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A New Bound on the Minimum Distance of
Cyclic Codes Using
Small-Minimum-Distance Cyclic Codes

Alexander Zeh and Sergey Bezzateev*

June 20, 2012

Abstract

A new bound on the minimum distance of ¢g-ary cyclic codes is proposed. It is based on the
description by another cyclic code with small minimum distance. The connection to the BCH
bound and the Hartmann—Tzeng (HT) bound is formulated explicitly. We show that for many
cases our approach improves the HT bound. Furthermore, we refine our bound for several families
of cyclic codes.

We define syndromes and formulate a Key Equation that allows an efficient decoding up to our
bound with the Extended Euclidean Algorithm. It turns out that lowest-code-rate cyclic codes
with small minimum distances are useful for our approach. Therefore, we give a sufficient condi-
tion for binary cyclic codes of arbitrary length to have minimum distance two or three and lowest
code-rate.

Keywords: BCH Bound - Bound on the Minimum Distance - Cyclic Code - Decod-
ing - Hartmann—Tzeng Bound

1 Introduction

In this paper, we introduce a technique that uses an (ng, k;) ge-ary cyclic code £ with minimum
distance d; to bound the minimum distance d of another (n, k) g-ary cyclic code C. The descriptive
cyclic code L is called non-zero-locator code. It turns out that the non-zero-locator code gives a
good lower bound d* on the minimum distance d of the described cyclic code C if the code-rate
ke/ng of L is low and its minimum distance d; is relatively small.

The algebraic relation between the cyclic non-zero-locator code £ and the cyclic code C provides
the formulation of syndromes and a Key Equation that allows an efficient decoding up to | (d* —
1)/2] errors with the Extended Euclidean Algorithm (EEA).
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with the Saint Petersburg State University of Airspace Instrumentation, St. Petersburg, Russia, Email:
alexander.zeh@uni-ulm.de, bsv@aanet.ru. The material in this contribution will be presented in part to
the IEEE International Symposium on Information Theory (ISIT 2012) in Boston, USA.
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We give an explicit relation of d* to the BCH bound [1,10] and its generalization: the Hartmann—
Tzeng (HT) bound [7-9]. In many cases our bound is better than the HT bound, although our
approach is not a generalization of the HT bound as the Roos bound [14, 15] and the bound of
van Lint and Wilson [11] are.

In our previous work [17] we associated rational functions with a subset of the defining set of
a given cyclic code C. This can be seen as a special case of the presented approach. The main
advantage of this contribution is that we can express the bound on the minimum distance of a
given cyclic code C in terms of properties of the associated cyclic non-zero-locator code L.

This paper is organized as follows. In Section 2, we give necessary preliminaries of cyclic codes,
the HT bound and recall the definition of cyclic Reed—Solomon (RS) codes, which we use later as
non-zero-locator code. The concept of the non-zero-locator code is introduced in Section 3 and the
main theorem on the minimum distance is proven. The connection to the Hartmann—Tzeng bound
is given in Section 4. Furthermore, several families of cyclic codes are identified. We give sufficient
conditions for binary cyclic codes with minimum distance two and three and lowest code-rate in
Section 5. A generalized syndrome definition, Key Equation and Forney’s formula are given in
Section 6. Section 7 concludes this contribution.

2 Preliminaries

Let ¢ be a power of a prime and let F, denote the finite field of order ¢ and FF,[z] the set of all
univariate polynomials with coefficients in F, and indeterminate x. A g-ary cyclic code over F, of
length n, dimension k& and minimum distance d is denoted by C(g;n, k,d) C Fy and it is an ideal
in the ring F,[z]/(2" — 1) generated by g(z). A codeword ¢ = (¢p ¢1 ... ¢,—1) € C is associated

n

with a polynomial c¢(z) = 321" c;a’ € F,[z], where g(x) divides ¢(z). We assume that 2™ — 1 has
n different roots. Let Fys be an extension field of F, and let o € Fys be a primitive nth root of
unity. The cyclotomic coset Mﬁn) modulo n over F, is denoted by:

M®™ = {r¢/ modn|j=0,1,...,n, — 1},

where n, is the smallest integer such that r¢" = r mod n. It is well-known that the minimal
: (n) T o :
polynomial M;"(x) € F,[z] of the element " is given by:

MM (z) = ] (z—a).
ieM™

The defining set D¢ of a g-ary cyclic code C(q; n, k, d) is the set of zeros of the generator polynomial
g(z) € F,[z] and can be partitioned into m cyclotomic cosets:

De={0<i<n-1|gla’)=0}=M"uM?U---uM™.
Hence, the generator polynomial g(x) of degree n — k of C(q;n, k,d) is

Let us recall a well-known bound on the minimum distance of cyclic codes.

Theorem 1 (Hartmann-Tzeng (HT) Bound, [8]). Let a g-ary cyclic code C(q;n, k,d) with defin-
ing set D¢ be given. Suppose there exist the integers by, my and mq with ged(n,my) = 1 and
ged(n, mg) = 1 such that

{b1+i1m1+i2m2|0§2'1§d0—2, OSZQSI/}QDC
Then d > do + v.



