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Abstract— This paper is concerned with algebraic construc-
tions of nonbinary quasi-cyclic (QC) LDPC codes based on arrays
of circulant permutation matrices constructed from finite fields.
Two methods, array masking and dispersion, are presented for
constructing nonbinary QC-LDPC codes. Simulation results show
that codes constructed by these methods perform very well with
iterative decoding based on belief propagation. They achieve
significant coding gains over Reed-Solomon codes of the same
lengths and rates decoded with either algebraic hard-decision
decoding or algebraic soft-decision decoding at the expense of
larger decoding complexity.

I. INTRODUCTION

Let GF(q) be a finite field with ¢ elements where ¢ is a
power of a prime. A g-ary regular LDPC code C is given by the
null space over GF(q) of a sparse parity-check matrix H over
GF(q) that has the following structural properties: (1) each row
has weight p; (2) each column has weight v; and (3) no two
rows (or two columns) have more than one position where they
both have nonzero components. Such a parity-check matrix H
is said to be (v, p)-regular and the code C given by its null
space is called a (v, p)-regular LDPC code. Structural property
(3) is a constraint on the rows and columns of the parity-check
matrix H and is referred to as the row-column (RC)-constraint.
This RC-constraint ensures that the Tanner graph of the LDPC
code C given by the null space of H has a girth of at least 6.
If the columns and/or rows of H have varying weights, then
the null space of H gives a g-ary irregular LDPC code. If H
is an array of sparse circulants over GF(q), then its null space
gives a QC-LDPC code over GF(q).

This paper is a continuation of [1] concerning with construc-
tions of nonbinary QC-LDPC codes based on RC-constrained
arrays of special circulant permutation matrices over nonbinary
finite fields. Experimental results show that codes constructed
perform very well with iterative decoding and they achieve sig-
nificant coding gains over the Reed-Solomon (RS) codes of the
same lengths and rates with either the algebraic Berlekamp-
Massey (BM) [2],[3] hard-decision decoding or the algebraic
Koetter-Vardy (KV) [4] soft-decision decoding.
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II. A GENERAL CONSTRUCTION OF Q-ARY QC-LDPC
CODES

Consider the Galois field GF(q) with « as a primitive
element. Then == £ 0,a° = 1,q,...,a9° 2 give all the
elements of GF(q) and al?=1Y = 1. For each nonzero element
o' in GF(¢q) with 0 < i < ¢ — 1, we form a (¢ — 1)-tuple
over GF(q), z(a') = (z0,21,...,24—2), whose components
correspond to the ¢ — 1 nonzero components of GF(q), where
the ith component z; = o’ and all the other components are
equal to zero. This unit-weight (¢ — 1)-tuple over GF(q) is
called the g-ary location-vector of the field element a. The
single nonzero components of the g-ary location-vectors of
two nonzero elements of GF(q) are at two different locations.
The g-ary location-vector of the 0-element of GF(q) is defined
as the all-zero (¢ — 1)-tuple, z(0) = (0,0,...,0).

Let 6 be a nonzero element of GF(q). Then the g-ary
location-vector z(ad) of the field element «d is the right
cyclic-shift (one place to the right) of the location-vector z(J)
of ¢ multiplied by «. Form a (¢ — 1) x (¢ — 1) matrix Q
over GF(q) with the g-ary location-vectors of 6, ad, . .., a9 2§
as rows. Matrix Q is a special type of circulant permutation
matrix for which each row is the right cyclic-shift of the row
above it multiplied by « and the first row is the right cyclic-
shift of the last row multiplied by «. Such a matrix is called
a q-ary a-multiplied circulant permutation matrix. Since Q
is obtained by dispersing (or expanding) ¢ horizontally and
vertically, Q is referred as the mwo-dimensional (q — 1)-fold
array dispersion of ¢ (simply array dispersion of ¢). It is clear
that the array dispersion of the 0-element is a (¢—1) x (¢—1)
Zero matrix.

