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Abstract— This paper proposes novel interleaver and accumu- low encoding complexity of turbo codes and the decoding
lator structures for systematic, regular repeat-accumulate (R) advantages of LDPC codes. As with LDPC codes, convergence
codes. It is well known that such codes are amenable to iterative 1, 4 valid codeword is easily detected, and so it is possible t

(sum-product) decoding on the Tanner graph of the code, yet & . .
as readily encodable as turbo codes. In this paper, interleaversifo both halt decoding once a valid codeword has been found, and

RA codes are designed using combinatorial techniques, as a basidl0 distinguish between detected and undetected errors.

for deterministic interleaver constructions, yielding RA codes Sum-product decoding performance is determined by the
whose Tanner graphs are free of 4-cycles. Further, a generalide properties of the code’s Tanner graph. Thus the cruciakissu
RA code accumulator structure is proposed, leading to codes, is to design RA code interleavers which have Tanner graph

termed W3RA codes, whose parity-check matrices have many . . . . . I
fewer weight-2 columns than conventional RA codes. The w3RA feépresentations with the desired properties, such as iagoid

codes retain the low-complexity encoding of conventional RA short cycles. Randomly chosen interleavers can produce ef-
codes and exhibit improved error-floor performance. fective results, and indeed, most RA research to date has con
Index Terms— Repeat-accumulate (RA) codes, Iterative de- sidered the performance of RA codes using pseudo-randomly

coding, Sum-product algorithm, Interleaver design, Low-density chosen interleavers (see e.g. [2], [3], [5]). However, mnty

parity-check (LDPC) codes. constructed interleavers can pose implementation chygien
and the performance of RA codes with a randomly chosen
|. INTRODUCTION interleaver cannot be determined in advance.

In this paper we present combinatorial constructions for
A code interleavers which guarantee RA Tanner graphs
éree of small cycles. Firstly, we show in Lemma 3, that for
every possible Stein@-design there exists a row and column
%qa_rmutation that maps the incidence matrix of the desigm int
an RA code interleaver and accumulator, thus producing high
rate RA codes having 4-cycle free Tanner graphs.

We then expand our examination to RA codes with a wide

A recent addition to the family of “turbo-like” codes, repea range of rates by presenting codes constructed using tiannot

accumulate (RA) codes, were first presented as a simple C|8f5§elsolvability of dfesigns. Using Cﬁ'nitrﬁction 2 V‘Ile ]E)resen
of serially concatenated turbo codes [2]. The constituedes regular RA codes for any and ¢ which haved-cycle free

of an RA code, a raté- repetition code and a rate—L. Tanner graphs. For the cage= 3, we use the similarity

convolutional code ca?led the accumulator (in sorﬁgDcas‘éfsStrUCt”re of the RA accumulator matrix to block circulant

concatenated with with a rate-combiner) were chosen to permutation matrices to prove the existence of a detertinis
enable theoretical analysis. However, it was soon reatizat] construction of an infinite class of RA codes in Construc8on
although simple, RA codes are powerful codes in their own We begin in Section Il by determ!nmg minimum distance
right [2], [3]. bounds for RA codes and proposing a new class of RA
Signif’icantly systematic RA codes, in which both the codes in Section Ill. In Section IV we present interleaver
original message bits and thel encoded parity-check bits CONStrUctions using structures from combinatorics, lgefan-
are explicitly transmitted, can also be considered as & das S'dering their performance on the additive white Gaussian
low density parity-check [4] (LDPC) codes (see e.g. [5])[6] "°'S€ (AWGN) channel. Section V concludes the paper.
These RA codes can be decoded by sum-product decoding on
the code’s Tanner graph in exactly the same way as for LDPC Il. THE MINIMUM DISTANCE OF RA CODES