Note that for » = 0 the HT bound becomes the BCH bound [1,10]. Further generalizations
were proposed by Roos [14,15] and van Lint and Wilson [11]. Decoding up to the HT bound and
to some particular cases of the Roos bound was formulated by Feng and Tzeng [5, Section VIJ.

We consider cyclic Reed-Solomon (RS) codes [13] for our approach and therefore recapitulate
their definition in the following.

Definition 1 (Cyclic Reed—Solomon Code). Let n be an integer dividing ¢ — 1 and let a denote
an element of multiplicative order n in F,. Let § be an integer. Furthermore, let the generator
polynomial gs(x) € F,lx] be defined as:

Then a cyclic Reed-Solomon code over F, of length n|(¢ — 1) and dimension k, denoted by
RS(q;n, k;0), is defined by:

RS(g;n, k; 6) = {m(x)gs(x) : degm(x) < k}. (1)

RS codes are maximum distance separable codes and their minimum distance disd =n—k+1.

3 The Non-Zero-Locator Code

We relate another cyclic code — the so-called non-zero-locator code £ — to a given cyclic code
C. In the following, we connect a infinite sequence of an evaluated polynomial ¢(x) € C to a sum
of fractions. This allows to draw the relation to our previous approach [17]. Furthermore, we can
use familiar properties of cyclic codes rather than abstract properties of rational functions. The
obtained bound can be expressed in terms of parameters of the associated non-zero-locator code
L.

Let c(z) be a codeword of a given g-ary cyclic code C(q;n,k,d) and let ) denote the set of
indexes of non-zero coefficients of ¢(x)

c(x) = Z cix'.
€y

Let o € Fys be an element of order n. Then we have the following relation for all ¢(x) € C(g; n, k, d):

Z c(a?)a? = Z Z cial'a?

7=0 j=0 i)y

— Z Z ci(a'z)’

j=0 i€y

— Z Z cila'z)’

i€y j=0

- Z 1 —Cixoﬂ" 2)

ey

Now, we can define the non-zero-locator code.



Definition 2 (Non-Zero-Locator Code). Let a g-ary cyclic code C(q;n,k,d) be given. Let Fys
contain the nth roots of unity. Let gcd(n,ng) = 1 and let Fy, = Fpu be an extension field of F,.
Let F 0 contain the neth roots of unity. Let o € Fys be an element 0f order n and let € F 0 be
an element of order ny.

Then L(qe;ne, ke, dy) is a non-zero-locator code of C if there exists a p > 2 and an integer e,
such that Va(z) € L and ¥V c(z) € C:

Z c(a?)a(B)2? = 0 mod 2+ 1, (3)

§=0
holds.

Remark 1. Let r denote the least common multiple of s and u-s, and let v be a primitive element
in Fyr. Then A =D/ gpnd 44D/ gre elements of order n and ny.

Before we prove the main theorem on the minimum distance d of the given cyclic code C, we
describe Definition 2. We search the “longest” sequence

c(a®)a(B”),c(a”M)a(B), ..., c(a” " )a ("),

that results in a zero-sequence of length u — 1, i.e., the product of the evaluated codeword a(/3”)
of the non-zero-locator code £ and the evaluated codeword c(a?™) of C gives zero for all j =
0,...,u— 2. Let us study the following example of a binary cyclic code.

Example 1 (Binary Code of length n = 21 [11,15]). Let the binary cyclic code C(2;21,7,8) with
generator polynomial g(x)

g(x) = M) (x) - M§P) (2) - ME () - MV ()

be given. Let o € Fos denote an element of order 21.
The defining set De = Ml(Ql) U Mg(m U ]\/[7(21) U Mém) of C(2;21,7,8) is

De ={1,2,3,4,00,6,7,8,9,0,11, 12,0, 14, 15, 16, 7, 18},

where the symbol O marks the indexes where g(a*) # 0.

We associate a single parity check code of length n, = 5, dimension k;, = 4 and minimum
distance dy = 2 over Fy as non-zero-locator code for C(2;21,7,8) according to Definition 2. Let
B € Fou be an element of order 5 and let g(x) = x — 1 be the generator polynomial of L. The
defining sets Dc of C(2;21,7,8) and D of £(2;5,4,2) are listed in Table 1. The corresponding
product gives the a zero-sequence of length p — 1 =13 for e = 0. A codeword a(x) € L(2;5,4,2)
“fills” the missing zeros of C(2;21,7,8) at position 0, 5 and 10 in the interval [0, 12].

Table 1: Defining sets D¢ and D, of the binary cyclic code C(2;21,7,8) of Example 1 and its
non-zero-locator code £(2;5,4,2) in the interval [0, 12].
Delo+1 2 3 4 O+ 6 7 & 9 O 11 12
Dy 5 1 O 0J U UJ 5 0O U 0J U 5 1 O 0J

We require a zero /37 of the generator polynomial of the non-zero-locator code £ at the position
j where the generator polynomial of the given cyclic code C has no zero.



Furthermore, we require ged(n, ny) = 1 to guarantee that
gcd ( T[] —=zaism™), JT (1 - mﬂﬂm)> —1 ViandVj#i,
meZ mezZ

which we use for the degree calculation in the following. For the proof we refer to Lemma 3 in
the Appendix.

