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Abstract. We propose geometrical methods for constructing square 0l-matrices
with the same number n of units in every row and column, and such that any
two rows of the matrix have at most one unit in the same position. In terms of
Design Theory, such a matrix is an incidence matrix of a symmetric configuration.
Also, it gives rise to an n-regular bipartite graphs without 4-cycles, which can be
used for constructing bipartite-graph codes so that both the classes of their vertices
are associated with local constraints (constituent codes). We essentially extend the
region of parameters of such matrices by using some results from Galois Geometries.
Many new matrices are either circulant or consist of circulant submatrices: this
provides code parity-check matrices consisting of circulant submatrices, and hence
quasi-cyclic bipartite-graph codes with simple implementation.

1 Introduction

Bipartite-graph codes are studied in the context of low-density parity check
(LDPC) codes, see [1],[2],[4],[6]-[8], and the references therein.

In [7] Tanner proposed to associate a bipartite graph T to an [V, K] code C
in the following way. Fix a positive integer U, and for any ¢ = 1,...,U choose
a set of n; distinct positions of codewords of C, that is a subset ji,...,j,, of
{1,...,N}. One class of vertices {V/, ..., V{} of T correspond to the positions
of the codewords of C. Let {V/", V3, ..., V//} be the other class. A vertex V/ has
degree n; and is adjacent with Vj’l, e VY,nl The [n;, k;] subcode C; obtained
from C by projection to the positions corresponding to ji,...,Jn, is called a
local constraint on variables, while the vertices VY, ..., Vy, are said to be the
variable vertices of T. If n; — k; = 1 holds for all subcodes C;, one can build
the graph T directly using the U x N parity-check matrix H of the code C :
the jth column (ith row) of H is identified with a vertex V' (V;”) and every
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nonzero entry into H implies an edge of T'. Usually, such variant of T is called
the Tanner graph of the code C [8].

We consider the following modification of the construction of [7] , see [2],[1].
Let G be an n-regular bipartite graph with two classes of vertices {Vi,...,V,}
and {Vint1,..., Vo } (ie. any vertex is adjacent to exactly n vertices, but
any two vertices from the same class are not adjacent). Let C; be an [n, k]
constituent code, t =1,2,...,2m. A bipartite-graph code C = C(G; C1,...,Com)
is a linear [V, K] code with length equal to the number of edges of G, that is
N = mn. Coordinates of C are in one-to-one correspondence with the edges of
G. In addition, the projection of a codeword of C to the positions corresponding
to the n edges incident to the vertex V; must be a codeword of the constituent
code C;. We call G a supporting graph of the bipartite-graph code C.

To a supporting graph G it can be naturally associated a square 01-matrix
M(m,n) of order m with n units in every row and column. The ith row (jth
column) of M (m,n) corresponds to the vertex V; (V;,4;). The entry in position
(2,7) is 1 if and only if V; and V;,4; are adjacent. It is easily seen that the
graph G is 4-cycle free if and only if the matrix M (m,n) does not contain the
2 x 2 submatrix Jy consisting of all units. A matrix without submatrix Jy is
called a Jy-free matriz.

In order to improve the performance of the code, it is desirable to increase
the girth of the graph [7],[8]. We study supporting graphs with girth at least
six (i.e. with no 4-cycles). It should be noted that if the supporting graph of a
bipartite-graph code has girth at least siz, then the girth of the Tanner graph
of this code is at least ten.

Parameters of the bipartite-graph codes depend on the values of m and n.
The goal of this work is to construct Jy-free matrices M(m,n) with distinct
parameters m,n.

Jy-free matrices for LDPC codes are considered in many papers, see e.g.
[1],[4],[8] and the references therein. Mainly, non-square matrices are inves-
tigated. It is also known that both symmetric and resolvable non-symmetric
2-(v, k, 1) designs [3] can be used for obtaining Js-free matrices M (v, k). The
reason is that in a 2-(v, k,1) design every pair of elements is contained in ez-
actly one block. Actually, in order to obtain a Jy -free matrix M (m,n) it is
enough that every pair of elements is contained in at most one block. An inci-
dence structure with this property is said to be a configuration [3, Sec. IV.6].
If a configuration is symmetric, then its incidence matrix is a Jy -free matrix
M(m,n).

Even though Js-free matrices M (m,n) have already been studied in litera-
ture, the region of parameters of the constructed matrices is not wide enough
if compared to the permanently growing needs of practice, when often exact
values of m,n are necessary. Also, it should be considered that distinct con-
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structions of matrices have distinct properties, and clearly some choice can be
useful.

In this work we propose a number of constructions of both square and
non-square J4-free matrices based on incidence structures in projective spaces
PG (v, q) over Galois fields Fy (see [3],[5] for basic facts on Galois Geometries).

