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Abstract— The combination of low-density parity-check
(LDPC) codes and iterative decoding algorithms has shown
to have high performance. A well-known iterative decod-
ing algorithm, the belief-propagation (BP) decoding algo-
rithm, decodes all bits in parallel at each iteration. An
improved BP decoding algorithm, the shuffled BP (SBP)
decoding algorithm, decodes each bits in serial at each it-
eration. Moreover an improved SBP decoding algorithm,
the Replica SBP (RSBP) decoding algorithm, uses two sub
decoders. Since the SBP decoding performs in the decreas-
ing order of bit node degree for irregular LDPC codes, this
decoding shows high decoding performance. However, as
for the RSBP decoding such strategy wouldn’t work due to
the use of two sub decoders. Therefore in this paper, we
propose an efficient strategy of the RSBP decoding based
on degree distribution for irregular LDPC codes. We show
simulation results which indicate that the performance of
the proposed decoding is better. In addition, we also show
fast convergence of the proposed decoding by density evo-
lution.

Keywords— low-density parity-check code, irregular LDPC
code, belief propagation decoding, replica shuffled BP de-
coding, density evolution

1 0000

000000000 (LDPC) 00 (1], [2] 0019620
ORG Gallager 0D O DO00ODOO0OOOOOODOO
00o0o0o0ooboooooobooobooooooo
0ddoo0oooOooooLbpCOOOOOODOOOOd
000000 belief-propagation (BP) U0 O O O sum-
product OO0 OOOODOOLDPCOOOOOOOOO
0ooooooooooobobooobooooobood
00d00ooooooo0o0ooooo LbpCOOOd
O0BPOODODOODOODOODOOShannon OO0
0000D00000DO0O0 [4, (500000000
0000000 NOODOO Oo(N)ODOUOoooooo
oo

*0 169-8555 U U0UOOUOOOOO 34-1 DOOOOOOO
000000000000 0000Major in Industrial and
Management Systems Engineering, Graduate School of Cre-
ative Science and Engineering, Waseda University, 3-4—
1 Okubo, Shinjuku-ku, Tokyo, 169-8555 Japan.
yosiyuki@hirasa.mgmt.waseda.ac.jp

t'0D 1828585 0OOODDDOOOOD 1-5-1 000000000
00000000Education and Research Center for Frontier
Science, University of Electro-Communications, 1-5—1 Chofu-
gaoka, Chofu, Tokyo, 182-8585 Japan.

E-mail:

129

Hideki YAGI

ooooof goooo-

Shigeichi HIRASAWA

BpOOOOOOOOODODODOODODOOOOODO
goBpOO0OO0O0O00O0O0O0O0ODODDODOOOOOOOO
gooobobobooobobobobobobon
00000000 Shufled BP (SBP) D OO [7], [8], [11]
000000o00oU0ooooUoooooooooo (o
0)0000000ooo0o0oooooooooooo
gboboooboooboooboobooboobooo
gbobooboobooooooooboobooooboooo
gosBpOoooOoOoOoOoOOOOODODODDDDDOO
gbooooooboobooooooboboooobn
gboobooboobbooooboooboobooobooag
000000 Replica Shuffled BP (RSBP) DO 00O
000000 [8), [11J0RSBPOOOOOOOO0O00
gbooooobobobobobooobobobon
gbooooboooboobooboooobobood

BpOOOOOOOOODOOODOODODOOOOODO
(density evolution)[4], [5] 00 00O00O0O0LDPCOO
J00d00d00o000o00oooUoUUUoUoUoo LbPC
oo00ooOoOooooooooLbpCcoOoOoOoOoOO
goooooooDoooOoOooooLppCcObOODDO
00000000 LbpPCOOOOODOOODOOOO (3],
[(500000BPOOODOODO RSBPOOD [11]0
gbboooboooooobooboooobooooo
0000o00o0ooUo [1o)ooooooooooooo
ooooooo LbpCOCOOOOOOOODOOODO
OSBpOOO0OOOOOOOOOOOORSBPOOO
ooooooo LppCcOOdOdOOOOOOOOOOO
ggbogobobooboobaooboobobobab

