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HEIGHTS OF ERROR-CORRECTING CODES
DARMOUN SABER'*, ABDELMOUMEN KHALID? and BEN-AZZA HUSSAIN?

ABSTRACT. In this work, we investigate the evaluation of odd polynomials P
defined on a finite field on the class of error-correcting codes C. We exploit the
correspondence between codes and Tanner graphs. Thus, we formally define
P(C), a polynomial code. Then the new notion of height of a code emerges,
whose properties are studied. We extended the lower bound of Tanner on the
minimum distance of a code to the case of a polynomial code, by using spectral
graph theory. Computer algebra software enable us to give numerical results to
illustrate the theory of polynomial codes for various classes of error-correcting
codes.

1. INTRODUCTION AND PRELIMINARIES

The correspondence between graph theory and error-correcting codes theory is
well known, in particular in Tanner graphs which are bipartite [9]. Let C be an
[n, k,d], linear code over GF(q) with a parity check matrix H = H(C) of size
r x n where r = n — k, and a k x n generating matrix G = G(C). Set M = HH”
a symmetric 7 X r matrix and

A= l 0, ] . (1.1)

H" 0
The (n+r) X (n+7) matrix A may be seen as the adjacency matrix of a bipartite
graph I' equipped with a labeling on the edges L : EI' — GF(q) — 0. As observed
by Tanner [9], there is a one-to-one correspondence between matrices H (hence
linear codes C) and bipartite graphs with a labeling L. We want to use the matrix
A for a more general point of view and for a different perspectives, thinking
of evaluating a polynomial P(X) € GF(q)[X] on this matrix and seeing what

happens.
2v+1

In this paper, we fix an odd polynomial P(X) = Y ;X" € GF(q)[X] such
i=1

that for all even indices 7, we have a; = 0, and apply it to the matrix A. The

choice of an odd polynomial is intended to keep us within the set of codes. In

the first part, our aim is therefore to give a formal meaning to the code P(C)

through its parity check matrix, and we give some results on its parameters. This
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has enabled us to look at the odd powers of a linear code C denoted by C®+V
for a certain nonnegative integer v. Therefore, we take the particular case of
unitary monomials.

Due to the algebraic structure of code powers, we show that each code is
contained in another of increasing power. This chain of inclusions influences the
dimension k£ and the minimum distance d of the initial code. On the one hand,
the dimension increases. On the other hand, the minimum distance decreases
until it finally stops at a precise rank. It will later be called the height of a linear
code C, denoted Ht(C), and defined as a new notion of error-correcting codes.

An upper bound is given for the height in terms of the length n and the
dimension k for any linear code. Another upper bound is given for the height
in terms of the minimum distance d of the initial code C in the case where it
decreases strictly with each inclusion step.

In the other part of this paper, our aim is to find a lower bound on the min-
imum distance of the code C®*Y based on the spectral study of the matrix
(M"H)"M"H constructed from the regular bipartite graph I' of adjacency ma-
trix A (1.1). Our strategy is based first on giving results relating the eigenvalues
of the matrix H' H to those of the matrix (M”H)"M"H. The rest is then tech-
nical focusing on the first and the second eigenvalues. An upper bound on the
height of the code is afterwards given.

The plan to represent our ideas clearly is to first define the code P(C) by
calculating the matrix P(A) and then using the same correspondence discussed
above to find the parity check matrix of the new code. Then we will focus on the
powers of the code and some related results in order to define the height of a code
by giving its bounds. Subsequently, we discuss the bounds on the dimension and
the minimum distance of the code C***Y . Afterwards, we give some examples
generated by the computer algebra system SAGE with both random and known
codes, for which we give their heights.

In the second part, we conduct a spectral analysis to obtain results on eigen-
values and their use for the minimum distance of the code C***Y in order to
generalize the result given by Tanner [9]. For more information and definitions
on coding theory, graph theory and spectral graph theory, the reader is referred
to [7, 5, 6, 10], [2], and [4, 3], respectively.

2. MAIN RESULTS

2.1. Polynomials In Codes.

Proposition 2.1. Let Q(X) = a1+ a3 X +- -+ ag1 X" € GF(q)[X]. Then over
GF(q), we have

_ 0 QM)H

T HTQ(M) 0 ’

where Q(M) = a1, + asM + -+ - + a9y, 1 M".

