (Z az> Z(]E(j)a] (33)
q—1
Xy = ( d%(i)a > 34
i=1
2
q—1
X3 = ( Z dp(2i)(a; —aq—i) | - (35)
i=(q/2)+1



Now, according to Lemma 4 we may rewrite

q—1lq-1

=2 > (dp(+i) —di -

i=1 j=1

(36)

We rewrite X;, X and X3 by writing out squares and
summing up terms in a different order:

q/2) 1g-1
( ZdEJﬂLZ +dgp(5))ajajri +
i=1 j=0
(a/2)-1
+ 30 @6+ (@/2) + B()aasi) GD
=0
q—1
Xo =) dp()ai+
j=1
(¢/2)=14¢-1
ST ST+ D)) ag e+
i=1  j=1
(g/2)—1
+ Z dx(j (j+(Q/2))aj“j+(q/2)) (38)
q—l
Xz =) dp(2i)ai+
j=1
(¢/2)-1¢-1
( Do D (dB(25+i) — dip(i))ajria+
i=1 j=1
-1
Z (.2 +(2/2)) ~ da/2))asas (072 ) -
B (39)

Identifying coefficients, by use of Lemma 5, we find that the

numerators on the right-hand sides of equations 29 and 32 are

the same, so that f5 is correctly expressed in equation 32.
Let

AK S 33 (i)a

P(y) = r 40
@ 4319720 5(0)a @0
(zm/zj 2 (7)%)2
Ni(y)= ~——F—2, 41
O S e v
2
-l dp(2i)oy
Na(y) = <Z“W2H; i) 2)
4 6
SOf(s:Ple*Nz.

The form of fs given in equation 32 is highly useful. E. g.
considering inner distance measures of the form §(0) = 0,
6(i) = 1 and 6(j) = oo for all ¢ # j, one can quickly find that
each of the columns (1,-1,0,...,0), (2,-2,0,...,0), ...,
(4] 1410, 00, ([4) + 1,0,.,0), ... (|2].0,-..,0)
are extremal. One sees this by observing that to maximize
fs, it is necessary to have a; = 0 for j other than 0, 4
or ¢ — ¢, and that P is constant with respect to «;, Nj is

growing with respect to «; and N, will be 0 when «; is even
and constant when «; is odd (since we try to maximize fs),
which immediately results in «; being either 1 or 2, whereafter
it is just a matter of comparison of the two trigonometric

expressions
N\ 2 T\ (Ssin? (ﬂ))Z
<4sin2 (f» +<2 sin (QL—’T> D and ~— 22/
q q 2
43)

Consider three columns, y1, y2, z such that the relationship
a(y1) + a(yz2) = «(z) holds. Based on the viewing mediant
addition as a weighted average, if f5(y1) ® fs(y2) > f5(2),
then z cannot be an extremal column. Of course a larger set
of columns can be used in order to be able to discard one
column from possibly being extremal, since if a(y1) + ...+
o(ym) = afz) and f5(y1) & ... © fs(ym) > fs(z), then
z cannot be extremal. This strategy for comparisons may be
improved further by observing that if a(y1)+ ...+ a(ym) =
va(z) for some integer v and fs5(y1) ®... D f5(ym) > f5(z)
(extend the right-hand side by v for ease of comparison), then
z cannot be extremal.

When eliminating non-extremal columns we may use the
extremal columns found a few paragraphs earlier to eliminate
columns that cannot be extremal for any inner distance mea-
sure, as to leave us with only a small set of columns to check
against eachother.

We can express the last part of the theorem we are
proving as if a column y is an extremal column, then
Yzl d(iai(y) < 4.

Assume that we have a fixed inner distance measure ¢.
Select m such that we have d%(m)/d(m) > d%(i)/5(i) for
all i # 0. Observe that

d%( m)
o(m)

Yiny dy(i)e

(44)

for any non-negative constants c;, at least one of which is
positive. Now assume that there is an extremal column x such
that 07 d2 (i) ai(x) > 4.

We get two cases:

m < |g/4]: Form the column y with an(y) = 1,
ag—m(y) =1, ap(y) = K — 2 and a;(y) = 0 for
i ¢ {—m,0,m}.