COdﬁS' £ this | . ¢ des is that th For (j,r)-regular, 4-cycle free, LDPC codes there age
The power of this interpretation of RA codes is that t e?ﬂarity-check equations orthogonal on each bit and so itsy ea

can be encodgd by a repetition operation.followed by tB show that the minimum distancé,..... is > j + 1 [7]. For
S|mplg convolutional encoder, but decoded using .sum—pmod‘ﬁA codes, however, some codeword bits (namely, the parity
decoding on the code’s Tanner graph, thus gaining both the.) ore checked by just two parity-check equations, aig th
This paper was presented in part at The Australian CommuniciWer bounds the minimum distance to justising the same
tions Theory Workshop (AusCTW'05), 2-4 February, 2005. Thehars method. However, we will show thal-cycle free RA codes

are with The School of Electrical Engineering and Computerer8e, ; i ;
The University of Newcastle, Callaghan 2308, NSW Australamail: can in fact have a minimum distance advantage over the same

{sarah. j ohnson, st even. wel | er }@ewcast | e. edu. au) rate, length, density and girth LDPC codes.

The introduction of turbo codes by Berrou, Glavieux an
Thitimajshima [1] marked a fundamental departure fromitra
tional approaches to code design. Through the ingeniousfus
parallel concatenation of two simple constituent convohal
codes and a pseudo-random block interleaver, Berrou et
devised codes with error correction performance approgchi
fundamental capacity limits, yet which are easily encodedl,
iteratively decodable with manageable complexity.



Lemma 1: For4-cycle free RA codes with repetitiop the an alternative RA code accumulator which produces columns
minimum distance satisfie$,;, > g + 1. of weight 3.

The proof of Lemma 1 can be seen by considering the
Tanner graph subgraph induced by each codeword. This sub- m
graph is the set of bit vertices corresponding to the non-zer
codeword bits, the check vertices to which they are condecte Since the accumulator corresponds to weight two columns
and the edges between them. As there must be one nignthe parity-check matrix of an RA code, the fraction- R)
zero message bit included in any non-zero codeword, we dzinthe columns of/ for a rate R code must be weight two.
consider each RA codeword subgraph as being centered ohhis results in a large proportion of weight two columns,
degreeg bit vertex. Since the Tanner graph has girth at leaparticularly for low rate codes. Compared to the equivalent
6 this subgraph graph is locally a tree to a depth of at leastl@ngth (j,7)-regular LDPC codes, which have all columns
The minimum possible size for the subgraph is then found Weight j and rows weight-, any RA code withg = j has a
using counting arguments under the constraint that eaatkchgarity-check matrix with row weight — (j —2). This has the
vertex must be connected to an even number of the subgrastvantage of a lower decoding complexity for the RA codes,
bit vertices for the subgraph to represent a valid codewordsince the number of decoding operations is proportionaheo t

If we compare(j, 7)-regular LDPC codes to RA codes withhumber of entries irH, but also results in reduced decoding
g = 7, both with girth6 and rateR, the RA and LDPC codes performance.
will have the same lower bound on minimum distance, viz. TO achieve codes which maintain the low encoding com-
dmin > j+1. However, if we consider RA codes with the samelexity of RA codes and retain @ = 3 repetition code,
parity-check matrix density as the LDPC codes, that is Rput which also have degree distributions, and performances
codes withg = %(j — 2+ 2R), the minimum distance bound closer to those of LDPC codes, we present a modified column
is then greater for RA codes whet < 1/2. For exampled- Wweight3 accumulator for RA codes.
cycle free, ratet/4, (3,4)-regular LDPC codes with minimum  For a weight3 accumulator we propose a rate-
distanced,,;, > 4 have the same parity-check matrix size and 1
density as4-cycle free, ratet/4, ¢ = 6, a = 2, regular RA 1+ D+ Dott

codes with mln_lmur_n dlst.an = 7 ) convolutional code as the second constituent code. Here
For codes with girthy (i.e. with the smallest cycle size) s 5 gesign parameter of the new codes, which we call

we can consider the subgraph induced by each codeword g codes. This new accumulator was first presented in