Proof. Let K = GF(q) and v € N*. Let P(X) € Ky,.1[X], where Ky, 41 [X]
represents the ring of polynomials of degrees at most 2v + 1 with coefficients in

P(A)
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2v+1

K, and let P(X) = > ;X" with a; = 0 for all even indices i. By using the
i=1

matrix:

0 H
A[HT 0]’

H € M, ,(K) is a parity check matrix of the [n, k, d], linear code over K.
We proceed by induction. For v = 1, we have P(A) = a; A + a3 A*, and

HH" 0
2 _
A= [ 0 HTH] ’
e 0 HH"H
~ |HTHHT 0 |’
then,
B 0 amH +asHH'H
P(4) = LMHT +asH"HH" 0 ’
B 0 (arI, +asHH")H
“|H"(ayI, +asHHT) 0 ‘
Since M = HH”, we have
B 0 (arI, + asM)H
P(A) = [HT(allr + azM) 0 '

We put Q(M) = a1, + agM where Q(X) = a1 + a3 X € K; [X]
then for v =1,

_ 0 QM)H
For a certain v € N*, we assume that
_ AOH
P(A) = _HTCS(M) Q( O) | y (2.1)

for P(X) € Koy1 [X] and Q(X) € K, [X] with Q(M) = a1, + asM + ... +
as, 11 M". Let’s show for v + 1 that

P(A) = [HTCS](M) Q(]\(?H] :

2043
Let P(X) € Koy13 [X], P(X) = Y a;X" a; = 0 for all even indices i.

i=1
We have Vn € N,

= ]
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then,
A2n+3 :A2n % AS, (22)
B 0 (HHT)n+1H
=\ (uTHy T 0 ) (2.3)
2v+3 )
P(A) = Z a; A* with a; = 0 for all even indices 7, thus
i=1
P(A) = alA + CLgAB + ...+ CLQV+1A2V+1 + CL2V+3A2V+3.
The equations (2.1) and (2.3) imply,
0 > asi it MYH + asyy3(HHY )T H
P(A) = y ' =0
H' (> agi1iM’) + asy3(H H)" T HT 0
L i=0
And since (HTH)""'H" = H'(HH")"*!, we have
0 (Z agi 1 M* + agys(HHT)"* ) H
P(A) - v . =0 9
HT(Z azip1 M" + a2u+3(HHT)VH) 0
L i=0
0 (Z agip1 M' + ag 3 M" T H
_ , i=0 :
HT(Z agis1 M" + ag, 3 M" ) 0
i=0
hence,
_ 0 QIM)H
With Q(X) € KV+1 [X] ,Q(M) = allr + (ZgM + ...+ CI,QV+1MU + agy+3MV+1. And

2v+1
so : Vv € N* such that P(X) = > ;X" with a; = 0 for all even indices i, we

i=1

have o)
0 M)H
where Q(M) = 0,1[7. + CL3M + ...+ a2V+1MV. O

This proposition and Tanner’s observation allow to define the code P(C) with
the parity check matrix
H(P(C)) = Q(M)H.
The code P(C) is formally denoted by
P(C) = alC—i— s —i—ag,,HC(Q”“). (24)
Definition 2.2. P(C) is a linear code over GF(q) defined by

P(C) = {z € GF(¢)"/ x(Q(M)H)" =0}
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Remark 2.3. P(C) is a vector subspace of GF(q)". In fact we have P(C) C
GF(q)" and it’s a non-empty set since 0 € P(C).
Let o, 5 € GF(q) and x,y € P(C) then,

(az + By)(QM)H)" = ax(Q(M)H)" + By(Q(M)H)"
—040=0.

Then ax + py € P(C), consequently P(C) is a vector subspace of GF(q)".

Notation 2.4. The power of the linear code C is denoted by C#* for a certain
nonnegative integer j. If j = 0, we have C) = C.