We rewrite (3) of Definition 2 more explicitly. With c(x) = 37,y c;a’ and a(x) = 3, a;a?,
we obtain: B
anﬂ-e B] xj_zzcaﬁ-e ﬁ]
7=0 7=0 i€y
I et
i€y
Using (2) for the codeword a(z) of the associated non-zero-locator code leads to:
ie ie j
D_co Za (@)l =3 ety
i€y i€y JEZ
> (4 [T = 2aig")
=
= ca® —. (4)
[1(1—zaipi)
i€y jez
Finally using (4) we can rewrite (3) of Definition 2 in the following form:
> (e S (4 TT0 = wa'8) T1 T1(1 - za))
i€y 1€z N T hez meY sez 1
it =0 mod ", (5)
[1 (T1(1—2aip))
i€y jEZ

where the degree of the denominator is || - |Z|. The degree of the numerator is smaller than or
equal to (|Y|=1)-|Z|+|Z2|—-1= Y| |2|- 1.
This leads to the following theorem on the minimum distance of a cyclic code C.

Theorem 2 (Minimum Distance). Let a g-ary cyclic code C(q;n,k,d) and its associated non-
zero-locator code L(qe;ng, ke, dg) with ged(n,ng) = 1 and the integer p be given as in Definition 2.
Then the minimum distance d of C(q;n, k,d) satisfies the following inequality:

d>d- Lﬂ . (6)

Proof. For a codeword c(z) € C(g;n,k,d) of weight d and a codeword a(x) € L(qe;ne, ke, dy) of
weight d, the degree of the denominator in (5) is d-dy. The numerator has degree at most d-d,—1,
and has to be greater than or equal to u — 1. O

Example 2 (Binary Code of length n = 21). Let us again consider the binary code C(2;21,7,8)
of Exzample 1. We have i — 1 = 13 according to Theorem 2, so d* = [14/2] =T.

The HT bound (Theorem 1) gives also d > 7 (with parameters by =1, m; =5, mg =1, dy =3
and v = 3). The Roos bound gives d > 8 [11, Example 1], which is the actual minimum distance
of C(2;21,7,8).



The optimal non-zero-locator code L for a given cyclic code gives a zero sequence
c(a®)a(B), c(a“™Ma(Bh), ..., cla H)a(p"?)
of length ;t — 1 as in Definition 2, such that d* of (6) is maximized.

4 Comparison to Known Bounds

4.1 The Hartmann—-Tzeng Bound

We restate the HT bound as given in Theorem 1 to draw a connection to the bound given in
Theorem 2. We multiply with the inverse of m; or my modulo n, such that:

m>v+1 for {b2+i1m+i2:0§i1§d0—2,0§i2§V}§DC (7)

with ged(n, m) =1 for a given code C(g;n, k, d) holds.

Throughout this section, we refer to this representation of the HT bound. In the following
subsection, we consider a single parity check code as non-zero-locator code and draw the connection
to a particular case of the HT bound. The general case of (7) is considered in Subsection 4.3,
where we use RS codes as non-zero-locator codes.

Some families of cyclic codes are identified in Subsection 4.4.

4.2 Single Parity Check Code as Non-Zero-Locator Code

Let P(ng,ny — 1,2) denote a cyclic single parity check code of length n,, dimension n, — 1 and
minimum distance 2 over an extension field F,, of F,. Let 3 be a primitive n,th root of unity in
an extension field of F,,. The generator polynomial g(z) of P(ns,n, —1,2) is

g(x) =2 —1.

Furthermore, let a cyclic code C with defining set D¢ be given, such that for the parameters by = 1
and m = v+ 2 the normalized HT bound of (7) holds. We illustrate the defining set Dp = {0} of

P with length ny = v + 2 and the defining set D¢ in Table 2. The sequence is illustrated in terms

Table 2: Defining sets D¢ of a given cyclic code C and Dp of its associated single parity check
code P of length n, in the interval [0, m(dy — 1)].
Dc| O ¢ 1 .oom-1 O im+l . 2m-1 O 0 . mde-1)-1 O
Dp | ng 1 O .. d ne O .. O ne oo O ny

of parameters of the HT bound (7). For this special case, the non-zero-locator code L(q¢; 1, ke, dy)
is a P(ng,ng — 1,2) code. We have:

ng:l/—i-2, k?g:V—i-l, dg:2,
and we obtain a zero-sequence of length y1 — 1 = m(dy — 1) + 1. From Theorem 2 we obtain:

d*:’Vm(dO_Ql)—FQ—‘:’V(V_’_Q;do_y-‘:{do—i_@-" )

where we used m = v + 2. In Fig. 1 we illustrate d* of (8) for different parameters v and dy. For
dy > 4 (independently from v) our bound improves the HT bound (see Proposition 1 in the next
subsection). Note that for v = 0 the HT bound and our bound coincide with the BCH bound.
Let us study the following example.
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d* ....-‘.-"' ....................

do +v /. ......
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Parameter dg of the Hartmann-Tzeng bound

Figure 1: Illustration of the fraction d*/(dy 4+ v) of our bound d* of (9) to the Hartmann-Tzeng
bound dy+ v for v =1,...,6 and dy = 2,...,20. The parameters of the HT bound are
m = v+ 2 (see Table 2). We used a single parity check code as non-zero-locator code.
Our bound d* is better than the HT bound for dy > 3.

