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Abstract We construct a new Gray map from S™ to F3" where S = P> +uF> +u?Fy, v = 1.
It is both an isometry and a weight preserving map. It was shown that the Gray image of cyclic
code over S is quasi-cyclic codes of index 3 and the Gray image of quasi-cyclic code over S is
l-quasi-cyclic code of index 3. Moreover, the skew cyclic and skew quasi-cyclic codes over S
introduced and the Gray images of them are determined.

1 Introduction

By using generator polynomials in skew polynomial rings, there are a lot of works about gen-
eralizing notions of cyclic, constacyclic, quasi-cyclic codes to skew cyclic, skew constacyclic,
skew quasi-cyclic codes respectively.

Skew polynomial rings form an important family of non-commutative rings. There are many
applications in the construction of algebraic codes. As polynomials in skew polynomial ring
exhibit many factorizations, there are many more ideals in a skew polynomial ring than in the
commutative case. So the research on codes have result in the discovery of many new codes with
better Hamming distance.

Works began with D. Boucher, W. Gieselmann, F. Ulmer’s paper in [1]. They generalized the
notion of cyclic codes. They gave many examples of codes which improve the previously best
known linear codes.

In [3], D. Boucher and F. Ulmer studied linear codes over finite fields obtained from left ideals
in a quotient ring of a (non-commutative) skew polynomial ring. They show how existence and
properties of such codes are linked to arithmetic properties of skew polynomials. This class of
codes is generalization of the #—cyclic codes discussed in [1]. Moreover, they shown that the
dual of a §—cyclic code is still #—cyclic.

D. Boucher, P. Sole and F. Ulmer generalized the construction of linear codes via skew poly-
nomial rings by using Galois rings instead of finite fields as coefficients. Codes that are principal
ideals in quotient rings of skew polynomial rings by a two side ideals were studied in [2]. In
[4], they studied a special type of linear codes called skew cyclic codes in the most general case.
They shown that these codes are equivalent to either cyclic or quasi-cyclic codes.

Skew polynomial rings over finite fields and over Galois rings had been used to study codes.
In [9], they extended this concept to finite chain rings. The structure of all skew constacyclic
codes is completely determined.

In [11], T. Abualrub, P. Seneviratre studied skew cyclic codes over F> + vF3, v? =v.

In [10], T. Abualrub, A. Ghrayeb, N. Aydin, I. Siap introduced skew quasi-cyclic codes. They
obtained several new codes with Hamming distance exceeding the distance of the previously best
known linear codes with comparable parameters. In [7], M. Bhaintwal studied skew quasi-cyclic
codes over Galois rings.

In [8], they investigated the structures of skew cyclic and skew quasi-cyclic of arbitrary length
over Galois rings. They shown that the skew cyclic codes are equivalent to either cyclic and
quasi-cyclic codes over Galois rings. Moreover, they gave a necessary and sufficient condition
for skew cyclic codes over Galois rings to be free.

Jian Gao, L. Shen, F. W. Fu studied a class of generalized quasi—cyclic codes called skew
generalized quasi-cyclic codes. They gave the Chinese Remainder Theorem over the skew poly-
nomial ring which lead to a canonical decomposition of skew generalized quasi-cyclic codes.
Moreover, they focused on 1-generator skew generalized quasi-cyclic code in [6].

J.E. Qian et. al. introduced linear (1 4 u)-constacyclic codes and cyclic codes over F5 + uF;
and characterized codes over F» which are the Gray images of (1 + u)-constacyclic codes or
cyclic codes over F, + uF, in [5 ]. It was introduced (1 — u™)-constacyclic codes over F; +
ul> + ... + u™F> and characterized codes over F» in [12 ].

This paper is organized as follows. In section 2, we give some basic knowledges about the
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finite ring S, cyclic and quasi-cyclic code. In section 3, we define a new Gray map from S to
F3, Lee weights of elements of S and Lee distance in the linear codes over S. We show that
if C is self orthogonal so is ¢ (C) and we obtain in the Gray images of cyclic and quasi-cyclic
codes over S. In section 4, we give skew cyclic and quasi-cyclic codes over S. In section 5, we
obtain in the Gray images of skew cyclic and skew quasi-cyclic codes over S and we give some
examples.