Corollary 2.5. Let j be a nonnegative integer, then the parity check matrixz of
CH) s MVH. In fact we have H(P(C)) = Q(M)H with Q(M) = a, I, +asM +
<o 4 agu 1 MY, hence we put a1 = ay = -+ = ag41 = 0 except azj1 = 1 for a
certain nonnegative integer j. Thus P(C) = C#*V  then H(C#+Y) = MIH as
QM) = M.

Definition 2.6. For all nonnegative j, the (2j 4 1)th power of the linear code C
is defined by

Ct) = {z e GF(q)"/ x(M'H)" = 0}.

Remark 2.7. (Clarification)
If we consider the sequence of monomials ), = a, X", where a, is a nonzero
element of GF(q), and denote P,(C) the code with the parity check matrix

H(P,(C)) = Q,(M)H, then we have P,(C) C P,;1(C). Note that if we con-
2v+1

sider the code P(C) associated with the polynomial P(X) = Y a;X’, with
i=1

ag,+1 # 0, we haven’t in general P(C) C P,(C), and the code P(C) is not the
combination Y _ P;(C) of subspaces. Thus the code P(C) is not the code P,(C).

i=1
This justifies the choice of notation 4" instead of "+ in (2.4).

Proposition 2.8. With the same previous notations we have :
(1) C C P(C).
(2) cccl®c...cc@h c...
(3) For j # 1, and a,b € GF(q), H(@C®*VipCH)y = @ (CETD) 4
bH(C(2l+1)>.

Proof. (1) Let z € C, then
tH' =0 = 2H"Q(M) =0
— z(QM)H)" =0.

Since H(P(C)) = Q(M)H, we have x € P(C), thus C C P(C).
(2) We proceed by induction to show that :

V>0, C2i+1) C C2i+3)
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For j =0, C C C® by the property (1).
We supposed that CZ+1) < C@i+3) for a certain nonnegative integer
j, and let’s show that C@+3) c ¢+ We have for all z € C&+D,
z € C%+3) then
s(MITTH)YT =0 sHT M =0
cHT MM =0
cHT M7+ =0
e(MITPPH) =0
z e Q&+,

Thus V j > 0,C%*) C ¢%*+3), By changing j over N we have C C
cC®c...cctb c...
(3) We know that H(P(C)) = Q(M)H, we put for j # [, and a,b € GF(q),

P(C) = aC®H) 1 pCCHD),

L

Then,
H(P(C)) = (aM? + bM")H,
= aM'H + bM'H,
= aH(CWH)) 4 pH(CEHY),
O

Remark 2.9. In the above chain of inclusions we have the length of codes remains
stable. The dimension is increasing while the minimum distance is decreasing.

Remark 2.10. (Distance stability)

In the chain of inclusions of odd powers of the code C, the distance stabilizes in
a certain rank. In fact from the above proposition we have C**+Y C C@H1) for
all nonnegatives [ > 7.

Let us denote by k; the dimension of C@*D for j € N*. We have,

kj§k1<:>n—kl§n—kj
— rank(H(C®*Y)) < rank(H(C@HD)),

Since the Singleton bound d < n—k-+1 and as the dimension in the chain of codes
increases, then the rank of their parity check matrices decreases, it stabilizes. In
this case the chain of inclusions stops because we will find the same code that
repeats itself.

Definition 2.11. (Height of a code )
Let C be an [n, k, d], linear code over GF(q). The height of the code C is denoted
by Ht(C) and it is defined by :

Ht(C) = max {z eN/CEHD = C(2i+3)} .
It is the smallest nonnegative integer r verifying :
Vj>r, COrtl =,
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Remark 2.12. (1) The height of the code C can be seen as the length of the
following chain

ccclc...cc@ c...

(2) The height of the code C is its stability order.
(3) Ht(C) = 0 if and only if C = C®*D Vv e N.

Proposition 2.13. Ht(C) = 0 if and only if M = HH” is invertible.

Proof. Let i be a nonnegative integer, © € C**™) and M = HH?. Then
s(M'H)' =2H"M" = 0.

M is invertible implies zH”? = 0, hence 2 € C. Thus Ht(C) = 0.