We essentially extend the region of parameters of Jy-free square 01-matrices
with the same number of units in every row and column. The obtained matrices
have new structures that gives wide choice for code implementation. Many of
them either are circulant or consist of circulant submatrices: this provides
code parity-check matrices consisting of circulant submatrices which give rise
to quasi-cyclic (QC) bipartite-graph codes. QC codes can be encoded with
complexity linearly proportional to code length [4],[6].

2 Construction A: a single orbit of a collineation
group

Construction A. Take any point orbit P under the action of a collineation
group in an affine or projective space of order q. Choose an integer n < q + 1
such that the set £(P,n) of lines meeting P in precisely n points is not empty.
Define the following incidence structure: the points are the points of P, the
lines are the lines of £L(P,n), the incidence is that of the starting space. Let M
be the incidence matrix of such a structure.

Theorem 1 In Construction A the number of lines of L(P,n) through a point
of P is a constant r,. If n = ry, the matriz M in Construction A is a J4-free
matriz M (|P|,n).

Example 2 i) We consider a conic K in PG(2,q), q odd [5, Sec. 8.2]. Let P
be the set of %q(q — 1) internal points to IC. It is an orbit under the collineation
group Gy fizing the comic. Let n = &(q +1). Then L(P,n) is the set of lines
external to IC. We obtain

M(m,n):m=32q(g—1), n=3(g+1), q odd.
Another orbit Py of the group G is the set of %q(q + 1) external points to K.
We form the set L(P2, 3(q—1)) from 3q(q+1) bisecants. As a result, we obtain
a matriz

M(m,n):m = 5q(¢+1), n=3(g—1), q odd.

ii) Let P be the complement of a Baer subplane m of PG(2,q), q a square.
It is an orbit of the collineation group fizing w. The set L(P,q) is the set of
tangents to w. We obtain
M(m,n):m = ¢* — V@ ™ =q, q square.
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iii) In PG(2,q), q a square, let P be the complement of the Hermitian curve
[5, Sec. 7.3]. It is an orbit of the group PGU(3,q) fixing the point (0,0,1). We
obtain

M(m,n):mqu—f—q—q\/@ n=q—/q, q square.

It should be noted that Construction A works for any 2-(v, k, 1) design D
and for any group of automorphisms of D. The role of ¢ + 1 is played by the
size of any block in D.

3 Construction B: an union of orbits of a Singer sub-
group

We treat points of PG(2,q) as nonzero elements of Fys. Elements a,b of Fis
correspond to the same point if and only if a = zb, x € Fj. Let a be a primitive
element of Fs. The point represented by o' is denoted by P;. Then PG(2,q) =
{Po, Py ..., Ppyg}. The map o @ Py — Piiy (mod q24q+1) 1S @ projectivity of
PG(2,q). The group S of order ¢* + ¢ + 1 generated by o is called the Singer
group of PG(2,q) [5, Sec. 4.2]. Clearly, P; = o'(P,).
_ For any divisor d of q*> + ¢+ 1, the group S has a unique cyclic subgroup
S, of order d, namely the group generated by ot, t = (¢> + ¢+ 1)/d. Tt is well
known that under the action of a cyclic collineation group the point set and the
line set of a projective plane have the same cyclic structure.

Let Op,Oq,...,0;_1 be the orbits of points of PG(2,q) under the action
of the subgroup Sy Clearly, |O;| = d. We arrange indexes so that Py € Oy,
O, = 0"(0p). Then

0; = {P;,c'(P),c?(P),...,c" " DYP)}, i=0,1,...,t — 1. (1)

Let /g be a fixed line of PG(2,q) and let ¢; = 0*(fp). Then the set of lines of
PG(2,q) is L = {lo,{1,02,..., L2 .} Let Lo,...,Ly1 be the orbits of the set

L under the action of Sj. Clearly, |L;| = d. We arrange indexes in such a way
that £y € Lo, Ly = 0¥(Lg). Then

L;= {Eiaat(‘gi)aaﬁ(&)v s ’U(d_l)t(fi)}a I = Oa ]-a o t—1 (2)

Theorem 3 Lett = (¢>+q+1)/d and let Oy, ...,0;_1 (resp. Lo, ..., Li_1) be
the point (resp. line) orbits under the action of the Singer subgroup §d of order
d. Assume that for points, lines, and orbits, indezes are arranged as in (1) and
(2). Then for any i and j, every line of the orbit L; meets the orbit O; in the
same number of points W;_; (mod ), where wy, = [loN Oy|, u=0,1,...,t - 1.
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Corollary 4 Let d and t be as in Theorem 3. The Jy-free incidence (¢* + q +
1) x (¢*> + q+ 1) matriz V of the plane PG(2,q) can be represented as follows:

Coo Con1  Co2 ... Coi-1
Ciop Cip Cig2 ... Ciz
V= . . . . .
Cic1o Ci—11 Ci—ip ... G141

where C; ; is a Jy-free binary circulant d x d matriz of weight w;_; (mod 1)-
Weights w, of the submatrices C;; can be written as the circulant t x t
matrix

wo wp w2 w3 ... Wt—92 Wi-1
Wt—1 Wy wWp w2 ... W3 W2
W(V) = . . .
w1 w2 W3 wqg ... Wi_1 wo

Remark 5 We use in the sequel the following natural decomposition of square
circulant 01-matrices, cf. [8, Sec. IV, BJ. From now on, we assume that in
circulant matrices rows are shifted to the right. A binary circulant d X d matriz
C of weight w is defined by the vector s(C) = (s1,82,...,8y) where the s; ’s
are the positions of the units in the first row of C, arranged in such a way that
s$1 < 83 < ... < 8y. Let I; = I4(0) be the identity matriz of order d and let
I1;(v) be the circulant permutation d X d matriz obtained from Iy by shifting of
every row by v positions. The matriz C' can be treated as the superposition of
w matrices 14(s;), i = 1,...,w. From the matriz C' one can obtain a circulant
matriz C®) of weight w—0 using the superposition of any w—3 distinct matrices
I4(si). It should also be noted that if the starting matrix C' is Jy -free then any
matrix C9) is Jy-free too.

Construction B. Fix some integers uq,...,u;, 0 < u; <t—1. Let V' be a
matrix obtained from V' by replacing the circulant submatrices C; ; such that

(Ouy)

j—1i = wu (mod t) with d x d matrices Cig“k as in Remark 5. Here, and in
the rest of the paper, the subscript difference j — i is calculated modulo ¢. Let
W (V') be the matrix W (V') in which corresponding elements w;_; are changed
by w)_; = wj_; — dj—;. If an % x 7 submatrix of W(V’) is such that the sum
of elements of every row and every column is equal to the same number n, then
the corresponding submatrix of V' is a Jy-free matrix M (m,n).

Example 6 The matriz Ci(?, obtained from the submatriz C;; of V as in Re-
mark 5, is a circulant matriz M (d, w;j—;—0). So, we can form a family of Jy-free
circulant matrices.

M(m,n):m=d, n=w, —0, u=0,1,...,t —1, 6 =0,1...,w, — 1. (3)
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Example 7 By Remark 5, from the matriz V several families of Jy-free ma-
trices M(m,n) can be obtained. Significantly, every such matriz consists of
circulant submatrices. Sometimes some conditions on weights w), of submatri-

ces CZ-(?*") are needed. Here, we provide a list of parameters m,n of some of
these families of Jy-free matrices M(m,n).

i)m:q2—|—q+1,nzztu_:%(wu—éu):q—i—l—ztu_:loéu, 0y =0,1...,wy.
ii) m:cd,n:(c—h)w,c:1,2,...,[§],h:O,l,...,c—l.
(forug=wi=...=w,_;=w, k>2);

iii) m = cd, n = wg — dp + (¢ — h)w, dp = 0,1,...,wp, c = 2,3,...,t — 1,
h=1,...,c.

(for wy =wo —dp #w, Wy = ... =w;_; =w );
iv) m=2d, n=2w
(for wi = Wiy, = Wi = Wiigmipy =w, k>1,m>1);
v) m=(k+1)d, n=wj+w| + ...+ w.
(for wy | = wp, Wy, o = WY, ..., Wy, =wy,_;, k>1).
Remark 8 Assume that M(m,n) is a circulant matriz, see e.qg. Example 6.

Let M (m,n) be defined by the vector s(M(m,n)) = (s1, S2,...,Sn), see Remark
5. We consider M (m,n) as a superposition of n circulant permutation m X m

matrices I (s;), i = 1,...,n. Assume that for constituent [n, k| codes C; we
have Cy = ... =Cp, Cpy1 = ... = Copm. Letry =n—ky. Let also [cgf%cgg . cg?"t]
be the jth column of a parity check matriz H, of the g-ary code C;. Finally,
let HH = ... = Hy, Hypy1 = ... = Hayy. Then the parity check matrix H
corresponding to the code associated to the matriz M(m,n) has the form
cﬂ[m nglm ... ngl,)ljm
e CSZIIm ngllm .. cg}l[m
CYEH)Im(sl) cgrfﬂ)[m(sz) cfﬁH)Im(sn)
I cg?:jr)llm(sl) cé?::jr)llm(sQ) c,({g,:i)llm(sn) |

The matriz H consists of circulant submatrices, and therefore it defines a QC
code, cf. [4],[8]. QC codes can be implemented with relatively small complexity

[6].
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