We observe that Na(y) = 0 and No(x) > 0. Thus, it
suffice to show that P(y) — N1(y) > P(x) — N1(x)
to show that x cannot be an extremal column. But

we have
2 _ 2
Ply) - Mi(y) = 2L CE )
and
P(x)—Ni(x) =
S a3 (ai(x) (4K = LI 3 (ai(x) )
4317 6(i)ai(x) ‘
(46)
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Since
2d%(m) Zq L d%(i)ai(x)
26(m) — > 1(5 i)a;(x)
q—1
AK —2d3,(m) > 4K —4 > 4K = > dp(i)a;(x),

i=1

and 47)

(48)

it follows that P(y) — N1(y) > P(x) — Ny(x) and
f5(y) > f5(x), so x is not an extremal column.

> |¢/4]: Form the column y with an,(y) =1, ap(y) =
K —1 and a;(y) = 0 for ¢ ¢ {0,m}. Just as in
the previous case, N2(x) >0, so it suffices to show

P(y) = Ni(y) — Na(y) > P(x) — Ni(x) to get that
x cannot be an extremal column. But we have
P(y) = Ni(y) — Na(y) =
_ 4AKd%(m) — d(m) — d%(2m)
a 46(m) -
_ (4K —4)dj(m)
S dé(m) @

and P(x)—N;(x) has not changed since the previous
case, so we get f5(y) > fs(x) and y cannot be an
extremal column.
We have now proven the theorem. u
This theorem reduces the set of possibly extremal columns
greatly, and further reduction can be made by use of the
method described in the proof.

V. AN EXAMPLE

We will show how to find an inner distance measure ¢ which
minimizes maxy f5(y) in the case ¢ = 9.

We get d?(1) ~ 0.4679, d*(2) ~ 1.6527, d*(3) = 3
and d?(4) ~ 3.8794. Using Theorem 6, there are only 19
columns which must be checked for extremality, only six of
which survives further elimination by use of mediant addition.
The extremal columns are (1,-1,0,0,...), (1,-2,0,0,...),
(2,-2,0,...), (3,0,0,...), (1,-3,0,0,...) and (4,0,0,...),
taking no respect to permutations of elements or multiplication
by —1. We'll call them ¥11, Y12, Yo, Y13, ¥3 and ¥4,
respectively.

The column x = (1,1,-2,0,...,0) for example, is not
extremal, as

f5(x) @ f5(x) < f5(¥11) @ f5(F12) @ f5(F12) -

Note that the denominators and the K'-dependent parts of
the left-hand side and the right-hand side are equal, so only
constants have to be compared.

(50)

We thus get
f5(311) = QA6T9K-0.1005
y 2.1206K —1.2412
fs§2) = W7
fi (A ) = M
5(y2 5 o
f (A ) = M
oy1s) = ICOEIONE
,f&(}’3) = ?5();( ,
F5(Fa) = BITHESBsT01

ww ¥2‘0g
‘pugISAY

Setting B as an upper bound on f5, we get the following
inequalities:

0.4679K — 0.1095

S < B (52)
P
1.6527{:(27) 1.3657 <B, 54)
o, o

3?(—3_)3 < (56)
3.8794;((47) 3.8794 <B 7)

which we must fulfill for as small B as possible. The
inequalities 53, 56 and 57 combined with normalization,
(1) +0(2) +6(3) +6(4) = 1, gives us B > 9K — 8.1206.
This is the greatest lower bound on B we can draw from our
inequalities. We may thus set B = 9K — 8.1206, but this is
possible only if the second, the fifth and the sixth inequalities
are all equalities. Thus we get

§(1) = QA6TOK_01095¢h
= 9K—8.1206_ °
§(2) = L6SZTK_12412:0.1095-h
= 9K —8.1206 53
5(3) = S (58)
_ SRR
0(4) = Fr—s1905 -

where h € [0.0531, 0.2340].