Code construction begins with an m x n matrix over GF(q)

(11,

Wo Wo,0 Wo,1 Wo,n—1
Wi w1,0 w11 W1,n—1
W = =
Wm—1 Wm—-1,0 Wm—-1,1 Wm—1,n—1
1

whose rows satisfies the following constraints: (1) for 0 < <
mand 0 < k,l < ¢g—1 and k # [, *w; and o'w; differ in
at least n — 1 places; and (2) for 0 < 4,5 < m, ¢ # j and



0 <kl<q—1, o"w; and ale differ in at least n — 1
places. The two constraints on the rows of W are called the
a-multiplied row-constraints 1 and 2. Dispersing each nonzero
entry of W into an (¢ — 1) x (¢ — 1) a-multiplied circulant
permutation matrix and each O-entry into a (¢—1) x (g—1) zero
matrix, we obtain the following m x n array of (¢—1) x (¢—1)
a-multiplied circulant permutation and zero matrices:

Qo,0 Qo,1 Qo,n—1
Q1,0 Qi1 Qin—1
H= . . . . 2)
Cszl,O mel,l e mel,nfl

It is an m(qg — 1) x n(g — 1) matrix over GF(q). It follows
from the structure of the location-vectors of nonzero elements
in GF(q) and the a-multiplied row-constraints 1 and 2 that H,
as a matrix over GF(q), satisfies the RC-constraint. H is called
the two-dimensional (q — 1)-fold array dispersion of matrix
W.

For any pair (v, p) of integers vy and p with 1 <~ < m and
1< p<mn,let H(vy,p) be ay x p subarray of H. H(vy, p) is
ay(¢g—1) x p(qg— 1) matrix over GF(q) and also satisfies the
RC-constraint. Then the null space of H(~, p) gives a (v, p)-
regular g-ary QC-LDPC code C of length p(q—1). If H(~, p)
has constant column and row weights, then C is a regular QC-
LDPC code, otherwise it is an irregular QC-LDPC code. The
above construction gives a class of g-ary QC-LDPC codes. The
matrix W is called the base matrix for dispersion. In Sections
IIT and IV, we present two specific methods for constructing
base matrices for dispersion.

III. TWO CLASSES OF NONBINARY QC-LDPC CODES

In this section, we present two specific methods for con-
structing RC-constrained arrays of a-multiplied circulant per-
mutation matrices. Based on these arrays, two classes of QC-
LDPC codes are constructed.

A. Construction Based on Additive Subgroups of Finite Field

Let ¢ = 2™. Consider the field GF(2™) that is an extension
field of the binary field GF(2). Let « be a primitive element
of GF(2™). Then o', a,---,a™ ! are linearly independent
elements of GF(2""). These m elements form a basis of
GF(2™). Any element o' of GF(2™) can be expressed as
linear combination of a% «,---,a™ ™! as follows: o =
C¢70a0 +cia+ -+ Ci7m_10ém71 with Ci,j € GF(Z’") For
1<t<m,let G = {0 =0,01, - ,02e_1} and Gy =
{d = 0,A1, -+, Agm—t_1} be two additive subgroups of
GF(q) that are spanned by the elements in {a®, -+, a7t}
and the elements in {af, a!*1, ... o™~ 1} respectively. Form
the following 2" ~¢ x 2¢ matrix over GF(2™):

0 B Bat_1

W A1 A+ B A1+ Barq

)\27n,—t_1 )\2m,—t_1 + ﬁl cee )\2m—t_1 + /62t_1

where (1) the entries of the first row are elements of the group
G1, and (2) the entries of the ith row are the elements of
the coset A; + G; of Gy with coset leader \; € G5. Every
element of GF(2™) appears once and only once in W), We
readily see that W (1) satisfies the a-multiplied row-constraints
1 and 2. Dispersing the 2™ — 1 nonzero entries of W) into
(2m—1)x(2™—1) a-multiplied circulant permutation matrices
and the single O-element into a zero matrix, we obtain the
following 2™~* x 2t array of 2™ — 1 a-multiplied circulant
matrices and a single zero matrix of size (2™ —1) x (2™ —1):

o Qo1 Qo,2t—1

O Qi Qi1 Q1,201

Qom—t_10 Qam—t_11 -+

Qom—t_19t 1

where the zero matrix is at the upper left corner of the array.