2 Preliminaries

We first start with a general overview of the ring S. The ring S = F> + ul + u*F, is defined
as characteristic 2 ring subject to the restrictions > = 1. S is a commutative ring with eight
elements. Note that S is not a finite chain ring, its ideals can easily be described as follows

Iy = {O} - Il+u+u2 ChL=S
Iy = {0}g11+u:Il+u2 :Iu+u2 cL==5
where
Liyw = Liype=Ip ={0,1 +u, 1 +u* u+u®}
Liwiw = {0,1 +u+u?}

We note that S is semilocal ring with two maximal ideals and principal ideal ring. The
elements 1, v and u?2 are three units of S.

A linear code C over S of length n is a S—submodule of S™. An element of C is called a
codeword.

For any « = (2o, 21, ..., ®n—1) ¥ = (Y0, Y1, ---, Yn—1), the inner product is defined as

n—I1

Ty = Z TiYi
i=0

If z.y = 0, then z and y are said to be orthogonal. Let C be linear code of length n over .S,
the dual code of C'
Ct={z:YyecCuxy=0}

which is also a linear code over S of length n. A code C is self orthogonal if C' C C* and self
dual if C = CL. We note that the dual ideals of S as follows,

1 N S &
Il+u - Il+u2 - Iu+u2 - Il+u+u2
L — — —
Il+u+uz = D=1l =lye

A cyclic code C over S is a linear code with the property that if ¢ = (co, c1, ..., cn—1) € C,
then o (¢) = (¢p—1, o, ..., cn—2) € C. A subset C of S™ is a linear cyclic code of length n iff it is
polynomial representation is an ideal of S [z] / (™ — 1) .

Let C be code over F; of length n and é = (&, ¢4, ..., én—1) be a codeword of C. The Ham-
ming weight of ¢ is defined as wgy (é) = Z?;OI wy (¢;) where wy (&) = 1if é; = 1 and
wy (é;) = 0if é = 0. The Hamming distance of C' is defined as dy (C) = min{dy (¢, ¢)},
where for any é € C, ¢ # ¢ and dg (¢, ¢) is the Hamming distance between two codewords with
dy (¢,é) =wy (c—¢).

Leta € F5™ with a = (ag, a1, ...,a3,—1) = (a(o) |a<l)| a(z)) ,a e Er fori = 0,1,2. Let
o®3 be a map from F5" to F3" given by

0= (o (6) ()] ()

where o is a cyclic shift from F' to F* given by

o (a?) = (@), (@), .., (alv"2))

1,0) .,n — 1. A code of length 3n

for every alV) = (al*9), ...,a®"=V) where a'") € F», j = 0,1,.
over P> is said to be quasi cyclic code of index 3 if ¢®3 (C') = C.
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Let n = sl. A quasi-cyclic code C over S of length n and index [ is a linear code with the
property that if

e = (6())()7 ey €0,1—15 €1,05 +-+s €1,01—15 -++5 €5—1,05 -+ 65_171_1) € C, then Ts,l (e) = (63_1707”,)65_1)1_1,
€0,05 -+ €0,1—1, €5—2,0; -, €s—2,1—1) € C.

Leta € F23" with a = (ag, a1, ..., G3p—1) = (a(o) |a(])| a(z)) ,al) e Fy,fori=0,1,2. LetI"
be a map from F5™ to F5™ given by

E (@)= (s (a) (o) ()
where p is the map from FJ' to F}* given by
p (a) = (@), (@), ... (@)

for every alV) = (al*0), ..., al"*=1) where al™) € F, j = 0,1,...,5s — 1 and n = sl. A code of
length 3n over F; is said to be [—quasi cyclic code of index 3 if I' (C) = C.
3 Gray Image of Cyclic and Quasi-cyclic Codes Over S
Let 2 = a + ub + u’c be an element of S where a,b,c € F>. We define Gray map ¢ from S to
F3 by

o : S F

at+ub+uc = ¢(at+ub+uic)=(a+b+ca+ba+c)

From definition, the Lee weight of elements of .S are defined as follows

wp (0) = 0 wr (1+u) =1

wrp (1) = 3 wr (1+u?) =1

wr (u) = 2 wy, (u+u2) =2
wL(uz) = 2 wL(l+u+u2):1

Let C be a linear code over S of length n. For any codeword ¢ = (co, ...,c,—1) the Lee

weight of ¢ is defined as wy (¢) = Z?:_Ol wy, (¢;) and the Lee distance of C is defined as

dr, (C) = min{dy (¢, é)}, where for any ¢ € C, ¢ # ¢ and dy, (¢, ¢) is the Lee distance be-
tween two codewords with dy, (¢, ¢) = wy, (¢ — é) . Gray map ¢ can be extended to map from S™
to F5".