local tree to a depth qf/2—1. For codes with all bit nodes of the conference version of this paper [9], and also genesdliz

degreey there are2’ ¢ bit no_des at each level of the tree Wm\_ndependently by Liva et al. in [10]. For w3RA codes the
% even. However, the remainder of the non-zero codeword bgﬁtput of the accumulatopy;, at timei is now

could be made up entirely of parity bits. The parity nodes of
degree2 reduce the expansion of the graph so that there mayp; = pi—1 © pi—g—1 D 74, fori=¢g+2,....,.M, (2)
be as few ag bit nodes added at each level of the tree. The

minimum number of codeword nodes in the tree of gjitin and the traditionap; = p;—. © r; wheni < g + 2. Herer; is
. . the bit output by the combiner at time
this case is then

L A wW3RA code can be viewed as an LDPC code where the
{ g+ 1, 5 odd, code parity-check matrix{ has two parts;H = [H;, Hy).
“T_4Q+ 2, 5 even Here H, is a Kq/a x K, column weightg, row weighta,
Further, by taking into account the possibility that thegin Matrix specified by the interleaver at} is a Kq/a x Kq/a
degree-1 node, corresponding to the final parity-checkigit, Matrix which describes (2). Thus, theh column of 17, will
introduced at the first level in the tree we have the followin® non-zero in the-th, (i + 1)-th and (i + 1 + g)-th rows,

lower bound for the minimum distance of girthRA codes: When the(i +1)-th and (i + 1 + g)-th rows exist.
Ly Thus g specifies the number of rows between the second
Ao >{“4(q1)+2, odd

. RA CODES WITH WEIGHF3 ACCUMULATORS

i 5 ’ and third non-zero entries in the columns of the accumulator
E@-1)+3, 5 even. as well as the number of weight two columns remainindfin
For example, Fig. 1 shows a length-w3RA code withg = 3,
a = 2, a weight three accumulator specified fy= 2 and the
interleaverIl = [1,7,4,10,2,5,8,11,3,9,6,12]. Reducingg

However, for(j, r)-regular LDPC codes with girth a lower
bound on minimum distance is [8]:

L5 +50 -1 +30 - 12+ reduces the number of weightcolumns inH but introduces
do > +i( - £odd cycles of size2(g + 1) solely within Hy.
M= 144G - )+ -1+ By using a column weight three accumulator we keep
+j(5 — 1)% Seven the extremely low encoding complexity of RA codes while

(1) obtaining greater flexibility in the design df. Indeed, these
Thus, when codes with larger girth are considered tlmew w3RA codes can be thought of either as RA codes
weight two columns of the accumulator have the effect ohodified to have parity-check matrices much closer to those
reducing the minimum distance bound for RA codes, wheaf regular LDPC codes, or as LDPC codes designed to have
compared to LDPC codes with the same girth. We thus proposay low encoding complexity.
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Fig. 1. The encoder, parity-check matrix and Tanner graphlefigth-10 w3RA code withg = 3, a = 2, interleaverl = [1, 7,4, 10,2,5,8,11, 3,9, 6, 12],
and the new accumulator with = 2. In the Tanner graph filled circles represent bit nodes arfiladhsquares represent check nodes.

IV. RA INTERLEAVERS FROM COMBINATORIAL DESIGNS  which gives rise to a bad column must result in at least2

Short cycles in the Tanner graph of LDPC codes are knovgﬁd columns.
to adversely affect the decoding performance of the sum-For each bad permutation, there &(¢=; — 1) columns in
product decoding algorithm [11]. For LDPC codes, combi’/ which intersect column: at one of the three consecutive
natorial constructions have been successfully employed R@ints, and theB. permutations are bad for each of these
construct a wide range of codes with excellent decodif@lumns a total of
performance, in part by guaranteeing Tanner graphs with a -1 2(vy-1
certain minimum cycle size [12], [13]. In this section we b :3!<g> [3!(7 3 )(”_4)!+ 3(7 2 )2!(”_4)!]
present combinatorial constructions for RA code interdgayv N n )
which also guarantee RA Tanner graphs with no small cycldénes. Further, thé —3(7=; — 1) — 1 remaining columns in
A (v,~) Steiner2-design is an arrangement ofpoints into N, which do not intersect at the three consecutive points,

b=uv(v—1)/v(y — 1) subsets, calletocks such that [14]; are €ach bad for a total of