For any pair (7, p) of integers, with 1 < v < 2™~ and
1 < p <2 let HY(y,p) be a v x p subarray of H(),
Then H) (v, p) is a v(g — 1) x p(g — 1) matrix over GF(2™)
with column and row weights v and p, respectively. The null
space of H(Y (v, p) gives a 2™-ary QC-LDPC code. The above
construction gives a class of 2™-ary QC-LDPC codes.

In the following, we use an example to illustrate the above
code construction. In all the examples given in this paper,
we compute the error performance of a code with iterative
decoding using the fast Fourier transform based g-ary sum-
product algorithm (FFT-QSPA) [5]-[7] and set the maximum
number of iterations to 50. We also assume BPSK signaling
for transmission over the AWGN channel.

Example 1: In this example, we choose m = 5 and use
GF(2°) as the code construction field. Let o be a primitive
element of GF(2°%). Set ¢t = 3. Then m —t = 2. Let G;
and Gy be two additive groups of orders 8 and 4 spanned
by the elements in {a’, o, a?} and the elements in {a?, a*},
respectively. Based on these two groups, we can form a 4 x 8
array H() of 31 a-multiplied circulant permutation matrices
of size 31 x 31 and a single zero matrix. Choose v = 4
and p = 8. Then H((4,8) = H() which is a 124 x 248
matrix over GF(2%). H(1)(4,8) has 31 columns of weight
three, 217 columns of weight four, 31 rows of weight 7 and
93 rows of weight 8. The null space of H(1)(4,8) gives a
near regular 32-ary (248,136) QC-LDPC code. The block
error performance of this code decoded with the FFT-QSPA is
shown in Figure 1. For comparison, Figure 1 also includes the
block error performances of the (248,136, 113) shortened RS
code over GF(28) decoded with the algebraic hard-decision
BM algorithm and the algebraic soft-decision KV algorithm
with maximum interpolation multiplicity (MIM) X [8] equal to
4.99 and infinity, respectively. At the block error rate (BLER)
of 1075, the 32-ary QC-LDPC code achieves a 2.7 dB coding
gain over the (248,136,113) RS code with the hard-decision
BM decoding, while achieves a 2.1 dB and a 1.6 dB coding
gains over the RS code using the algebraic soft-decision KV
decoding with MIM A equal to 4.99 and infinity, respectively.
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Fig. 1. Block error performances of the 32-ary (248,136) QC-LDPC code
and the (248, 136,113) shortened RS code over GF(28) over the AWGN
channel.

B. Construction Based on the Multiplicative Group of a
Finite Field

Consider the (¢g—1)-tuple wo = (a’—1,a—1,--- ,a?" 2~

1) over GF(2™). It can be easily proved that this (¢ — 1)-tuple
W is a minimum weight codeword of the (2™ — 1,2,2™ —
2) RS code over GF(2™) with two information symbols and
minimum distance 2" — 2. The first component of wy is zero.
Form the following (2™ — 1) x (2™ — 1) matrix over GF(2™)

with w( and its ¢ — 2 right cyclic-shifts, wy,- -, Wom_o as
TOWS:

W a"—1 a—1---a2""2-1

w1 a2’ 2-1a%—1--- 2" 31
w® = . =

Wom _9 a—1 042 —1 ao -1
(%)

with zero entries on the main diagonal. Since
Wo, Wi, - ,Wom_go are minimum weight codewords of

the (2™ —1,2,2™ —2) RS code over GF(2™). It can be easily
proved that W(?) satisfies the a-multiplied row-constraints 1
and 2.