Reciprocally, we assume that Ht(C) = 0 i.e. C = C® and we suppose that M
is not invertible. Then we have rank(M) < n —k (M is not a full rank ma-
trix), thus rank(MH) < min(rank(M),rank(H)) = rank(M). Consequently,
dim(C®) = n — rank(MH) > k. Absurd as dim(C) = k. O]

Remark 2.14. If M = HH" = 0, then C® = GF(q)".
We need the following lemma.

Lemma 2.15. For each nonnegative j < Ht(C), C%+Y s strictly included in
C2i+3)

Proof. Let r = Ht(C), and j < r such that C**) = C*/*9),

Then M7H = M7 H so by multiplying the equality by the powers of M we get
M'H=MH=M""H = .., thus C¥*Y = ¢+l = ¢35 =

This implies j = Ht(C). Contradiction O

Proposition 2.16. For any linear code C of length n and dimension k, we have
Ht(C) <n—k.

Proof. In fact we have n > k for C, then by the lemma 2.15, for C® we have at
least n > k + 1,

for C® we have at least n > k + 2, and so forth until CCHEHO+D) that we have
n > k+ Ht(C). O

Proposition 2.17. Let C be an [n, k, d], linear code over GF(q). If the minimum
distance decreases by at least one in each increasing power of the code C, then

H(C) <d-— 1.

Proof. We have in this chain C € C® C ... ¢ c®+) C ... C CHUO+Y,
As the distance decreases as least by one in every move, then if Ht(C) > d
we have the distance corresponding to CHYCH) decreased at least by d, so
d(CCHUOTD) j5 Jess or equal to 0, which impossible since C#HU D i different
to the zero code. Then the result. 0

Remark 2.18. We can see this result in two different ways :

(1) If we take a known [n, k, d], linear code over GF(q), we can get an idea
of its stability rank since it can’t exceed d — 1.
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(2) If we take a code that we only know its parity check matrix, we iterate to
stability and we get an idea about its minimum distance which must be
greater than the height plus 1.

Proposition 2.19. Let C be an [n, k,d], linear code over GF(q).
If 7 < Ht(C), then

dim(C@%*Y) > dim(C) + j.
Proof. By induction on j.

The assertion is true for 7 = 0.
We suppose that the assertion is true for a certain j € N, and we provide that

dim(C%+) > dim(C) + j + 1.
We have by the lemma 2.15 for j < Ht(C), C#*) ¢ C®*3 then
dim(C#+) > dim(C® V) 4 1.
Furthermore, '
dim(CH) > dim(C) + j.
Then 4
dim(C%+) > dim(C) + j + 1.
Hence the result. O

Corollary 2.20. V j > Ht(C), dim(C%*Y) > dim(C) + Ht(C).

Proposition 2.21. Let C be an [n, k, d], linear code over GF(q). If the minimum
distance decreases by at least one in each increasing power of the code C, and if
Jj < Ht(C), then

1 < d(C®HDy < q(C) —j.
Proof. By induction on j

for j = 0 we have the assertion is true.
We suppose that the assertion is true for a certain j € N, and we provide that

1< d(CH) <d(C)—j—1.
We have by the lemma 2.15 for j < Ht(C), C&*) ¢ C®*3 then
d(c(2j+3)) < d(c(2j+1)) — 1.

But,
d(CEHDY < 4(C) — ;.
Then,
d(CPH) < d(C) — (j + 1).
Hence the result. (]

Corollary 2.22. V j > Ht(C), d(C%*Y) < 4(C) — HHC).

Proposition 2.23. Let C be an [n, k, d|, linear code over GF(q), and let Q(M)H
be a parity check matriz of the code P(C) where Q(M) = ayl, + asM + --- +
agy, 1 M" and M = HHT. Then

P(C) = C < Q(M) is invertible.
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Proof. Let x € P(C), then 2(Q(M)H)" = 2H"Q(M) = 0.

Q(M) is invertible implies zH” = 0, hence x € C. Thus P(C) = C.

Conversely, we assume that P(C) = C and Q(M) is not invertible. Then we have
rank(Q(M)) < n —k (Q(M) is not a full rank matrix), thus rank(Q(M)H) <
min(rank(Q(M)),rank(H)) = rank(Q(M)).