Theorem 3.1. The Gray map  is a weight preserving map from (S™,Lee weight) to ( Ff",Hamming
weight). Moreover it is an isometry from (S™,Lee distance) to ( F23”,Hamming distance).

Theorem 3.2. If C is an (n, k,dy) linear codes over S, then ¢ (C) is a (3n, k,dy) linear codes
over F> where dg = dj,.

Proof. Letx = aj + uby + u’cy, y = as + uby + u’cy; € S, € F, then

ele+y) = ¢la+a+ulb+b)+u’(ca+e))
(am+a+b+bh+a+a,a+a+b+b,a+a+c+a)
(a1 + by +cr a1 +br,ar +¢1) + (a2 + b + 2,00 + ba, a0 + 2)
= ¢@)+ey)
%) (ozal + uaby + uzacl)
(a(ar + b1 + 1), a(a; + b1),ala; + ¢1))
a(ar+by+ e, a1 + b, a1 +¢p)

¢ (ax)

= ap(z)

So, ¢ is linear. As ¢ is bijective, then |C| = |¢ (C)|. From theorem 3.1, we have dy =
dL. O
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Theorem 3.3. If C' is self orthogonal, so is ¢ (C) .

Proof. Letr = ay + uby + u’cy, r1 = ap + uby + u*cy where a1, by, c1, ar,ba,co € Fo. iy =

aray +bica+ciby +u (arhy + brag + ciea) +u? (arcy + biby + craz), if C is self orthogonal, so

we have ajay + bicp + c1by = 0,a1by + bias + ciep = 0,a1¢0 + biby + cra; = 0. From
e(r).o(r) = (a1 +b+cr,a1 +bi,a1+c1). (aa + b2+ 2,02 + by, a2 + &2)

Therefore, we have o (C) is self orthogonal. i
Proposition 3.4. Let o and 0®3 be as in the preliminaries.Then po = o3 .

Proof. Letr; = a;+ub;+u’c; be the elements of S fori = 0,1,....,n—1. We have o (1o, 71, ..., 7 1) =
(rn—1,70, .., 'n—2) . If we apply ¢, we have

90(‘7 (TO,-.-,TH_])) - @(Tn—lar()w--vrn—Z)
- (anfl +bn71 +Cn717--~7an72+bn72+cn727
ap—1 + bn—la ceey Ap—2 + bn—27an—1 + Cn—1,

ey 2 + Cn—2)

On the other hand (rg, ...,7,_1) = (ao + bo + oy -y @1 + bp_1 + cn_1,a0 + by, ey 1 +
bn_1,a0 + €0y -y @n_1 + Cn1). If we apply 03, we have

o® (<,0 (TO’ Tl ey Tn—1 )) = (an—] Fbn_1+Cn 1,y Gn_2F+bp_2+cn_2,an_1+by_1, ..., an_2+
br2,@n_1+ Co1,esGn_2 + Cn_2). Thus, po = c@3¢. ]

Theorem 3.5. Let o and o®3 be as in the preliminaries. A code C of length n over S is cyclic
code if and only if ¢ (C) is quasi cyclic code of index 3 and length 3n over F;.

Proof. Suppose C is cyclic code. Then o (C') = C. If we apply ¢, we have ¢ (o (C)) = ¢ (C).
From proposition 3.4, ¢ (o (C)) = 03 (¢ (C)) = ¢ (C) . Hence, ¢ (C) is a quasi- cyclic code
of index 3. Conversely, if ¢ (C) is a quasi-cyclic code of index 3, then 0®3 (¢ (C)) = ¢ (C).
From proposition 3.4, we have 03 (¢ (C)) = ¢ (¢ (C)) = ¢ (C) . Since ¢ is injective, it follows
that o (C) = C. o

Proposition 3.6. Let 7, ; be quasi-cyclic shift on S. Let T be as in the preliminaries. Then
pTs1 = L.