Example 3 (Parity Check Code as Non-Zero-Locator Code). Let us consider the binary re-
versible [12] cyclic code C(2;65,41,8) with the defining set D¢ = M1(65) U M5(65). We know that

(0,-5,-4,0,-2,—1,0,1,2,0,4,5,0} C De.

The HT bound gives a lower bound of d > 6 on the minimum distance of C(2;65,41,8) (for
by = =5, m=3,dy=5and v =1). We can associate the single parity check code P (3,2,2)
over o2 with generator polynomial g(x) = x — 1 as a non-zero-locator code for C(2;65,41,8). The
defining sets D¢ and Dp are shown in Table 8. With (8) we obtain for d*:

Table 3: Subset of the defining sets D¢ of the C(2; 65,41, 8) code in the interval [—6, 6]. The set Dp
is the defining set of a single parity check code P of length n, = 3 that is the associated
non-zero-locator code.

Dc|O!V 5 4 O 2 -1 0O 1 2 0O 4 5 O
Dp |3 O O 3 1 0 O 3 .0 OJ S O 3

d* = [do+w—‘ = [5+1(52_1)w =7

Furthermore, we can decode up to (d* —1)/2 = 3 errors for C(2;65,41,8) (see Section 6).

4.3 Cyclic Reed-Solomon Codes as Non-Zero-Locator Codes

Let a g-ary cyclic code C with defining set D¢ be given such that for the parameters b, = 1 and
m > v + 2, the normalized Hartmann-Tzeng bound of (7) with dy > 2 and v > 0 holds. Let a



cyclic Reed—Solomon code RS (qs; n, ki 0) over an extension field F,, of F, with
nge=m, ky=v+1, d,=m—v, =v+2

as in Definition 1 be the associated non-zero-locator code.
Table 4 shows the defining set D¢ and the defining set Drs of RS(qe;m, v + 1;v + 2).

Table 4: Defining sets D¢ for by = 1 and m of the HT bound (7) and Dgs of the associated
non-zero-locator code in the interval [—(m — v) — 1, m(dy — 1)].

O . DOil. v+l O .Oim+l om+v+l O . O 1. O

v+2 . om0 O w2 e O . O vH2 . g ey

De
Dgs

The ny— (v+2)+1 = m—v—1 consecutive zeros of the cyclic Reed—Solomon code RS(qe; m, v+
1; v + 2) fill the missing zeros of the given cyclic code C(q;n, k,d). The obtained “zero”-sequence
has length ;1 — 1 = m(dy — 1) +m — v — 1. Therefore, we obtain from (6):

d*:[m(do—l)—i—m—u-‘:[mdo—m—l—m—y-‘:[m-‘. ©)

m—v m—v m—v

Note that for m = v + 2 the Reed—Solomon code is a single parity check code and we obtain the
result from (8). Let us precise the cases where our bound d* is better than the Hartmann-Tzeng

[
 — HT
—— = dp=2,v=26
3 ¢ .
S dp=3,v=6 —-F
.......... dp =4,v =26 ”’/,,
- - de:f),y:ﬁ /’,’/
....... dZ:67V=6 ////
27 /// I S . —
d* // .-.-"‘ .....................
o P A A
e PR ety L o
do +v , SR ook
(A B L I S R
s et e B I PR
s e B e
1 B TR
SRRt
U anicas HT |
/ //
AT
R
/‘”‘,"
0 | | | \ | ‘ ‘ |

2 4 6 8 10 12 14 16 18 20

Parameter dg of the Hartmann-Tzeng bound

Figure 2: Illustration of the fraction d*/(dy 4 v) of our bound d* of (9) to the Hartmann-Tzeng
bound dy + v for v =6, dy = 2,...,20 and m. We used an RS code as non-zero-locator
code with minimum distance dy = m — v (see Table 4).

bound dy + v.

Proposition 1. Let a g-ary cyclic code C(q;n,k,d) with a subset of its defining set D¢ with
parameters by, m, dy and v as stated in Theorem 1 be given. Let L(qim,v +1,m —v) =



RS(qe;m, v+ 1;v 4 2) be the associated non-zero-locator code as in Definition 3 with p = m(dy —
1) +m —v. Then for
doy>m—v+1,

d* > dy + v holds.
Proof. From (9) we have

o [mdo—u-‘ _ [mdo—dol/jtdoy—y—‘ _ [d0+ (do—l)z/—"

m—v m —v m —v

Obviously, for d* > dy + v, we require that
dy — 1
(do — 1)v >

m—v

v < dy>m-—v+1.

]

For m — v = d;, = 2, the associated RS code is a single parity check code and our bound is
better than the HT bound for dy > 3 (see Fig. 1). Some other cases, where the minimum distance
of the associated RS code dy = m — v varies between two and six, are illustrated in Fig. 2.