D1 there are exactly points in each block, By = 3! (7> {2 <” - 4> 3! (7> (v— 6)!} @)
D2 there are exactly = (v—1)/(y—1) blocks which contain 3 2 3

each point, and of the B, permutations. Thus th8, permutations give rise to
D3 every pair of points of the design appear in exactly one 1 o1

block together. BT_BC+3<U 1 1) Br + <b?>7 T +2> By

A Steiner 2-design can be described by a binaryx b ) _ -

block B; of the design and each row a poiR}: Br - (v =2)(v(v—8) —v2 +8) S 9
°r 5 —
N, — 1 if PZ'GB]‘, (3) B. (1)—2)(’0—3)
4J 0 otherwise. which occurs provided

Lemma 2: Any row or column permutation of\” is also
the incidence matrix of a Stein@rdesign.

Proof: The properties of a Stein@rdesign (D1-D3) are Existence of a Steiner 2-design requites v2 — v + 1. For

independent of the ordering of points and blocks. B 4 > 3 equation (8) is satisfied for all suehand the proof
By Property D3 we also have follows. |

1
v>o(By-1+ VAy3 — 3172482y —T1).  (8)

Vie{l,...,u—-1} 3 B;jeN : P,P1€B,. (4) By Lemma 2, (4) holds for any permutation of the rows
of NV, and by Lemma 3 we can always find a permutation of

We denote byB(i) the block containing bottP; and Pi1.  the rows of A/ such that (5) holds. Thus we have proven that,

Then if despite the constraints of the RA accumulator, a permutatio
B(i) # B(j) Vi,j<v—-1i#], (®) always exists which maps the incidence matrix of a Steiner
the columnsB(1), ..., B(v — 1) are distinct. 2-design into the parity-check matrix of an RA che, using
Lemma 3: For any’ the incidence matrix of a Steiner 2-Columns 5(1),..., B(v — 1) to form I, by removing the
design withy > 3, there exists a row permutatian so that €Ntries 'fromB(z) not in rowss or ¢ + 1. What is more, this
(5) holds. code will always bel-cycle free due to the properties of the

original design.

Starting with the Skolem family of triple systems (see e.g.
B, = (v—-2) (7>3!(v —3)! (6) [15, Section 8.2]), we define a deterministic construction f
3 such RA codes when = 3:
permutations of the rows ol that will place three of the  congtruction 1: Construct an RA code with/ — 6m+3,

non-zero entries of columm into three consecutive rows. n; _ (6M +3)(6M +2)/6 andg = 3 for any integerm > 2
We call these the “bad” permutations for column There 5q follows: B

arev(v — 1)/y(y — 1) columns inN, so for any of thev!
row permutations to cause no bad columns, each permutatiadh Arrange the numbers$,2,...,6m + 2 in three rows as

Proof: Take any columre of A/. There are



the array: resolution classes, each setwgfy columns inA\ will contain
a ‘1’ entry in every row. Constructions for resolvable Steiner

0 1 2 ... 2m—1 2m - . . -
om41l 2m42 2m+3 ... 4m Am 41 2—dde5|g:1_n?l o sollgtsf eX|st_f04r alII: :F3 (Imod 6) for _yt: 3
dm+2 4m+3 4m+4 ... 6m+1 6m+2 andv = 4 (mod 12) for 7 = 4 [14]. For largery, existence

results are incomplete, although constructions exist fanyn
The i-th block of the design, foi = 1,...,2m + 1, is y (see e.qg. [14], [15]).
given by the columns of this array i.e. To construct RA and w3RA codes from resolvable designs,
we use only a subset of the resolution classes of the design
to constructH. RA and w3RA codes with parametetsand
2a For each paifa, b} in the first row find the entry: in ¢ are constructed using + 3 < (v — 1)/(¢ — 1) of the
the second row such that resolution classes of &, q) Steiner 2-design with three of
these classes used to construct the accumulator. Since the

B; = {i,i+2m+1,i+ 4m + 2}.