Consequently, dim(P(C)) = n—rank(Q(M)H) > k. Absurd as dim(C) = k. O

Proposition 2.24. Let C be an [n, k,d], linear code over GF(q), then the syn-
drome S(z) of v € GF(q)" with respect to P(C) is

Spcy(z) = Q(M)Sc(z),

where Sc(z) is the syndrome of x with respect to C.

Proof. We recall that the syndrome of z is defined by Sc(z) = Ha™ [7].
Let x € GF(q)", then we have

Spcy(z) = Q(M)Hz"
= Q(M)Sc(x).

Corollary 2.25. If P(C) = C%*Y then for j € N
SC(2J‘+1) (x) = MjSC(.%').

The following algorithm represents the syndrome decoding corresponding to
the code P(C).

Algorithm 2.26.

If we already know the syndrome decoding by the code C, then for a received
word x we proceed as follows :

Step 1: We calculate its syndrome Sp(c)(z) = Q(M)Sc (). Hence two cases are
discussed. If Q(M) is invertible, then the coset leaders will not change and we
find the same syndromes corresponding to C with a permutation. If Q(M) is
not invertible, then since dim(P(C)) > dim(C) we have the number of cosets
founded by P(C) is smaller than the number of cosets corresponds to C, this
means that there are syndromes that will be repeated. Since error patterns e

-1
verify w(e) < L&J and d(P(C)) < d(C), then also the number of coset

leaders will decrease.

Step 2: We redress the syndrome table by multiplying all cosets by Q(M)
and after elimination of repeating cosets we find the coset leader u next to the
syndrome Sp(c)(z) = Sp(c)(u) in the syndrome table.

Step 3: We decode = as y = x — u.

The following examples are generated by the computer algebra system SAGE.

Example 2.27. In this example, we take the case of random codes. As we can
see, the code remains stable if we use an odd polynomial P(X) such that Q(M)
is invertible. However, if Q(M) is not invertible, the dimension increases and the
minimum distance decreases while the length always stays the same.
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TABLE 1. Some examples with random codes

q | (n,k,d)of C P(X) is Q(M) invertible 7 | (n,k,d) of P(C)
4 (10,4,4) | X"+ X°+ X yes (10,4, 4)

4 (15,7,5) | XV 4+ X1B4+1 yes (15,7,5)

2| (24,12,4) | X'+ X°4+ X yes (24,12, 4)

32 (8,5,3) XY+ X5+ X? yes (8,5,3)

16| (10,3,7) | X" +X°+ X no (10,7,3)

8 (17,8,7) X4+ X no (17,9,5)

8 (15,6,6) X1 X7 no (15,9,4)

8 (20,8, 8) X'+ X5+ X no (20,9, 6)

Example 2.28. In this example, we take the case of known code classes for
example rational Goppa codes [1, 5], with the polynomial Q(X) given directly.
The dimension always increases while the minimum distance decreases. In the
first case of the cyclic code, since the matrix M = HH” is zero, we find the

ambient space for any chosen Q(X).

We also note that the parameters of the

new code found depend on the polynomial chosen. There is no clear relationship
between these parameters and the degree of the polynomial, this dependency is

mysterious.
TABLE 2. Some examples with known codes

q Type of the code | (n,k,d) of C Q(X) (n,k,d) of P(C)
8 Cyclic code (7,4,3) any Q(X) GF(8)" = (7,7,1)
2 BCH code (15,5,7) X* 4+ X2 (15,11,1)

p BCH code (15,7, 4) X (15,11,2)

2 BCH code (15,7, 4) X? (15,13,1)

2 BCH code (15,7,4) | X*+X*+ X +1 (15,9, 3)

8 | Reed — Solomon code (7,2,6) X"+ X°+1 (7,4,4)

8 | Reed — Solomon code (7,2,6) X (7,3,1)

11 | Reed — Solomon code (10,5, 6) X+1 (10,6,5)

64 | Rational Goppa code | (55,16,19) X"+ X (55,31,1)

8 | Rational Goppa code (8,2,5) X2+ X +1 (8,4,1)

2 Kasami code (16,9, 4) X"+ X (16,14,1)
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Remark 2.29. If we take a non-trivial cyclic code C and a polynomial P(X) with
the same above conditions, then the code P(C) is not necessary cyclic.