PVOOf. Lete = (60)0,...760)171,6170, e €111, ...,657170,...,63,1,l,1) with € = Qi + ubw- +
u?c; jwherei =0,1,...,s—landj =0, 1,....,I—1. Wehave 7 ; (€) = (€5-1.0 -+, €5s—1.1—1, €005 -+,
€0 1—15 -y 52,0, ---» €s—2,1—1 ). If we apply ¢, we have

o(1s0(€)) = (as—1,0+bs—1,0 + Cs—1,0, s s—2,0—1 + bs—2,1-1 + Cs—2,-1,
As—1,0 + bs—1,00 -3 Qs—21—1 + 5211, Q51,0 + C5—1,05 -+

As—21-1+ Cs—2,-1)
On the other hand,

ole) = (ao0+boo~+ co0s.sas—1,1-1+bs—1,-1+ Cs—1,1-1, 0,0 + oo,
ey Qs 1—1 F bs11-1,00,0 + €00, -, As—1,1—1 + Cs—1,1—1)

I'(¢(e)) = (as—1,0Hbs—1,0FCs—1,05 s @s—21—1Fbs 211+ Cs—2 11, a5-1,0Fbs—1,05 s G211+
bs—2.1—1, Q51,0 + Cs—1,0 -, As—2,1—1 + Cs—2,—1). SO, we have ¢75; = 'p. O

Theorem 3.7. The Gray image of a quasi-cyclic code over S of length n with index [ is a l-quasi
cyclic code of index 3 over F, with length 3n.

Proof. Let C be a quasi-cyclic code over S of length n with index /. Thatis 7,; (C) = C. If
we apply ¢, we have (75, (C)) = ¢(C). From the Proposition 3.6, ¢ (75, (C)) = ¢ (C) =
I'(¢(C)). So, ¢ (C) is al quasi-cyclic code of index 3 over F> with length 3n. o
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4 Skew Cyclic and Quasi-cyclic Codes Over S

We are interested in studying skew codes using the ring S = F> + uF> + u>F, where u® = 1.
We define non-trivial ring automorphism

0:5—S
0 — O

— 1
u — U’
u2 — u

The ring S|z, 0] = {ap+ a1z + ... + a,— 12"~ : a; € S, n € N} is called a skew polynomial
ring. This ring is a non-commutative ring. The addition in the ring S|z, 6] is the usual polynomial
addition and multiplication is defined using the rule, (ax?)(bz?) = a#’(b)z**7. Note that §?(a) =
a for all @ € S. This implies that 6 is a ring automorphism of order 2.

Definition 4.1. A subset C' of S™ is callled a skew cyclic code of length n if C satisfies the
following conditions,

i) C' is a submodule of S™,

it) If ¢ = (co, ¢1, ooy 1) € C, then o (¢) = (0(cn_1),9(00), s 9(cn_2)) eC

Let (f(x)+ (z™ — 1)) be an element in the set S, = S [z,0] /(2™ — 1) and let r(z) € S [z, 0].
Define multiplication from left as follows,

r(@)(f(z) + @" = 1)) = r(@)f(2) + (=" = 1)
for any r(z) € S[z,0].

Theorem 4.2. S,, is a left S [z, 0]-module where multiplication defined as in above.

Theorem 4.3. A code C in S, is a skew cyclic code if and only if C is a left S [z, 0]-submodule
of the left S [z, 0]-module S,,.

Theorem 4.4. Let C be a skew cyclic code in S,, and let f(x) be a polynomial in C of minimal
degree. If f(x) is monic polynomial, then C = (f(x)) where f(x) is a right divisor of (z™ — 1).

Definition 4.5. A subset C' of S™ is called a skew quasi-cyclic code of length n if C' satisfies the
following conditions,

1) C is a submodule of S™,

72) Ife= (60’0, s €011, €1,05 -5 €1,1—15 +++5s €5—1,05 -+ es_],l_l) € C, then To,s,l (6) = (0(65_170),
0(es—1,-1),6(€0,0), ..., 0(e0,1—1),0(es-2,0), ... O(€s—24-1)) € C.

We note that 2* — 1 is a two sided ideal in S [z, 0] if m|s where m = 2 is the order of 6. So
S [xz,0] /(x* — 1) is well defined.

The ring R, = (S [z,0] /(z* — 1))  is aleft Ry = S[z,0] /(z* — 1) module by the following
multiplication on the left f(x)(g1(z),....,qi(z)) = (f(x)gi(z),...f(x)gi(x)). If the map v is
defined by

v: 8" — R,

(60307 ey €011, €1,05 -5 €1,1—15 +++5 €5—1,05 -+ esfl’lfl) — (C()(J?), ey lel(ai)) such that ej(x) =
Zf;ol e;j2' € RL where j = 0,1, ...,] — 1 then the map  gives a one to one correspondence S™
and the ring R'.