2c=a+b(mod 2m +1). ) columns of\ need to be maintained in their resolution classes,
The triples{a, b, c} in the orderj =0,...,2m —1, k= We cannot permutdy/ to constructH; in the same way as in
j+1,...,2m, {a,b} = {j,k}, give the next(2’”2+1) Lemma 3. Instead, a pseudo-random construction is proposed
blocks. minimizing the number of column permutations which occur

2b Repeat 2a) for each pdju, b} in the second row of the outside of the three resolution classes designated{for
array, finding the entry in the third row which satisfies ~Construction 2: Construct a lengtV, rate R = a/(a+3),
(9). The triples{a,b,c} taken in the orderj = 2m + W3RA code with gag (or RA code by setting = M —1) with
L,....4m, k=44+1,....,4m + 1, {a,b} = {j, k}, give repetitiong = 3 using the incidence matriX” of a resolvable
the next(2m2+1) blocks. (v = (1 — R)N,3) Steiner2-design as follows:

2c Repeat 2a) for each pdiu, b} in the third row of the ar-  Fori=1,...,0—1,
ray, finding the entry: in the first row which satisfies (9). 1 Find the minimuny > i such that thé-th column of A/

The triples{a, b, ¢} in the orderj = 4m+2,...,6m+1, contains a1’ in row i. If [ < v andi < g, and there
E=j+1,....,6m+2, {a,b} = {j,k}, give the final exists a 1’ in the j-th row of column/ such that either
(2mQ+1) blocks. j>i+1+g,0ri+1<j<g+1, swap thd-th andi-th

3 Setu = v/3 then define¢; = v+ 1, ¢, = 3u — 3, columns of V" and swap the-th and ¢ + 1)-th rows of
Cur1 = M+ Du+1, Gy = (Mm+3)u—3, Cour1 = N. Otherwise, find the columi () in A" and swap this
(2m + Lu + 1, and (3, = §(3u — 1) — 1. Then, for column with thei-th column of A. In the second case
ji=0,...,2,k=1,...,u—2, the resolution class which containé®{i) must now be

excluded from use i, as it is no longer regular.
Cuth+1 = Gutk +u — k. (10) 2 If the third non-zero entry of columnis in row i + 3,

4 Construct the design incidence mati¥ as per (3). randomly swap this row with some other rovgatisfying
The columns(y,...,G,...,¢, of N form Hs and the r>i+3. Ifeitherg+2<i+3<i+g+1or
remaining columns of\V" are kept in their existing order g+2<r<i+g+1, the accumulator entries that have
to form H,. Finally, for i = 1,...,v, replace the I’ been moved by this permutation must nhow be manually
entry of thei-th column of H, which is not in thei-th replaced and the columns which also contain the newly
and (i + 1)-th rows with 0", O created pairs must be excluded from uséddin

Step 1 of Construction 1 mirrors the construction method3 If @ = v — g, replace the third non-zero entry in column
defined for Skolem triple systems. The modifications require ¢ With “0". Otherwise, fori < v — g: if the third entry of
to construct an RA code are the constraint on the ordering of the newi-th column is in row; > i + g, switch thej-th
the blocks in Step 2, and the definition of the required column ~ @nd ¢ + g + 1)-th rows of \V, otherwise place a zero in
permutation in (10). entry N'(4,7) and a one in entr\W (i + g + 1,4). In the