Example 2.30. We consider over GF'(2) the example of the [15,5,7] BCH code
C which is cyclic with the generator polynomial g(z) = X' + X® + X° + X* +
X%4 X 41 and we take P(X) = X°+X° € GF(2)[X]. Then the code P(C) with
parameters [15,11, 1] is not cyclic since ¢ = (0,1,0,1,1,0,1,1,0,0,1,1,0,1,1) €
P(C) and ¢ = (1,0,1,0,1,1,0,1,1,0,0,1,1,0,1) is not a codeword in P(C).

Example 2.31. Here we study the height of some linear codes. We note that
sometimes the minimum distance decreases rapidly towards its stability (respec-
tively the dimension increases rapidly), the case of rational Goppa code with
q = 64 shows that. For some codes, the height is 0 i.e. the code is stable by
default. Moreover, when the height is 1, there are in fact two possibilities: either
the initial code will give a code strictly included in the whole space, or will give
the ambient space such the case of Reed-Solomon codes below.

TABLE 3. Height of some codes

q | Type of the code | (n,k,d) of C|Ht(C) | (n,k,d) of CEHHO+D
2 BCH code (31,11,11) 1 (31,21, 4)
2 BCH code (15,7,4) 2 (15,13,1)
2 BCH code (15,5,7) 2 (15,11, 1)
59 | Reed — Solomon code | (40, 12,29) 0 (40,12,29)
7 | Reed — Solomon code (7,5,3) 1 (7,7,1)
8 | Reed — Solomon code (7,2,6) 1 (7,3,1)
8 | Reed — Solomon code (10,5, 6) 1 (10,10,1)
8 | Rational Goppa code (8,2,5) 1 (8,4,2)
32 | Rational Goppa code (27,2,11) 3 (27,5,9)
64 | Rational Goppa code | (55,16,19) 1 (55,31,1)
2 Golay code (24,12, 8) 1 (24,24,1)

2.2. Spectral Theory.

In this section, we introduce the notion of spectral theory, which manipulates the
eigenvalues of the matrices constructed by the adjacency matrices of a Tanner
graph presented below, in order to derive spectral links to give a lower bound on
the minimum distance of the power of the initial code.

In the following proposition we show the relation between the eigenvalues of the
matrix H? H and those of the matrix (Q(M)H)*Q(M)H, with Q(X) € GF(q)[X]

is the same polynomial previously defined.
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Proposition 2.32. If z is an eigenvector of H' H associated with the eigenvalue
w, then x is an eigenvector of (Q(M)H)*Q(M)H associated with the eigenvalue
pQ(u)?, where Q(M) = ayl, +asM + - -+ + ag,y 1 M” and M = HH”.

Proof. Let p be an eigenvalue of the matrix H? H associated with the eigenvector
x, then
H'Hx = jux
HH"Hx = pHz.
Since M = HH', then
MHx = pHzx
M?Hx = uMHz = i*Hzx
M*Hzx = p*MHx = *Hzx

M'Hzx = p"Hz.

We multiply each equality by a coefficient to obtain the polynomial @) applied to
M and p after term-by-term summation.
Explicitly we find

QM)Hz = Q(p)Hz,
where Q(M) = a1, + agM + -+ - + ag, -1 M".
This is equivalent to
H'Q(M)Q(M)Hx = H' Q(M)Q(u)Hx
= Q(WH"Q(M)Hz
= Q(uH"Q(n)Hz
= Q(n)’H" Hz
= pQ(n)*.
O

Remark 2.33. The result of the proposition (2.32) is valid if H and @ are defined
over any field.

In the following proposition for a matrix H defined over any field, we show
the relation between the eigenvalues of the matrix H” H and those of the matrix
(M"H)"M"H with M = HH" for a certain nonnegative integer v.

Proposition 2.34. If H H is diagonalizable with eigenvalues p, fia, - - - , jts counted
with their multiplicities. Then Yv € N, (M"H)'M"H is diagonalizable with
eigenvalues p2* ™ st oo p2 T counted with their multiplicities.