Theorem 4.6. A subset C of S™ is a skew quasi-cyclic code of length n = sl and index l if and
only if ¥(C) is a left Ry-submodule of RL.
5 Gray Images of Skew Cyclic and Quasi-cyclic Codes Over S

Proposition 5.1. Let og be the skew cyclic shift on S™, let @ be the Gray map from S™ to F23”
and let c®° be as in the preliminaries. Then pag = \o®*¢ where \(z,vy,z) = (z,2,y) for every
z,y,2 € F3.
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Proof. Let r; = a; + ub; + u’c; be the elements of S, for i = 0,1,....,n — 1. We have
00 (10,71, ooy Tn—1) = (0(rn—1),0(r0), ..., 0(rn—2)) . If we apply ¢, we have
0 (o (royeesn=1)) = @(0(rn-1),0(r0),...., 0(rn_2))
= (an—l + bn—l + Cp—1y-ey Qp—-2 + bn—Z + Cpn—2,0n—1 + cn_i
yeeey An—2 + Cp—2,0an—1 + bn—h sy A2 + bn—Z)
On the other hand, QO(’I"(), ...,T,L_1) = (CLO 4+ by + coy ey 1+ b1+ cn_1,a0 +bo,...,n_1 +

bu_1,a0 + o,y @n_1 + cn_1). If we apply 03, we have
o3 (o (10,71, e, Tn=1)) = (an—1+bp_1+Cn_1, ooy Gn2+bp_24Cpn_2,an_1+bp_1, ... an—2+

br2,0n_1 + Cpn_1, ey Gn_2 + cn_2). If we apply A, we have A\(0®3 (¢ (10,71, .., Tn_1))) =
(an71+bn71 +Cn717 seey an72+bn72+cn727 anfl_‘_cnfl; ceey an72+cn72a an71+bn71; ceey an72+
bn_2). So, we have pog = A\a®3¢. o

Theorem 5.2. The Gray image a skew cyclic code over S of length n is permutation equivalent
to quasi-cyclic code of index 3 over F, with length 3n.

Proof. Let C be a skew cyclic codes over S of length n. That is oy(C) = C. If we apply ¢, we
have ¢(0y(C)) = ¢(C). From the Proposition 5.1, ¢(4(C)) = »(C) = Aa®3(¢(C))). So,
(C) is permutation equivalent to quasi-cyclic code of index 3 over F, with length 3n. O

Proposition 5.3. Let 1y 5 ; be skew quasi-cyclic shift on S™, let @ be the Gray map from S™ to
F3", let T be as in the preliminaries, let X be as above. Then oty s, = Alp.

Proof. The proof is similar to the proof of Proposition 5.1. O

Theorem 5.4. The Gray image a skew quasi-cyclic code over S of length n with index [ is per-
mutation equivalent to | quasi-cyclic code of index 3 over F, with length 3n.

Proof. The proof is similar to the proof of Theorem 5.2. O

Example 5.5. Let S = F5 + uF> + u’>F3, n = 4.

=1 = @+ D)@+ (@+1)(z+1)
= (z+u) (z+u?) (z+u) (z+u?)
= (z4u)(z+u}) (z+1)(z+1)
= (z+1)(z+u?) (z+u)(z+1)

Let f(z) = x + u. Then f(z) generates a skew cyclic code of length 4 with the minimum
distance d = 2. This code is equivalent to a quasi-cyclic code of index 3 over F; with length 12.

Example 5.6. Let S = 5 +ulh +u?Fh,n = 6,25 —1 = (23 +u) (23 +u?). Let f(z) = 23 +u>.
Then f(x) generates a skew cyclic code of length 6 with the minimum distance d = 2. This code
is equivalent to a quasi-cyclic code of index 3 over F, with length 18.

6 Conclusion

We introduced skew cyclic and skew quasi-cyclic codes over the finite ring S. We construct a
new Gray map. It is shown that if C is self orthogonal so is ¢(C). Moreover, by using this Gray
map, the Gray images of cyclic, quasi-cyclic,skew cyclic and skew quasi-cyclic codes over S are
obtained. So, it can be obtained the new codes with better Hamming distance.
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