4.4 Some Families of Cyclic Codes and Their Connection to Other Bounds

We identify some families of cyclic codes and refine our bound on the minimum distance of
Theorem 2. The classification is done by means of the associated non-zero-locator code. For all
codes, we can decode up to |(d* — 1)/2] errors (see Section 6).

Single Parity Check Code as Non-Zero-Locator Code

Let the defining set D¢ of a given g-ary cyclic code C(g;n, k,d) contain the elements as shown in
Table 5. Furthermore, let ged(n,3) = 1. We associate a single parity check code P(3,2,2) and

Table 5: Subset of the defining sets D¢ of a given cyclic code C in the interval [—10, 10]. The set
D, = {3} is the defining set of the single parity check code £(2;3,2,2).
Del-10 Oi-8 -7 O:!-5 4 02 -1 Oi1 2 014 5 Oi7

8 10
DD 300 300 3:00 300 3. 00 3:00

U
3.0

obtain pu = 22 and therefore d > d* = 11.

For binary reversible cyclic codes [12, 18] we require only {1,5,7} to be a subset of the defining
set since the other elements are then included automatically.

If the binary cyclic code is not reversible, the defining set has to contain {-7, =5, —1, 1, 5,
7}. This requirement coincides with the 5-error-correcting pair of [4, Proposition 8]. The codes

of [4, Proposition 7, Example 21 and 22] require a smaller subset of their defining set D¢. For
these codes, we obtain the same bound on the minimum distance of C.

Binary Hamming Code as Non-Zero-Locator Code

Let the defining set D¢ of a given binary cyclic code C(2;n, k,d) contain the elements as shown
in Table 6. Furthermore, let ged(n,7) = 1.

We associate the binary Hamming code £(2;7,4, 3) with defining set D, = {3,5,6}. As shown
in Table 6, we obtain pu = 21 and therefore d > d* = 7.

For binary cyclic codes we require {1,7,9,11,15} to be a subset of the defining set De.



Table 6: Subset of the defining sets D¢ of a given cyclic code C in the interval [1,20]. The set
D, = {3,5,6} is the defining set of the binary Hamming code £(2;7,4,3).
Dc|1 2 O 4 OO 7:8 9 O 11 00O 14:15 16 0 18 O O
b, /OO0 3 0O 5 6 O;00 3 0O 5 6 O:00 3 O 5 6

Reed-Solomon Code as Non-Zero-Locator Code

Let the defining set D¢ of a given g-ary cyclic code C(g;n, k,d) contain the elements as shown in
Table 7. Furthermore, let ged(n,4) = 1. We associate an RS code RS(qr;4,2;0 = 2) over F,,

Table 7: Subset of the defining sets D¢ of a given cyclic code C in the interval [—17,17] (only odd
indexes are illustrated). The set D, = {1,2} is the defining set of a Reed—Solomon code
RS(qe;4,2;2).

Do |O O -13 -11:0 O 5 -3:0 O
Drs|1 2 O O:1 2 O O:1 2

3 5.0 O 11 13:0 O
o o1 2 0O 0:1 2
which is an extension field of F, and consider the sequence

(@ Ma(), elaT)a(8), cla” TH)a(B), ..., elaTHD)a(g2).

We have p = 19 and with dy = 3, we obtain d > d* = 7.
For binary reversible cyclic codes, we require {3, 5,11, 13} to be a subset of the defining set De.
Further families can be found in [17] and can be seen as special case of this approach.

As previously seen, we identified cyclic codes by means of their potential non-zero-locator codes.
To obtain a huge family of cyclic codes, the cardinality of the required subset of their defining
set should be small. This implies a high cardinality of the defining set |D,| of the associated
non-zero-locator code L(qe; ny, ke, dg). Both leads to a long zero-sequence

e(a®)a(B), claN)a(B), ..., c(a“2)a(8"2).

On the one hand, we need a low code-rate k;/n, which implies a high |D|. On the other hand,
the minimum distance d; of £ should be small to obtain a good bound d* according to (6).

This motivates the investigation of small-minimum-distance cyclic codes with lowest code-rate.
In a first step, we consider binary cyclic codes with minimum distance two and three.

5 Binary Cyclic Codes with Minimum Distance Two and
Three as Non-Zero-Locator Code

5.1 General Idea

As mentioned in Section 3, good candidates for non-zero-locator codes are cyclic codes with small
minimum distance and lowest code-rate ky/n,. We consider binary cyclic codes with minimum
distance two and three and lowest code-rate and show their defining set.

Primitive binary cyclic codes with minimum distance three were investigated by Charpin,
Tietdvainen and Zinoviev in [2,3]. We generalize the results of [2] to binary cyclic codes of arbi-
trary length and show afterwards the implications, when we want to use them as non-zero-locator
codes.

10



Lemma 1. [2] Let i,j with 0 < i < j < n — 1 be two arbitrary integers that do not belong
to the same cyclotomic coset modulo n. Then the binary cyclic code C(2;n,k,d) with generator

polynomial g(x) = Mi(") (x) - M;n) () has minimum distance two if and only if ged(n,,5) > 1.