Dispersing the nonzero entries into (2™ —1) x (2™ —1) a-
multiplied circulant permutation matrices and the zero entries
into (2™ —1) x (2™ —1) zero matrices, we obtain the follwing
(2™ —1)x (2™ —1) array of c-multiplied circulant permutation
and zero matrices of size (2" — 1) x (2™ —1):

o Qo1 -+ Qoom_2

@) Qoom—2 O Qo,2m—3

HY = : S : ’ ©)
Qo1 Qoo - (0)

where the zero matrices are on the main diagonal of the array.
For any pair (v, p) of integers with 1 < ~,p < ¢, let
H® (v, p) be a v x p subarray of H?). Then the null space

over GE(2™) of H® (v, p) gives a 2"-ary QC-LDPC code.
The above construction gives another class of nonbinay QC-
LDPC codes.

Example 2: Let GF(2*) be the code construction field.
Based on the method given above, we can construct a 15 X 15
array H®) of a-multiplied circulant permutation and zero
matrices of size 15 x 15 with the zero matrices on its main
diagonal. Choose v = 4 and p = 8. Take a 4 x 8 subarray
H®(4,8) from H®) that contains no zero matrices. Then
H®)(4,8) is a 60 x 120 matrix over GF(2*) with column and
row weights 4 and 8, respectively. The null space of H(?) (4,8)
gives a (4,8)-regular 16-ary (120,71) QC-LDPC code. The
block error performance of the code decoded with the FFT-
QSPA is shown in Figure 2. Also included in Figure 2 are the
block error performances of the (120,71,50) shortened RS
code over GF(27) with the algebraic hard-decision BM and
the algebraic soft-decision KV decodings. At the BLER of
1072, the 16-ary (120, 71,50) QC-LDPC code achieves a 2.6
dB coding gain over the (120, 71, 50) shortened RS code with
the hard-decision BM decoding, while it achieves a 2.1 dB
and 1.6 dB coding gains over the RS code using the algebraic
soft-decision KV decoding with MIM X equal to 4.99 and
infinity, respectively.

10°
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Fig. 2. Block error performances of the 16-ary (120, 71) QC-LDPC code and
the (120,71, 50) shortened RS code over GF(27) over the AWGN channel.

IV. CODE CONSTRUCTION BASED ON ARRAY MASKING
AND DISPERSION

In Section III, we have presented two classes of g-ary QC-
LDPC codes based on RC-constrained arrays of a-multiplied
circulant permutation matrices that are constructed from fi-
nite fields. Although these arrays are highly structured, their
constituent circulant permutation matrices are densely packed.
In this section, we present two techniques, array masking
and dispersion, to reduce the density of circulant permutation
matrices of an RC-constrained array constructed in Section
III. The reduction of the density of circulant permutation
matrices of an array results in a sparser array whose associated



Tanner graph has fewer edges and hence fewer short cycles and
probably larger girth. As a result, the performance of the code
given by the sparser array my be improved and computational
complexity is reduced.

A. Array Masking

Array masking is simply to replace a set of a-multiplied
circulant permutation matrices by a set of zero matrices.
Consider an RC-constrained v x p array H(v, p) = [Q; ;] of
a-multiplied (¢ — 1) x (¢ — 1) circulant permutation matrices
over GF(q). The masking operation can be mathematically
formulated as a special matrix product. Let Z(v, p) = [z; ;]
be a v X p matrix over GF(2). Define the following product:
M(v, p) = Z(v,p) @ H(y,p) = [2,;Qi,;] where z;Qi; =
Qi}j for Zi5 = 1 and Zi,jQi,j =0 (a (q — 1) X (q — 1)
zero matrix). In this matrix product operation, a set of a-
multiplied circulant permutation matrices is masked by the
0O-entries of Z(v,p). We call Z(v,p) the masking matrix,
H(~, p) the base array and M(v, p) the masked array. In
masking, we avoid masking zero matrices in the base array
H(~, p). If H(, p) does not contain zero matrices. Then the
distribution of the a-multiplied circulant permutation matrices
in the masked array M(~, p) is identical to the distribution of
l-entries in the masking matrix Z(+y, p). Since the base array
H(~, p) satisfies the RC-constraint, it is clear that the masked
array M(vy, p) also satisfies the RC-constraint regardless of
the masking matrix. Hence the Tanner graph of M(+, p) has a
girth of at least 6. If the girth of the associated Tanner graph
of the masking matrix Z(~y, p) has a girth g > 6, the girth of
the associated Tanner graph of the masked array M(v, p) is
at least g. The concept of masking was recently intorduced in
[9], [10].