VI. CONCLUSION

What has been presented here is a method for how to
find an upper bound on the minimum squared Euclidean
distance for PSK-codes for any ¢, n and |C|. The method is a
generalization with respect to ¢ of how bounds for ¢ = 8 were
formed in [1]. In this paper, just as in [1], an inner distance
measure which minimizes maxy f5(y) defined in Theorem 1
was found. This is accomplished by showing that the same
transformation which worked for ¢ = 8 works for any ¢. Also,
Theorem 6 gives a way of finding all extremal columns, which
is more efficient than how it was done in [1].

n [14], it was shown that for ¢ = 8, the inner distance
measure which optimizes the bound itself, with respect to
Theorem 1, can be found in the same one-dimensional space
as the inner distance measure which in [1] was shown to
minimize maxy fs(y). This may be taken as an indication that
also for general g, the inner distance measures found by the
method used here at least gets close to optimizing the bound
with restriction to the Elias’ method. Indeed, for high rates
this bound is tight for several values of the parameters in the
sense that there are known codes whose minimum squared
Euclidean distance equals the bound. For medium and low
rates it is still somewhat unclear how tight the bound is.

This line of research uses a novel method by considering
a general inner distance measure and optimizing with respect
to the bound in the outer distance measure. It may be seen as
the start of an investigation of tight bounds for the minimum
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distance of a subset C' of Z;‘, measured in some specific
distance measure, by the method of designing an inner distance
measure to the outer distance measure. It concerns tight
bounds that are explicit in the three parameters ¢, n and |C|,
and are general in the sense that they assume no structure for

the subset C'.

REFERENCES
[

Laksman E., Lennerstad H., Nilsson M., Improving bounds on the min-
imum Euclidean distance for block codes by inner metric optimization,
Combinatorics 2008, Verona, Italy, 2008.

[2] Berlekamp E. R., Algebraic Coding Theory, New York: McGraw Hill,
1968.
[3] MacWilliams F. J., Sloane N. J. A., The Theory of Error-Correcting

Codes, Amsterdam, The Netherlands: North-Holland, 1977.

[4] Imai, H., Hirakawa, S., A new multilevel coding method using error-

correcting codes, IEEE Transactions of Information Theory, Volume 23,

Issue 3, pp. 371-377, May 1997.

Sayegh, S., A Class of Optimum Block Codes in Signal Space, IEEE

Transactions on Communication, Volume 34, Issue 10, pp. 1043-1045,

Oct 1986.

Tanabe, H., Umeda, H., Salam, M. A., A new construction method of

multilevel coded modulation with a good Euclidean minimum distance,

1997 IEEE International Symposium on Information Theory, pp. 437,

29 June — 4 July 1997.

[7] Roth, R., M., Siegel, P, H., Lee-Metric BCH Codes and their Application
to Constrained and Partial-Response Channels, /[EEE Transactions on
Information Theory, Vol. 40, No. 4, pp: 1083-1096, July 1994.

[8] Nilsson M., Lennerstad H., Improved Upper Bound on the Minimum
Euclidean Distance for Block Coded Phase Shift Keying, Proceedings of
RVKOS, Link6ping, Sweden, 2005.

[9] Piret Ph., Bounds for Codes over the unit circle, IEEE Trans. Inform.
Theory, vol. IT-32, pp. 760-767, Nov. 1986.

[10] Wyner A. D., Bounds on communication with polyphase coding, Bell.
Syst. Tech. J., vol. XLV, pp. 523-559, Apr. 1966.

[11] Nilsson M., Lennerstad H., An Upper Bound on the Minimum Euclidean
Distance for Block Coded Phase Shift Keying, /EEE Trans. Inform.
Theory 46(2): pp. 656-662, 2000.

[12] Nilsson M., Lennerstad H., Laksman E., A two-metric Approach to
Improve Bounds on the Minimum Euclidean Distance for Block Codes,
Proceedings of RVKOS, Vixjo, Sweden, 2008.

[13] Graham R., Knuth D., Patashnik O., Concrete Mathematics, Addison
Wesley, ISBN 0-201-14236-8, 1994.

[14] Laksman E., Lennerstad H., Nilsson M., Bounding the minimal Eu-
clidean distance for any PSK block codes of alphabet size 8, IEEE
Information Theoy Workshop, Taormina, Italy, 2009.

[5

[6

51



ABSTRACT

In wireless communication, the minimum Eucli-
dean distance between codewords is a major
factor for the ability to correct errors in messages,
and it is of interest to maximize the minimum
Euclidean distance.

The thesis improves previously established general
upper bounds on minimum Euclidean distance of
phase shift keying block codes. There are no re-
quirements on structure of codes, as the bound
depends only on alphabet size, word length and
code size. Prior to this thesis, bounds found by
use of a method of Elias, had been improved by
generalization of Elias’ method. The method used
here is an attempt to optimize that generalization.
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