O0D0O00O0ORSBPOOOOOOOODODO LDPCO
oo0o00o00oooOooOoOoOoooooOoooO RSBP
ubooobooooooboobooooboooooo
gboogbobooboooboboboboooon
O00O0oO0RSBPOOOOOOOOOOOOOODDO
gboooobooooooooo

2 00
2.1 LDPCOO0O0O0O0OOO

LDPC OO [1),[2)0000000000000 MO
NOOOODOO HOOOOOOOOOOOOOOLDPC



0000000 HOOOOOOOoODOoOoooooo
gdbo0odoooboooooobooooooooon
dodooooooD/loooooooo yooooa
0ooooooOoloboooooD p00O000oOo
000000 NOOOOOOOO Aw) =%, Aal—10
p(z) = Y% pz!-l000 20000 LDPCOODOO
oo0ooodod,0d. 00000000000 0000
gooooooobooooda

20 LDPCOOOOOO = = (x1, z9, - -
zHT = o0 00000000 1 — 100 —- -0 OO
000000000000 TOooooooooooda
gdododbooooodoooooooooon e =
(e1,€2,---,eny) 000000000 y=(y1,92, -+, Yn)
O0o00oo0oooooo y00bOooo0 000000

22 BpOOO

BPOUOO [1,)2]0 LbPCOOOOOOOOOOO
O00Osum-product 000000000 OBPOODOO
ooooooooooooooooo

0oo0 y=(y1,¥2,.---,yn) 0000 n=1,2,---,N
gooooooooo
Pr(yn|zn = 0) (1)
Pr(yn|z, = 1)
g00o000bDO0obOO0o0OoOOo HOOmDOO OO
oood H,,ODODODODOO HOOOOOO 2000
gpooogo

Uch,n = log

N(m)={n: Hp, =1}, (2)
M(n)={m: Hy,,, = 1}. (3)
[BPOOO] O

00000Hu,,=100000 (m,n)0000 249 =
Unn0000i:=100000000000 I O
000

stepl-aln = 1,2,---, NOOOOOOOOOOOO
ooo

00000OmeM(n) 000000000000

11 tanh(‘c%;}))>. (4)

U@ = 2tanh ™ (
n’eN(m)\n

stepl-b0n =1,2,---,NOOOOOOOOOOOO
ooo
0000OmeMrR) 000000000000
Vi) = Uehn + Z
m’eM(n)\m
step200000000000000000OOO0.
(0000000)n=1,2,---,NOOODOOOOOO
oooooooosoo0o0000000 &9 =3,

vl o (5)

130

'7171\/') € {071}N7

. 0, if v\’ <o,
RS (6)
1, otherwise.
oooov® o
V) i=Upm+ Y, U (7)
meM(n)
oooQ

@Oooo000) @YY =0000 i = I 000
Y 00000 20000000000000000
U000 ¢:=44+100 stepl-aD 00 O

BpOOOOOoOOOoDOObOOoOoOOobOoOobOOoDO
0000000ooooooo 20

3 Uodg
3.1 Shufled BP OO0

2200000000 BPO0OO0OOOOOOOOO
00000000000000000SBPOOO [7], (8],
(11000000 00000000000000000
0ooo

000 BPOOODOO (40U 00000000
i—10000000000000 VY /e Nm)\n
0000000000000000000000000
000000000 VY, 000000000000
00029 0000000000000000 SBPO
0000000000000000000000000
oooooooooooo.00000000 v, 0

noo v, oooooon

[Shuffled BP 0 O0O0O] O
OSBPOOOOOOODDO step200000000O0
O00oO0O0dO0BPOODOOOOODOOSBPOOO
00000 BPOOODO stepl-a, stepl-bO0 0000
ooooooo

stepl’) n=1,2,--- NOOOOOOOOOOOOO
googoo
O000OmeM(n)0O0000O00O0O0OOO

(2)
H tanh ( V’g"' >

n!/ €N (m)\n

n/<n

< ] tanh<vﬁgf)>>. (8)