Proof. Let a be an nth root of unity. A binary cyclic code C with generator polynomial g(x) =

M™(z) - M;”) (7) of length n has minimum distance two if there exist a binomial c¢(z) = z* + ¢

that fulfills
This holds, if and only if

or, equivalently,
(k—0i=(k—¢)7=0 mod n.

Both congruences are valid if and only if n/ ged(n, i, 7) divides k — ¢. Therefore, such k and /¢ exist
if and only if ged(n, i, j) > 1. O

Theorem 3 (Binary Cyclic Codes with Minimum Distance Two [2]). Let i1,1a,...,is with 0 <
11 < - <ig <n—1 bes arbitrary integers that do not belong to the same cyclotomic coset modulo
n. Then the binary cyclic code C(2;n,k,d) with generator polynomial

g@) =[] M @)

has minimum distance two if and only if ged(n, iy, ... i5) > 1.

We skip the proof of Theorem 3, because it is straightforward to the proof of Lemma 1.
The following lemma is a generalization of [2, Theorem 1] to binary cyclic codes of arbitrary
length.

Lemma 2 (Binary Cyclic Codes with Minimum Distance Three). Leti,j with0 <i<j<n-—1
be arbitrary integers that do not belong to the same cyclotomic coset modulo n. Let g be such that
29 — 1 divides n. If there exists an integer r with 0 < r < 29 — 1, where ged(r,29 — 1) = 1, such

that both i and j are in M7§2g_1), then the binary cyclic code C(2;n, k,d) with generator polynomial
g(x) = M™ (x) - M(n)(x) has minimum distance d < 3. If, moreover, gcd(n,i,j) =1, then d = 3.

? J

Proof. Let v be a primitive element of Fa., let z = (2° —1)/n and let & = 7*. Let u=n/(29 — 1),
then 8 = a* = 4 ~D/=D g a primitive element of Fgs. Let b be an integer in the interval
[1,29 — 2] such that:

1+ 8+ 8 =0.

Define

where the quotients 1/r and b/r are calculated in the ring Zgs_; of integers modulo 29 — 1. For
1€ ngil), two non-negative integers k£ and ¢ exist such that

i =029 — 1) + 2"r.

11



Thus,

C(Oéi> =14 aui(l/'r) + aui(b/'r)
=1+ Bi(l/r) + /gi(b/r)
-1+ 52}“7“(1/7‘) + B2kr(b/r)
-1 + ﬁ2k + 5b2k
—(1+8+8H)" =0

Note that in [2] the length of the cyclic code was n =2° — 1 and u = (2° —1)/(29 — 1).

Corollary 1. Let C be a binary cyclic code of length n. If there exist no g, s.t. (29 —1) | n, then
C cannot have minimum distance three.

Theorem 4 (Binary Cyclic Codes with Minimum Distance Three). Let iy, 1o, ... ,is with 0 < i; <
- < iy <n—1 bes arbitrary integers that do not belong to the same cyclotomic coset modulo
n. Let g be such that 29 — 1 divides n. If there exists an integer r with 0 < r < 29 — 1, where
ged(r,29 — 1) = 1, such that all s integers iy, s, ..., is are in M,QLI), then the binary cyclic code
C(2;n,k,d) with generator polynomial

has minimum distance d < 3. If, moreover, ged(n,iy,...,is) = 1, then d = 3.

We skip the proof of Theorem 4, because it is straightforward to the proof of Lemma 2.
Let us consider a non-primitive binary cyclic code with minimum distance three.

Example 4 (Non-primitive Binary Cyclic Code with Minimum Distance Three). Let n = 119 =

(2 — 1) - 17. In this case g = 3 (see Theorem 4). Then {1,11,51} belong to Mlm and we have
ged(1,11,51) = 1. Therefore the binary cyclic code of length n = 119 with generator polynomial

g(z) = M (@) - M () - MY (@),

has dimension k = 68 and minimum distance d = 3.

5.2 Implications for the Non-Zero-Locator Code

We consider lowest-code-rate binary cyclic codes of minimum distance two and three. They are
good candidates for non-zero-locator codes.
We first consider lowest-code-rate binary cyclic codes of minimum distance two.

Proposition 2 (Lowest-Code-Rate Binary Cyclic Codes With Minimum Distance Two). Let
a>1,g>1 and n be three integers, such that n = ag. Let g be in the defining set Dc. Then the
binary cyclic code C(2;n,k,2) of length n with defining set:

De.=1{0,0,...,0,¢,0,...,0,2¢,0,...,0,(a — 1)g,0,...,0}

is the binary cyclic code of smallest dimension k = a(g — 1), lowest code-rate R = (g — 1)/g and
mainimum distance two.

12



Proof. We want to maximize |Dc¢| while keeping d of C at two. Therefore, we select for a given
g every cyclotomic coset Mi(n) with ged(i,g) > 1 for all @ = 0,...,n — 1 to be in D¢ with
aimed minimum distance two. One the one hand, this guarantees the maximization of |D¢| and
therefore the minimization of the code-rate. On the other hand, due to the condition ged(i, g) > 1
(Theorem 3) the minimum distance of C remains two. O

A direct consequence of Proposition 2 is that we do not need to investigate these binary cyclic
codes of minimum distance two any more. We obtain the same result when we select a parity
check code P(g,9 — 1,2) as non-zero-locator code.