Proof. Since H' H is diagonalizable, then it is similar to a diagonal matrix D
which contains on its diagonal all the eigenvalues of the matrix H” H, i.e. there
exists an invertible matrix P such that H'H = PDP™'.
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This means that Vv € N, (H' H)* ™ = pp**'p~'.
On the other hand we have,

(HTHY>+' = (HTH) (HTH)* H H
= H'(HH"Y(HH")"H
=H'"M"M"H
= (M"H)"M"H.

Therefore, (M*H)'MYH = PD**'P~!. Consequently, the desired result. O

In the following, we restrict our study to the case of a Tanner graph I', with
the (n+ ) x (n+ r) real-valued adjacency matrix

A= l[} fﬂ (2.5)

Note that the matrix H” H is a real symmetric matrix then it is diagonalizable
with g1 > pg > -+ > g are its ordered distinct eigenvalues [9].
From the proposition (2.34), we have the following corollary.

Corollary 2.35. Let p; > po > --- > ug be the ordered distinct eigenvalues of
HTH, then for a certain nonnegative integer v, p2" ™' > p3'™ > ... > 2 are

the ordered distinct eigenvalues of (MY H)" M" H.

The aim of the following theorem is to find a lower bound on the minimum dis-
tance of the code C"* based on the spectral study of the matrix (M*H)" M" H
constructed from the adjacency matrix A (2.5) of a Tanner graph I" by calculating
A for a certain nonnegative integer v. Then according to the Theorem 3.1 (page
3 presented in [9]). We have

Theorem 2.36. If " is a reqular connected graph with adjacency matriz A, and
n bit nodes of uniform degree m, and r = n — k parity nodes of uniform degree j,

then the minimum distance of the code C***V satisfies
d(c(2l/+1)) > n(Qm(mJ)V - l’[’gy+1)
T (mg)A -t

where 0 < v < Ht(C).

Proof. Let C be a linear code with the parity check matrix H constructed from a
Tanner graph with the adjacency matrix A (2.5). For 0 < v < Ht(C), let C**+V
be the linear code with the parity check matrix M”H such that M = HH”. The
minimum distance of C?*Y is denoted by D.

Let = be a real-valued vector of length n that represents a codeword with the
minimum weight, with a one at each position where the minimum weight code-
word is non-zero and zeros elsewhere. Since I is regular and connected, then
(1,1,..., )T

NZD

with gy = myj. Consequently and by the corollary (2.35), the first and unique
eigenvector of (MY H)"M"H is e; with p2*,

the first and unique eigenvector of H' H that can be taken is e; =
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Let x; be the projection of z onto the i—th eigenspace of the matrix (M"Y H)" M" H,
we have

<x,x>=||z|]|* = D.

1,1,.... D)7
Since e; = M, then
N4
r1 =< x,61 > €
- (1,1,...,1)T -
T =<z, -———"—>c€
1 ) \/ﬁ 1
D
T = ——eq.
1 Jn 1
Hence,
D2
<T1,r1 >=—<e,e1 >
n
D2
2 _ 7 2
a2 = el
D2
Since ||e1||* = 1, then ||z,]||* = —.
n
n—1
Let Hz = (ag,aq,...,a,_1) with a; = Zhikxk, and let X = (HH")"Hz with
k=0

X; = ((HHT)”Hzx); is the weight on the i —th parity i.e. the weight corresponding
to the ¢ — th vector position X;, where 0 <7 <r —1.
We have for 0 < v < Ht(C),

r—1 r—1
[(HH"Y Hz||*> => X} > 2> X; = 2m(mj)"D.

=0 1=0

Where the inequality follows from each X; being greater than 2. This depends
on the choice of the real-valued vector x and the distribution of its elements.