n’ €N (m)\nld

n/>n

U = 2tanh™* (

O000OOmeM(n)0OO0O0OOOOOOOOO

VGO = U+ > UL (9)
m’eM(n)\m
m|



3.2 Replica Shufled BP O OO
SBPO000000000000000n=1,2---,N
00000000000D0000,00000000
00000000000000000000000n=
N,N-1,---,100000000000,0000000
000000000000000000000RSBPOO
00000200000000000000000000
000O000nr=1,2,---,NOOODOOODOOOOOO
00000000000000000n=N,N-1,---,1
00000000000000000000000000
0000000000000000000000000
0oooo
000200000000 DoDO000000OO0
00O0DO00000000000000 U000
v o7 nopoooooB OO0 = 1m0.-ON0
DOOn=NON-1,---01000000000000
0000001<n<NOOOORMm)ORMROOO
000
Rn)={n"|n<n <N-n+1}, (10)
Rn)={n"|1<n <N,n €R(n)}. (11)

O000ON/241<n000 R(p)=00000
[RSBP 000 O

0RSBPOODODODODOOOO step20000000
000000000 BPOOOOOOOODOORSBP
00000 SBPOOOO stepl’ 000000000
000

stepl”On = 1,2,---, NOOOO m € M(n)Op =
N-n+10000 ¢eM(p)0000000000
00000000

ooooo

U,(,le = 2tanh™! (

(@)
H tanh(vrgznl)
< 1
n! €N (m)\nl

n’ €N (m)\n
vy
tanh(m;> 0 (12)
n’/€R(n)

n/ €R(n)
vy
H tanh(qp)
2

p' EN(a)\p
' €R(p)

< ] tanh<v224)>)[]ﬂ3)

p’ €N (q)\ N —pD
p’ ER(N—p)

i) _ -1
Uq(p) = 2tanh (

ooooo

VO =Upm+ Y. UDO (14)
m’eM(n)\m

VO = Uap+ Y. USD (15)

¢’ eM(p)\q

O

oo0o0ooOoO2000 RSBPOOOOOOODODOO
goodo200b000dboboodonooooonoooon
odooooooo0oO0oooooooooggoooo
2000000000000 0OO0OOUOOOUOOD (8
0 RSBP O 0O 0O 0 O Onon-synchronous RSBP O OO O
synchronous RSBPO OO OO0 OO0O0OO0OOOOOO
00 synchronous RSBPO OO OOOOOOORSBPO
000oDooooooooooooo1000o

—_ ] B

D ———

0 1. 000 RSBPOOOOOOOOOOOOOOOO
(N =6)

4 0000
41 0000OO

000 LDPCOODOD0DOODO0O0O000O0O LDPC
0000000000000000000000000
0000 50000000 LDPCOOOOOOSBPO
0000000000000000000000000
000000000000000000000 (1000
OO0 RSBPOOOD 20000000 DODOOOO
0000000000000000000000000
0000000001000000000000000
0000000000000000000000000
0000000000000000000000000
000000000000000 LDPCOOOOOO
RSBPOOODODOOOOOOOO0OO0OOOOD RSBP
000000000000 0000000

000000000 20000000 D0D,000
0000000000000000000000000
0000000 1,N/241,2,N/2+2, .-+ ,N/2—1,N —
1,N/2,NOODOODOOODOOOOOONDOODOODOOOD
00000 D, 00000000 n=1,2,---,NOOO
00000.00000000 D,0000000 N/2+1
000000000p=N/2+1,N/2+2,---,NOO
0000ONDOOOOOOOp=10001,2,---,N/2
0000000020000000000000000



gboooobliooboooboobooooboooo
oboooooobooboooobooboo

42 00000000000
(000 LDPCOODO0O0O0O RSBPOOO] O
s1. 00000 1,N/2+1,2,N/242,--- ,N/2—1,N—
1,N/2,NOOOOOOOOOOOOOOOOO
s2. 00000 D;0 D,O0O0OO0O n=1,2,---,N
0p=N/24+1,N/24+2,---,N,1,2,--- . N/2000
ooooo

s3. RSBPOOO0O00D000000 (10)0(11)0 R/ (n)0

R(n)00000000000000
R'(n)={n"|n<n' <N/2

n+N/2<n <N}, (16)