Steiner 2-designs produce very high rate codes, since the latter case, the two columns with the pafiisi +g + 1}
original incidence matrices contain the maximum number of ~and{i+1,i+g+1}, respectively, must now be excluded
columns possible without addingrcycles. Thus codes from ~ from H; in order to avoidi-cycles.
these constructions are likely to be useful in applications4 The firstv columns of now give H,. Take the columns
such as magnetic recording or long haul optical transmissio ~ from a of the unused resolution classes/ifito make up
To produce codes with lower rates, for applications such as the columns off;. 0
wireless communications, we propose in the following secti In Construction 2 an attempt is made to use only the first

a construction modification employing resolvable designs. three resolution classes of the design, correspondingtbrst
v columns of N, to construct the accumulator. Where this is

A. RA interleavers from resolvable designs not possible, columns from resolution classes outside ef th
A design isresolvable if the blocks of the design can befirst three are then used. In this case the resolution class fr
arranged into- groups, calledesolution classes, such that the which the additional column is taken is thus incomplete and

v/~ blocks of each resolution class are disjoint, and each clasnnot be used to construct a regutr. In practice, however,
contains every point precisely once [14]. If the columnshaf t very few columns outside of the firstare needed to fornil,,
incidence matrix of a resolvable design are arranged iisto @&nd so it is possible to construct completely regular RA and



w3RA codes for most values af. Again, because we start
with A/ the incidence matrix of a Stein@rdesign, we have
codes with Tanner graphs free #fcycles.

Construction 2 is not deterministic. However, by using the
deterministic nature of the design, deterministic cortitoms
for some RA codes can be given by starting with the Ray-
Chaudhuri and Wilson construction for resolvabje = 3
designs [16] as follows.

Firstly, we consider a traditionaM x M accumulator
matrix, Ho, with the addition of a singlel’ entry in the last
position of the first row. Applying the permutation

II= [1,4,7,10,...,%—2,2,5,8,...,%—1,3,6,9,...,%—1]
(11)
to both the rows and columns @f,, gives the matrix
IO 0 Il 2b
Hy=| 1 1° 0 |,
0o 19 19

where I’ is a cyclic shift byi places of theM /3 x M/3
identity matrix and0 is the M /3 x M/3 all zeros matrix.
Given any circulant permutation matrix

v 0 I/
C= |1 1¢ 0 |,
0 I¢ e

row and column permutations exist to permdténto the form
H,, and henceH,, when

f—(e—d)—(c—b) (mod M/3)=a+1 (mod M/3). (12)

The condition in (12), together with the relationship betwe
C and Hs, is used to construct RA codes in Construction 3.3b
Construction 3: Let ¢ = 6m+ 1 be a prime powenn any
integer. Then construct an RA code with= 3, M = 3,
N=(a+3)pandR = {5, foranya=1,...,(M —1)/3
as follows:

1 Lety = 6m+ 1 be a prime powerm an integer and 3c
take® a primitive element of Gfkp), where GF) is the
Galois field of orderp, so thatd®™ = 1, §>™ = —1, and
6?™ +1 = ™. Consider the point s€? = GF() x Zs.
ThenP consists of3p elements, these beigycopies of
each element of Gkp). An element(a, i) € P represents
the i-th copy of the element in GF(y).

Construct the blocks:

4

A - {01; OQa 03}7

Bi,j {9;’ 9;‘_-{-2771, 0;+4rn}, 1 S i S m,
Cij = {07,025, 0005m), 1<i<m,
D;; = {6.,6073m,00057, 1<i<m,

for 1 <j <3 (mod3), whered} = (6", j) € P.