To understand the idea, we will explain what happened in the case of v = 1. The
rest is technical, by increasing power. We put now for 0 < s <r — 1,

r—1
X.=(HH"Hz); = > HH}a.
k=0
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Hence, as (HHT Z highji for 0 <14,5 <r —1, we have

k=0
r—1 r—1r—1
SN X! =>"> HH}a
s=0 5=0 k=0
r—1 r—1
=Y HHgja,+ > HH}ap+ -+ Z HH! | ay
k=0 k=0
r—1 r—1
- Z(Z HHj)ay
k=0 s=0

Since each column of H has m ones and each row j ones, hence the sum of all

elements in any column of HH” is mj. In fact, by taking the k — th column of
n—1

HH", we have HHY, = Z hsphip, hence
p=0
r—1 n—1 r—1
T

D HHg =3 Tup(d_ Dsp)
s=0 p=0 s=0

n—1

=m Z Pk
p=0

=mj.

r—1 r—1
Consequently, > X! =mj Y _ ar =m?jD. Indeed,

s=0 k=0
r—1n—1
zak_zzhkpxp
k= Op 0

:pr thp
p=0
:mpr
p=0
=mbD.

Then by repeating this process for 0 < v < Ht(C), the key idea is to sum the
components of a fixed column of the matrix (HH”)” which is exactly (mj)”, to
have clearly

r—1
> X; =m(mj)"D.
=0
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Now by converting this to eigenspace representation,
2

v v D - 1%
|(HH")" Ha||* = Zuf Plall® = T — 3w |l P

=2
v D 2u ® v D v
< Y P = A g (] ()

Substituting from above,

D? D?
T — gD = —) = 2m(mj)” D,
Consequently, since p1 = mj we have,
d(c(QV—l—l)) - D> n(2m(mj) - /’L%V—‘rl)
= (mj)Ql’“ _ Mguﬂ

O

Remark 2.37. If we replace v by 0 in the previous inequality, we arrive at the
formula given by Tanner [9].

Example 2.38. We take the same example as in [9] of the [7,3,4] expurgated

Hamming code with the ¢ — th rows of the matrix H are the coefficients of the

polynomial a’(1 4+ a* + @) mod (a” + 1), for 0 < i < 6. We have the matrix

HTH has as eigenvalues p; = 9 and jip = 2, with m = 3. Thus d(C) > 4.

If we consider the code C®), then

7(2 x 3 x9—23)
93 _ 93

This bound is trivial since already the true minimum distance of C® is 1.

d(C®)) > ~ 0.44.

Remark 2.39. To see the use of this result, and as the previous example shows,
it is necessary to choose codes with large lengths and obviously others having a
large minimum distance, since according to the simulations we observe that a lot
of times the minimum distance decreases rapidly.

In the following proposition we give an upper bound on the height of the initial
code C.

Proposition 2.40. Keeping all the previous notions, If pua > p1, then the height
r of the code C satisfies

2nm — i 1

n—1 )ln(“g).

p1

r < In(

Proof. According to the theorem (2.36), we have for v = r,
n(2m(mj)" — py") = (mg)* = g

Hence,

r+1)

(5 (2nm — p p3 " —1).
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Then,

2
2nm — 1t > (P2 (n — 1),
M1
r—+1
1

As pi™ > py, we have

2
2nm — > pa("2) (n - 1).
M1
In addition we have us > 1 and 2nm — pu; > n — 1. In fact,
ps > 1 = myj implies jip > 1 since mj > 1. And since n > j, we have 2n —j > n
implies m(2n — j) > mn >n —1ie. 2mn —py >n— 1.

Therefore,
_ 2
2om = p 18
n—1 I
Consequently,
2nm — 1
r <In( nm 'ul) —.
n—1 In(k2)

O

Example 2.41. If we take the same first example in [¢], for the [9, 2, 3]-regular
LDPC code C with y; = 6, jp = 3 and m = 2. Since p3 > p;. Then

2X9x2—-6 1

91 )ln( ~ 3.25

r <lIn(

)

o

r <3.

3. CONCLUSION

In this paper, we have given on the one hand a definition of an odd polyno-
mial applied to a linear code, based on the correspondence between the theory of
error-correcting codes and that of graph theory. This investigation has enabled
us to extract a new notion called the height which characterizes a linear code.
We generated many examples and gave results on the parameters of the new code
obtained. On the other hand, based on the spectral study links we gave a lower
bound on the minimum distance of the code power given by the Tanner graph.
An upper bound on the height is then given. As perspectives behind this work,
we think about the decoding problem i.e. finding an efficient decoder of the code
P(C) if we first know a decoder of C.
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