The null space of M(v, p) gives a g-ary QC-LDPC code
C,, which is different from the code given by the null space
of H(v,p). The error performance of C,, depends on the
distribution of 1-entries (or the O-entries) of the masking
matrix Z(~, p). How to design masking matrices that result
in good QC-LDPC codes is an interesting and challenging
problem. Z(+y, p) should be a very sparse matrix. If Z(~, p) is
regular, then the null space of M(vy, p) gives a regular code,
otherwise it gives an irregular code. Regular masking matrices
can be constructed algebraically [10].

Example 3: Let GF(27) be the code construction field. Let
a be a primitive element in GF(27). Let G; and G be two
additive groups of orders 16 and 8 spanned by {a?, o, a2, a3}
and {a* a® a®}, respectively. Based on these two groups,
we form an 8 x 16 array H(Y) of 127 a-multiplied circulant
permutation matrices over GF(27) of size 127 x 127 and a
single zero matrix at the upper left corner of H(!). Choose
v = 8 and p = 16. Then H(M(8,16) is the entire array
H®. We use H()(8,16) as the base array for masking.
Construct a 8 x 16 masking matrix Z(8,16) that consists of
two 8 x 8 circulants side by side. The generator vectors (or top
rows) of these two circulants are (01011000) and (00101010),
respectively. Masking H(Y)(8,16) with Z(8,16), we obtain
an 8 x 16 masked array M(8,16) = Z(8,16) @ H(1)(8, 16)

which is a 1016 x 2032 matrix over GF(2") with column and
row weights 3 and 6, respectively. The null space over GF(27)
of M(8,16) gives a 128-ary (2032,1016) QC-LDPC code
with rate 0.5. The symbol and block error performances of this
code are shown in Figure 3 which also includes the symbol and
block error performances of the (2032, 1026, 1017) shortened
RS code over GF(2'!) with the hard-decision BM decoding.
At the SER (symbol error rate) and BLER of 10~°, the 128-
ary QC-LDPC code achieves a 4 dB coding gain over the RS
code with hard-decision decoding over the AWGN channel.

10°

: ;
—6— 128-ary LDPC(2032,1016)-SPAS0, SER
-0~ 128-ary LDPC(2032,1016)-SPAS0, BLER
—8— RS(2032,1016,1017) over GF(2'1), SER
‘=B~ RS(2032,1016,1017) over GF(2'%), BLER |
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Fig. 3. Symbol and block error performances of the 128-ary (2032,1016)
QC-LDPC code and the (2032, 1016, 1017) shortened RS code over GF(211)
over the AWGN channel.

B. Array Dispersion

The sizes of an RC-constrained array and its constituent
circulant permutation matrices constructed based on a finite
field depend on the size of the field. Using a large field for
code construction results in long LDPC codes (especially high
rate codes) with large symbol alphabet. Decoding of these
codes requires very large computational complexity which
makes decoder implementation impractical. Long nonbinary
QC-LDPC codes over a small field can be constructed by array
dispersion.