Proposition 3 (Lowest-Code-Rate Binary Cyclic Codes With Minimum Distance Three). Let
a>1, g > 1 andn be three integers, such thatn = a(29—1). Letr be an integer with 0 < r < 29—1,
where ged(r,29 — 1) = 1. Let r be in the defining set De. Then the binary cyclic code C(2;n, k, 3)
of length n with defining set:

De={r-i modn|i=j(2’—1)+1,j(2 —1)+2,j(2 —1)+4,...,

10
§(29—1)+27" Vji=0,....a—1} (10)

is the binary cyclic code with the smallest dimension k = a(29 — 1 — g), lowest code-rate R =
(29 —1—g)/(29 — 1) and minimum distance three.

Proof. We want to maximize | D¢| while keeping d of C at three. For a given r and for (29—1)|n, we
select every cyclotomic coset Mi(") foralli =0,...,n—1 to be in the D¢ of C with aimed minimum
distance three, such that i € M* ™" One the one hand, this guarantees the maximization of | De|
and therefore the minimization of the code-rate. On the other hand, due to the condition that
Mi(n) should be selected such that i € M~V (Theorem 4) the minimum distance of C remains
three. [

Remark 2. Let r = 1 in Proposition 3. Then Ml(QQ_l) ={1,2,4,...,2971} is the cyclotomic coset
of a binary Hamming code of length 29 — 1. The defining set of the corresponding lowest-code-rate
binary cyclic code is a repetition of the defining set of the Hamming code of length 29 — 1.

Example 5 (Non-primitive Binary Cyclic Code with Minimum Distance Three and Lowest
Code-Rate). Let us again consider Example 4 withn = 119 = (2°—1)-17 and k = 68. The binary
cyclic code of length n = 119 with generator polynomial g(x) = Ml(ng)(x) : Mﬁlg)(m) : Méilg) (x)
and with minimum distance three has lowest code-rate R = (2> —1 —3)/(2% — 1) = 68/119. Its

defining set D¢ 1is:
De ={1,2,0,4,0,0,0, /8,9,0,11,0,0,0, /15,16,0,18,0,0,0, /22,...,116,0,0, 0}

A consequence of Proposition 3 is that we do not need to investigate any binary cyclic code of
minimum distance three any more. We obtain the same result when we take a primitive binary
cyclic code with minimum distance three as non-zero-locator code.

6 Syndrome-Based Decoding of up to |(d* —1)/2| Errors

6.1 Syndrome Definition

Let a g-ary cyclic code C(g;n, k,d) and its associated gg,-ary non-zero-locator code L(qz; ne, ke, dy)
with ged(n,ng) = 1 and the integers p and e be given as in Definition 2. Let F,, = Fpu be an
extension field of F,. Let o € Fys be a primitive nth and let g € F 0 be a primitive nyth root of
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unity. Let r denote the least common multiple of s and u-s,. Let a(z) = >, 5 a;2" be a codeword
of L of weight |Z]| = d,.
Let the set &€ = {ig,41,...,9;—1} with cardinality || = ¢ be the set of error positions. The

corresponding error polynomial is denoted by e(x) = Y, o e;a”. Let the received polynomial be
r(z) = S0 riat = e(x) + ().
We define a syndrome polynomial S(z) € F,-[z] as follows:
éf r(@t)a(#)z? mod z+ L. (11)

Q

Thus, the coefficients S; € F,» of the above defined syndrome polynomial S(z) = Z;:OQ S;x! are
given by

-1 ne—1
Z TN ", V=0, 2.
=0 h=0

From Definition 2 we know that the syndrome polynomial S(z) of (11) is independent of the
codeword ¢(x). Now, we can do the same reformulation of the syndrome expression as we did in
Section 3 for the codeword c(x) and a(z). We have from (11):

o0

r(a?*)a(p)r’ = ie(aj+e)a(ﬁj)$j mod 2~

= Z Z ;') q (827 mod xt

j=0 €&

Jj=0

and with (2) for a(z) = Ziez a;z' we can write:

E e; wg + mod z#~!
—xatfl

€€ jEZ
> (4 [T = 2aig")
=g
= 620/6 mod .fIf'u 1
2 (0 )
JEZ

Finally, we can write for S(x):

> (0 % (4 IL(1 -~ wai89) T1 TL(1 ~za™5))

€€ JjEZ leZ me€ s€Z

S(z) = i m7 mod 2! (12)
(1L (= w0)
€€ “jeZ

We use this explicit syndrome representation in the next section, where we define an error-locator
and an error-evaluator polynomial.