R'(n)={n"|1<n' <N,n ¢ R(n)} (17)

O

OO0 RSBPOOOOOOOODODODODOOODOODOO 2

good

b S—
e 46 @) @ @)

02 0O00RSBPOOOODOOODOOODOOODOOO
(N =6)

5 Oouogdoobobod

00000 40 LbPCO0OO0OODOOOODO BP
gbooboooobooboboobooocoobobooooo
goobOooOoooBPOOODOOOODOOOOOO
oboboooboooboooboBPODOOOOOOOOO
gbooooooooobooboobooooooooo
Jooooooooooo0oUob0oo0OO  NO N — o
gooLppCOOO0ODOODOODOOOOOODOO
gooooog

5.1 Shuffled BP O Replica Shufled BP 00O
ooooooooo

00 [11]000SBpPOOOO RSBPOOOOOOO
JdoooDoOoooooooOoooSBpOOOO RSBP
goooooooooooobobooooboooooon

gboooboooobooboobooooooooo

132

000000000LDPCOOOOOOOOOOO GO
0000000000000000000000000
0000000000000000000010000
0000000000000000000000000
000 fy,, 000000004:00000000¢00
DDDDDDDDDDDDDDDDDj@DDDDDD
000000000000 /40000

SBPO00DO00D0DO0DON0ON0O00D BPOO
DDDDDDDDgle .,G0000

ZM ( fU;,,> ( (é?j))H), (18)

DDDDDDDD?DDDDDDDDDDDDDD

D (83)00000000 £ 00000¢ <g0OOD
f@Dj>gDDDf%”DDDDDDDDDDDDD
00000000000 000000000000 ¢0
DDi—lDDDDDDDDDDDDDDDDDDDDD

= _Iva,a

(2)

Vg’<g

(19)

Z f(l 1)

g'=g+1

(i=1)
A 20
fv, = (20)
gbobooboooobooboobooboooboan
0000000 0000y 00000000ooooo

Y(V1,Va) = 2tanh ™! (tanh (‘g) tanh (‘f) ) . (21)

000 BPOOODOOOOOOODODOOOOOOOOO
00000000 (22)0000000000%00 (21)
0000000000000000000000

fo =T U(U(fv, fv), fv) s fv) = T, (22)
goodbooooooooobobobooooo g0

obooooboboooboboboOoobooboooono
gbobooooobooooooo

G-1
(6-1): -
ggdb:d0bobbdggybbbooooobn
g—1 G-y
(51) (32, ) 2

gob. oboooboobooooboobobooon
gboooooaa.

ot () )
= j=0 ( -1 )
(‘I/]f() pl1- Jf‘(;ll))' (25)

RSBPOOOOOODOOODOOOOSBPOOOODO
g00o0oo0o00oooo0oO0OooooOogOooRSBP
000o0o0oooooosBpoooooooooono



gbooooboobooboobooboooooboo
gbooooooboooogoobooo

ALY — 1) 1<g<a), (26)
FO 1Y G2r1<g<G (@D

52 00000D0OO0OOO0ODOOOO Shuffled BP OO
gboooooboooo

00 (100000000 LbPCOO0OOOOOOO
gboooobooboooooooboooboooooo
gbooooooobboobooooboooboooooo
gooooooooooooDbobobOOooooD sBpPO
gbooobooooooboooboooobooboo
oboooooo

ooOoSppOO0O0OO0ODOOOOOOO GOOO
gbooboooooboooboboooboobooboono
gboooobooboobooobooobool1lobooonoa
gooopooogoooood g=1,2,---,GOO00O0O
gbooooooobooobooboobooooooooo
goooo/ogopoobo G-a0000000000
gbooooboobooooooooo