Array dispersion is best explained by considering a special
case. Let H(5, 5k) be a 5 x 5k subarray of an RC-constrained
array H of (2™ — 1) x (2™ — 1) a-multiplied circulant
permutation matrices over GF(2™). Divide this array into &
5x 5 subarrays, Hy(5,5), H1(5,5), - ,Hiy_1(5,5), such that

H(5,5k) = [Ho(5,5) Hi(5,5) - -Hg_1(5,5)], where for
0<i<k,
FEEE
10 Q1 Qi Qs Qi
Hi(55)= | Qi Q) Q) Q% Q) |- O
(2) (2) (2) (2) (2)
30 W31 Ws2 Wgz Wil

(2) (2) (2) (2) (1)
4,0 41 4,2 43 4,4



For 0 < i < k, disperse H;(5,5) into a 10 x 10 array
G;(10,10) as follow:

G,(10,10) =

Qjy © 0 0 0|0 Q) Qs Qs A

Q, Q) o o o o o ql)alql,

Qe Q) Q, o oo o o qQf)qf)

Q) Q) Qlbqfy oo o o o Qf

Q@ Q) /o o o o o

o Q1 QL QlsQlel, o o o o |
0 0 Q}Q3QQQ 0 0 O

0O 0 0 Q}Q)QQQ) 0 O

0O 0 0 0 QQf,Qy) Q5% Qf; O

[ 0 0 0 0 0QfQQl)Ql} Qi

®)
where the 5 x 5 subarrays at the upper left and lower right
quadrants of G;(10, 10) are identical and the 5 x 5 subarrays
at lower left and upper right quadrants of G;(10,10) are
identical. The upper and lower half subarrays of G;(10,10)
correspond to H;(5,5). Also the left and right half subarrays
of G;(10,10) correspond to H;(5,5). Since H;(5, 5) satisfies
the RC-constraint, all the above 4 half subarrays of G;(10, 10)
satisfy the RC-constraint. From the structure of G;(10,10),
we can easily see that no 4 a-multiplied circulant permutation
matrices from 4 different quadrants of G;(10,10) are at the
4 corners of a rectangle. It follows from the above that
G;(10,10) satisfies the RC constraint. Each row (or column)
of G;(10, 10) consists of a sequence of 5 consecutive (2 —
1) x (2™ —1) zero matrices between two «-multiplied circulant
permutation matrices, including the end around case.

For each row of G;(10,10), we replace the two -
multiplied circulant permutation matrices right behind the se-
quence of 5 consecutive zero matrices with two zero matrices.
This results in the following 10 x 10 array E;(10,10) of
circulant permutation and zero matrices:

E:(10, 10) =

Qi o 0 0 o|lo o o qf,Q¥]
QQ", o o o/o o o o0 QY
Q5 QY QY 0 0|0 O O O O
0 Q{}Q5Q5 0|0 0 0 0 O
0 0 qQQqflqQ¥lo o0 0o 0o o
0O 0 0 Q%Qplej, 0 0o 0 o
o o o o QqQYQhQ o o o
o o0 0 0 olQfyQqQl, o o
o o0 o o 0|0 qQQ"ql, o
0 0 0 0 o/0 0 QYaql

9
Each row (or column) consists of a sequence of 7 consecutive
(g — 1) x (¢ — 1) zero matrices, including the end around
case. Since E;(10,10) is obtained by replacing some of the

a-multiplied circulant permutation matrices of G;(10,10) by
zero matrices, it also satisfies the RC-constraint.

Form the following 10 x 10k array of a-multiplied circulant
permutation and zero matrices:

E(10,10k) = [ Eo(10,10) E1(10,10) --- E,_1(10,10) | .

(10)
E(10,10k) is a 10(g — 1) x 10k(g — 1) matrix over GF(q)
with column and row weights 3 and 3k, respectively. The null
space of E(10,10k) gives a (3, 3k)-regular QC-LDPC code
Cdis-