6.2 Key Equation
To simplify the notation, let the two polynomials f(z) and h(z) € Fyr[z] be defined as follows:

fla) & [I (=28, (13)

h(z) =3 (a; [T - 28Y). (14)
JEZ ez

%
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Due to ged(n,ng) = 1 we have ged(f(za), f(za?)) = 1, Vi # j (for the proof, see Lemma 3 in
the Appendix) and therefore each of the n polynomials f(za®), f(xzal), ..., f(za™ 1) can be
identified by one root. Let k € Z. Then, we have f(f7") = 0. Furthermore, let n distinct roots
Y0, V15 - - - s Yn—1 be defined as:

v & R i=0,... ,n— 1. (15)
Then, each v; is a root of f(za’). Note that each polynomial f(za') has |Z| = d, roots, but we

need only one of them.
Now, we can define an error-locator polynomial A(x) € F,[z] as:

Az) = [ f(aad). (16)

€€

The roots v; of A(x) from (15) tell us where the errors are. The corresponding error-evaluator

polynomial Q(x) € F,-[z] is defined as:

Qz) €Y <eio/eh(:(:ozi) I1 f(mf)). (17)
€€ %;:‘i

We relate the syndrome definition of (12), the error-locator polynomial A(z) of (16) and the
error-evaluator polynomial €2(z) of (17) in form of a Key Equation:

mod z*7 1, with

A(z) (18)
deg A(x) =t-dy, degQ(z) <t-dy—1<degA(x).

Solving (18) is similar to the decoding of [16] and we will not go into details. The Extended
Euclidean Algorithm (EEA, [16]) with input polynomial S(x) as defined in (11) and the monomial
2#~! and an adapted stopping rule can be used to solve (18) and we obtain A(z) and Q(z).

6.3 Error Evaluation: A Generalized Forney’s Formula

To determine the ¢ error values e;,, €;,, ..., €;,_, from the error-locator polynomial A(x) and error-
locator polynomial Q(z), we develop an explicit expression of the error-values (like Forney’s for-
mula [6]) in the following.

Proposition 4. (Error Evaluation) Let a q-ary cyclic code C(q;n,k,d) and its associated non-
zero-locator code L(qp;ng, ke, dg) with ged(n,ng) = 1 and the integers p and e be given as in
Definition 2. Let o € Fys be a primitive nth and let B € Fgus, be a primitive ngth root of unity.
Let r be the least common multiple of s and u - sy.

Furthermore, let 79,71, ..., Yn—1 be given as in (15) and let two polynomials A(x) and Q2(x) €
Fyr[z] be given as in (16) and (17). Then the error values e; for all i € £ are:

Q(%)
a’ - h(y;al) - T] f(viat)
o7
_ Q(%) ) f/(%ai)
N(7) - - h(yal)

€; —

(19)

15



Proof. The error-evaluator polynomial () of (17) evaluated at ~; is explicitly

Q(%) =€ o' - h(%ai) H f(%‘O/)-
0eE
04

The derivative A’(x) of the error-locator polynomial is

N(@) = (fza) ] ] f(za")).
€€ égfl

Its evaluation at ~; simplifies to

N(yi) = f/(rie) [T £ (ic).
E
O

Note that the classical decoding up to the half the BCH bound of a cyclic code C corresponds
to the case where the associated non-zero-locator code L is the set of all vectors of length n, = k,
over [F,,. The zero-sequence of length ;¢ — 1 is the longest set of consecutive zeros of C. Then we
can choose a(x) = 1 and we obtain the classical syndrome definition, key equation and Forney’s
formula.

7 Conclusion and Outlook

We presented a new technique that uses low-rate cyclic codes with small minimum distances —
so-called non-zero-locator codes — to bound the minimum distance of g-ary cyclic codes. The
algebraic description gives a generalized Key Equation and allows an efficient decoding. We derived
some properties of binary cyclic codes of minimum distance two and three and lowest code-rate.

Future work is to find lowest-code-rate small-minimum-distance non-binary cyclic codes and
relate them to our method and bound the minimum distance of other cyclic codes. Combined
error-erasure decoding with our proposed method seems to be possible.
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Appendix
Lemma 3 (Coprimality of n and ny). Let [n] denote the set of integers {0,1,...,n — 1} and let

Z be a subset of [ny]. Let a be an element of order n in Fy and let 5 denote a primitive element
of order ny in que, where ¥y, = Fqu. Let v denote the least common multiple of s and u - s, and
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let v be a primitive element in Fyr. Let N = q" — 1. Then o = AN and B = N We consider
unwariate polynomials in Fy[z]. If ged(n,ny) =1 then

ged ( T[] -zais™, [T~ xoﬂﬂm)> —1 (20)

mez meZ
holds Vi, j € [n] with i # j.
Proof. We show that the contrary does not hold. If (20) does not hold, then there exist a i and j
with ¢ > j and m, m’ € Z with m # m/ such that
o/ﬂm = Bm,

o™i = g (21)

holds. Let us express (21) in terms of . We obtain:

N (i—s N (! —m
€ J):/Yn[( )

i (G=me=(m'=mn) _ 4
= (i—jne—(m' —m)n=X-n-ny.

We know that ¢ — j is smaller than n and m’ — m is smaller than n,. This implies that X is zero.
We have:

(i — j)ne = (m' —m)n

= ngl(m’ —m)n

But (m’ —m) < ny and this implies that ged(n,n,) # 1. O
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