W=F (f(fUchw (f( 5}‘;)>“>, (28)

pooofy o0fY 0OODOOOOOOOOO
g'<g g9’'<g

0000000 (1900 (20000 (250000000
00000

5.3 00 Replica Shufled BPOOOOOOOODO
ooo

0000 RSBPOOOOODODOODOOOOOOOOO
1,N/2+1,2,N/2+2,---,N/2—-1,N - 1,N/2,N O
Jddodoooodooooodoguoooooooan
g=1,2,---,GO0000000001<g<G/2000
000000 G/2- 00000000000 (28)0
ooo0oO0o0G/2+1<g¢g< @GOOOOOO!OOO
000 G/2-A00000000000 (280000
ooo

0000000 (26)00 (27) 000000000000

1—1 i
Vioa ) 195G (20)
Vo, h GRE1<g<G. (30)

6 ODUdboooboobbooobood

oo
6.1 0000000000
0000 RSBPOOODODODODODODODODODOOOOO
0000000000000000000000000
000O0BPOODO [1],)2J0SBPOOOOOOO RSBP
000 [7J000 RSBPOOOOOOOOOOOOO0

133

00000 N =4000000000 Az) = 0.0769z +
0.692322 + 0.23082°0 p(x) = 0.461352° + 0.538652° O
oo00O LbpCOOOODOOOOOOOOOODOODO
0000 (AWGN)DDDDDDODDODDOOoODDDoO 1060
gbooooobooboooboeoobooboooooo
obooooooo

6.2 0O0OO0OOOOOOOO
oobobooooboobobooo 30000 N =
4000000000000 I =5000000000
BrPOOOO SBPOOOOODOODOOOOO Imax =3,5
O000O0O0OoOooRSBPOOOOOOOO RSBPO
000 BEROOOOOOOO 30000 SNO dBJOO
obooooooob BERODOOO

1.00E-01

1.00E-02

1.00E-03

o
L1,00E-04
[a)

<X+ B HE DBP(Imax=5)

100E-05 17 __y.. SBP(Imax=5)

- - - $EERSBP(Imax=3)
—A — £ KRSBP(Imax=5)

—e— {23ERSBP(Imax=3) \ \K

—8— {2 RSBP(Imax=5)

1.00E-06 [}

1.00E-07

10 14 22 26 30

18
SNRIdB]
O 3: N =40000 Inax = 3,50 000 BER

030000000 RSBPOOOOOOO RSBPO
U000 Inx =30000000000000000
gooodoooooooooOoOoOoOooobooo Lbpe
goobooobobooooooooooboooooo
gbboooboooooobooboooobooooo
goooooooooooooooooD rRSBPOOO
O0 Imax =30000n. =50 SBPOODOOOO
gbobooobooobobooooboooboobooooa
oooSBpO0O0O00OOO0OOOOOOOOOOOOO

6.3 00000000000000
00000SBPOOOOOOOOOOOOOOOO
SBPOOOORSBPOOOOOO RSBPOOODOOODO
000000 (BER)OO 400500000400 50
000 BEROOODOOOOOOODOO0OOOOOOO0
00000000 (SNO)[dB] O SN O =0.45172[dB] O
000000000 G=100000000000 Az) =
0.30013z +0.2839522 +0.41592270 p(z) = 0.229192° +
07708126 000000 LDPCOOOO0O0O00O 40



00000 sSBpOoO0ddgooooooOoCooOoOd
OSBpOOdOOOO0ODOOO0ODOOOOOOOOOO
O00O0OO000o0o0oOos0000000 RSBPOOOO
OO0 RSBPOOOUODOOODOOOOOOOODOOO
ooogd

1.20E-01

1.00E-01

— SBPHES &

8.00E-02

— RBDKEWVIED
SBPIES A

=
N\

BER

6.00E-02

4.00E-02

2.00E-02 -

0.00E+00

0 40 80 120 160 200 240 280 320 360 400

BRYRLEH

0 4: SNR=0.45172[dB] 00 SBPOOOOOOOODO
oo0oCcOoOoOo SsBpOODODOOOOOCOOOOOOO
O BER

1.20E-01

— tERSBPES %
— IRERSBPE 5%

1.00E-01

8.00E-02

6.00E-02

BER

4.00E-02

2.00E-02

NS
\

90

0.00E+00

0 30 60 120 150

- DRAWIE-¢

180 210 240 270

0 5: SNR=0.45172[dB] 00 RSBPO OO OOO RSBP
O0o0obooo0oOoboOobooo0og BER

v 0booood
oooooOoooLbpCO0OOOOOOOOO RSBP
ooboobooooooooooobooooobooonDn
ooboobooooobooooobobooobooooDoo
O000C0O0CORSBPOOOOOOOOOO RSBPO
ocooOooOoOoOoOOODODODODDOODOORSBPOO
0000000000000 Inx=30000000
OO00oo0O0ooOdooOooooooooo LbpCcOO
00000000 SBpPOOOORSBPOOOOOOO