From the set ofn blocksD = |J D, fori=1,...,m,
choose the blockD;, ; which contains the two elements
(0*1,y,) and (672, y2) such that¥*2 plus 2m copies of
the additive identity of GRp) gives #*1. Such a block
must exist since each block; ; contains6 differences,
none of which can repeat due to the properties of the
design, giving allbm elements in Gkp) (other than the
additive identity) in the differences from the blocksZn

2a

3a

The three block®;/ 1, Dis 2, D;s 3 €ach contain one copy
of each#®, #*2 and a third elemert®s. Order the blocks
D, 1,Dy 2,D; 3 so that the block containingg™, 1),

is designated; . If d; contains(6*2,2) define asd, the
block containing(#**,2) and definew; = 2, wy = 3,
otherwise,d; contains(6*2,3), and the block holding
(6*1,3) is now designatedls with w; = 3, ws = 2.
The remaining block is then designatég. Each block
dy, do, andds, with its translates, make up one of the
three resolution classes that will be used to construct the
accumulator. (The translates of a blocK are the blocks

d+g:={(eog,i): (e,i) € d}

for all g € GF(¢), whereo is the additive operator defined
for GF(¢)).

Construct th&y blocks in the orderd; and its translates,
do and its translates, ands and its translates, where
the translates are taken in the orde= {0,1,101,10
1o1,...}, where0 is the additive identity and is the
multiplicative identity of GKy). Then, taking the3y
points in the order

{(0,1),(1,1),(101,1),(10101,1),...,
(O,wl), (1,@1), (1 o] 1,w1), (1 olo l,wl), ceey

(O,WQ)7 (1,WQ), (1 O I,WQ), (1 olo 17ZU2)}, (13)

the incidence matrix of these blocks givEs.

Each of the remainingyn — 3 blocks in D, other thani,,

de andds, gives, with its set of translates, a resolution
class. These classes provide the fip$8m — 3) blocks
which can be used to construf;.

The blocks ind, B andC together make up the blocks of
one resolution class. Each translate of this set of blocks
gives a further resolution class. Thegé blocks make

up the remainingpy resolution classes which can be used
to constructH;.

Select any: of these9m — 2 resolution classes and form
H; by constructing the incidence matrix of the selected
blocks, using the same point set ordering as Aot

Each block inD contains one element from each copy of
GF(y) and thus the incidence matrix of the translates of
these blocks produce a column of thrgex ¢ circulant
permutation matrices. By Step 2, the three columns of
circulant matrices corresponding &9, d2, andds:

N CA
Ho= |10 1¢ I"
Ic 1 r
havea =e=14,b= f =g, anda — b = 2m. Thus
g—(i—f)—(e—>) (mod 6m+1)

a—2m— (2m) — (2m) (mod 6m + 1)
a+1 (mod 6m + 1).

So for this circulant permutation submatrix, (12) is sat-
isfied and H = [H,, Hs2] can be transformed into the
form required by replacing the circulanis, I¢, I with
the ¢ x ¢ all zero matrix, replacing thel® entry in
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Fig. 2. The error correction performance on an AWGN channelaté-r
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Fig. 3. The error correction performance on an AWGN channekngth-
2035, rate9.945 (a = 52), and length2037, rate9.857 (a = 18), RA codes
using sum-product decoding with a maximum1@f00 decoder iterations.

the last column off ¢ with ‘0", and applying the inverse [g]

permutation of (11) to the rows df and the columns of
Hs. O

same length, rate and density (i.e. column weightDPC
codes). Thus we have achieved repeat-accumulate codes with
equivalent performances to LDPC codes while maintainirg th
advantage of a simple encoding circuit.

V. CONCLUSION

In this paper we have considered the design and implemen-
tation of repeat-accumulate codes. Firstly, we proposeea n
accumulator design to improve the error floor performance of
RA codes. These w3RA codes generalize repeat-accumulate
codes, thereby giving rise to RA codes with parity-check
matrices closer to those of LDPC codes. We then showed in
Lemma 3 that for every possible Steirfedesign there exists a
row and column permutation mapping the incidence matrix of
the design into an RA code interleaver and accumulator, thus
producing RA codes with Tanner graphs of gih Lastly,
we expanded our examination to codes constructed using the
notion of design resolvability, to present regular RA andR&3
codes which have Tanner graphs free of 4-cycles.
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