Example 4: Let GF(2*) be the code construction field.
Using the second construction method given in Section III,
we constructed a 15 x 15 array H®) of 15 x 15 a-multiplied
circulant permutation and zero matriices. Choose k = 2. Take
a 5x 10 subarray H®)(5,10) from H® that does not contain
zero matrices. Dispersing H® based on (8) to (10), we obtain
a 10 x 20 dispersed array E(10,20) = [E(10,10) E(10,10)]
which is a 150 x 300 matrix with column and row weights 3
and 6, respectively. The null space of E(10, 20) gives a 16-ary
(300,150) QC-LDPC code. The block error performance of
this code decoded with the FFT-QSPA is shown in Figure 4.
Also included in Figure 4 are the block error performances of
the (300,150, 151) shortened RS code over GF(2%) with the
hard-decision BM and the algebraic soft-decision KV decod-
ings. At the BLER of 10~°, the 16-ary (300, 150) QC-LDPC
code achieves a 3.6 dB coding gain over the corresponding
RS code with the hard-decision BM decoding, while achieves
a 2.9 dB and a 2.3 dB coding gains over the RS code using
the algebraic soft-decision KV decoding with MIM A equal to
4.99 and infinity, respectively.

10°
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Fig. 4. Block error performances of the 16-ary (300, 150) QC-LDPC code
and the (300,150, 151) shortened RS code over GF(2°) over the AWGN
channel.

The above code construction based on dispersion of a 5x 5k
array of a-multiplied circulant permutation matrices can be
easily generalized. Let H(I, kl) be an RC-constrained [ x kl
array of (2™ —1)x (2™ —1) a-multiplied circulant permutation



matrices over GF(2™). Divide H(l, kl) into k subarrays of
size | x I, Ho(1,1),H1(1,1),--- ;Hk_1(l,1), each consisting
l consecutive columns of a-multiplied circulant permutation
matrices of H(I, kl). For 0 < i < k, disperse H;(l,1) into a
21 x 21 array G;(21,2l) of a-multiplied circulant permutation
and zero matrices in the form given by (8). Then each row
(or each column) of G;(2l,2l) contains a unique sequence
of | consecutive zero matrices with an a-multiplied circulant
permutation matrix before it and an a-multiplied circulant
permutation matrix after it(including the end around case). Let
e be a positive integer such that 0 < e < [ — 3. We replace
the e c-multiplied circulant permutation matrices right behind
the sequence of [ consecutive zero matrices in each row of
G, (21, 2l)(including the end around case). This results in a
20 x 2l array E; (21, 2l) in which each row (or column) consists
of a unique [+ e consecutive zero matrices. Form the following
2l x 2kl array of a-multiplied circulant permutation and zero
matrices:

E(2,2kl) = [Eo(l,1) E1(1,1) --- Epa(LD)]. (D)

E(21,2kl) is a 21(2™ — 1) x 2kl(2™ — 1) matrix over GF(2"™)
with column and row weights [ — e and k(I — e), respectively,
and it satisfies the RC-constraint. The null space over GF(2"™)
of E(21,2kl) gives a 2™-ary (I—e, k(l—e))-regular QC-LDPC
code Cy;s. For e =1 — 3, Cy;s is a 2™-ary (3, 3k)-regular QC-
LDPC code. The above construction by array dispersion results
in large class of nonbinary QC-LDPC codes.

The length of the zero covering span [11], [12] of E(21, 2kl)
is at least (I +e)(q — 1). Using E(2[, 2kl) for decoding, the
code Cg4;s given by the null space of E(2,2kl) is capable of
correcting any burst of symbol erasures of length at least up
to (I+e¢)(¢—1)+1 using the iterative decoding given in [11].
The 16-ary (300,150) QC-LDPC code given in Example 4 is
capable of correcting any burst of 16-ary symbol erasures of
length at least up to 7 x 15 4+ 1 = 106.

V. CONCLUSION

In this paper, we have extended our previous work [1]
on algebraic constructions of nonbinary QC-LDPC codes.
New methods and new classes of nonbinary QC-LDPC codes
have been presented. Codes given in the Examples perform
very well with iterative decoding using the FFT-QSPA and
they achieve significant coding gains over RS codes of the
same length and rates decoded with either the algebraic hard-
decision BM decoding or the algegraic soft-decision KV
decoding at the expense of larger computational complexity.
An interesting question is "Whether they can replace RS codes
in some applications?”.
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