134

gbobooobooobooboooooooooobooag
gboobooobooobooboooooobooobooooo
oboooo
goooooooooopooRsBpOOODODODOOO
gbooooobo20b00000000000000000
oboooooooooboooboooboooooboonoag
0O [12]000000000000 SBPOOOOOODO
000000110000 SBPOOOOOOOOOO
gboooboooobboooooobooobooooao
gboboooooooooobooooboobo
gbobooooboobobooboooobooooogoon
oooo0oooobooOo2e07000obDbOOoooooon
gbooooboooooboooo

oood

[1] R. G. Gallager, Low density parity check codes, MIT

Press, 1963.

[2] D. J. C. MacKay, “Good error-correcting codes based
on very sparse matrices,” IEFEE Trans. Inform. The-
ory, vol. 45, no. 2, pp. 399431, Mar. 19990

M. G. Luby, M. Mitzenmacher, M. A. Shokrollahi and
D. A. Spielman, “Improved Low-Density Parity-Check
Codes Using Irregular Graphs,” IFEFE Trans. Inform.
Theory, vol. 47, no. 2, pp. 585-598, Feb. 2001.

T. Richardson and R. Urbanke, “The capacity of low-
density parity-check codes under message-passing de-
coding,” IEFEFE Trans. Inform. Theory, vol. 47, no. 2,
pp- 599-618, Feb. 2001.

T. Richardson and R. Urbanke, “Design of capacity-
approaching irregular low-density parity-check codes,”
IEEE Trans. Inform. Theory, vol. 47, no. 2, pp. 619—
637, Feb. 2001.

S. Chung, G. D. Forney, T. Richardson and R. Ur-
banke, “On the design of low-density parity-check
codes within 0.0045 dB of the Shannon limit,” IEEFE
Commun. Lett., vol. 5, no. 2, pp. 5860, Feb. 2001.

J. Zhang and M. P. C. Fossorier, “Shuffled iterative
decoding,” IEEE Trans. Commun., vol. 53, No. 2, pp.
209-213, Feb. 2005.

J. Zhang, Y. Wang, and M. P. C. Fossorier, “Replica
shuffled iterative decoding” Proc. of 2005 IEEE Int.
Symp. on Information Theory (ISIT2005), pp. 454
458, Adelaide, Austrailia, Sept. 2005.

Z. Chuan-Gang, Y. Jin-Sheng, .. Xue-Hong, L. Jia-Ru,
“Improvement of shuffled iterative decoding” Proc. of
2006 IEEE Information Theory Workshop, pp. 114—
116 , Chengdu, China, Oct. 2006.

OO0 00000 00000 oo, “00o0oooooon
Shuffled BPODO,” 0 2900000000000000O
00 0000O0SITA2006, Hakodate, Hokkaido, vol. 29,
No. 2, pp. 823-826, Nov. 2006.

J. Zhang, Y. Wang, and M. P. C. Fossorier, J. S.
Yedidia, “Iterative decoding with replica” IEEFE Trans.
Inform. Theory, vol. 53, no. 5, pp. 1644-1663, May.
2007.
E. Sharon, S. Litsyn, and J. Goldberger, “Efficient se-
rial message-passing schedules for LDPC decoding,”
IEEE Trans. Inform. Theory, vol. 53, no. 11, pp. 4076—
4091, Nov. 2007.

3]

[10]

[11]

[12]



	typ_page1: 130
	typ_page2: 131
	typ_page3: 132
	typ_page4: 133
	typ_page5: 134
	tyt_no: 
	typ_page: 


