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VLSI Implementation of QC-LDPC Decoder Using Optimized TDMP Algorithm

Bao Dan, Xiang Bo, Shen Rui, Chen Yun, and Zeng Xiaoyang
(State Key Laboratory of ASIC and System , Fudan University, Shanghai 201203)

Abstract An area and power efficient VLSI architecture is presented for QC-LDPC decoder based on
optimized turbo-decoding message-passing ( TDMP) algorithm. The optimization is based mainly on
the check node updating using normalized Min-Sum (NMS) scheme, which has been proposed for the
two-phase message-passing ( TPMP) algorithm or the so called two-phase belief propagation
algorithm. The primary advantages of the proposed architecture over recent work are: 1) power
dissipation reduction resulting from fast convergence speed by a factor of larger than 2 in terms of
decoding iterations, 2) more than 50% savings in memory leading to a large chip area reduction
benefiting from memory optimization by posterior message compression, 3) good performance and low
complexity resulting in small area and low power due to normalized Min-Sum algorithm for check-node
updating, and 4) reducing interconnection congestion by making full use of quasi-cyclic characteristics
of check matrix and the proposed logarithm shifters. The proposed architecture is implemented in the
Chinese Digital Television Terrestrial Multimedia Broadcasting (DTMB) system for LDPC codes
decoding. The decoder consumes 0. 58 million gates, and reaches a throughput of 107 Mbps at a clock
frequency of 100MHz. The proposed architecture can be extended to other digital communication
systems such as wireless local area network (WLAN), etc, which adopt LDPC codes as the forward

error correction (FEC) scheme.

Key words QC-LDPC; TDMP; NMS; DTMB; belief propagation

% = s TDMP Siskfeiteg A ah b 32 7T —# LDPCi# M %E VISl RH A EAF k. 5 B2
F A2t LDPC #5540 vk 3K AP S L7 s 604 0 2 B A . 1) e 45 55 S He i M B, 3 8 A % K, R 3 AR A
2 gy ikt S50% AT B AR AL 2) T A4k b R B A5 45 B 00 B BN B AR o R Y 50%
AL, XKKXBRIERBR;DREY EEREELH KN —A Min-Sum f % (NMS), B4k F 2 % %,
HIAG AL E B FRIE T 545 5 69 BER ME48;4) A oA AR B0 4B FE 49 2 46 SR 4% &, 55 SLALAC 69 6 2 A 3
DER BRI EEE. AXFEMEZAT H4FERF LN TEHFAEDTMB) 4 LDPC #72 % .
BRA- 3 AP AL R S R MU A 58 I i AP IR R A 100 MHz, 438 A= & 4 107 Mbps.

%@/ QC-LDPC:; TDMP; NMS; DTMB; %454 #%

hEEHES  TN764; TP302

s B #8:2008—01-23; f& @ H #§ : 2008—06—27
BIEEE % 3 (chenyun@fudan. edu. cn)
BEETA . R H R4 il B0 w B (77062001)



iy FF4E. 3T TDMP AL ¥ 9 QC-LDPC %48 VLSI 528

339

TERCF B AE RGE D R A 10 21 45 2 7% (FEC)
AR B v A5 i nT FE M. H ET . LDPC % 2 M etk T
Turbo £ 1) —F i 1] 24 55 Ji B9 4 AR , Mackay 48 A7E
SCRkL1 ] 48 i LDPC M se 2 ia A< BR. LDPC 4
PRI AE SR e Turbo A% /)N , BRI T 5038 & 7 FH 0 2509
BRI RS . 2T LDPC 4% FEC £ R 2 % % i
T v [ 5 F O b T A A s o CDTMIB) 1 I 9 4
TR TR 1% bR A (DVB-S2) 1, 3f: & 1IEEE
802. 11n( WLAN) F1 IEEE 802. 16e(WiMAX) &%
FAE G B ks &L R . B — R i e
LDPC PR #% 2 5% 20 3 2 i 3R 80 0 A5 R 40 ] S 4%
o ) O .

LDPC 28 M5 8 585 75 ok 1 9 AH 3% X 15 1% 46
(TPMP)# 3, Min-Sum & 1Y &% TPMP &
PRI SR R A D . E A Min-Sum &
BVERE A 1dB A4 Wik 5 AR IER + 5 . Mg
MRS E 2R %h . HA 0. 1dB~0. 2dB i %, ik k&
i) LDPC 3345 53 & R HI 56 T Turbo 35 54k
1) B (G & B v: (TDMP) Y M %t T TPMP & 3%,
TDMP F532 BB e S5 75 19 2% AR K BB AR 50 %6 LA
s PRI AT LA R0 B AR D AR AR SCRY (7 FL AR L il
HIH—4k Min-Sum 2.3 (NMS) ik TDMP %3,
REMS AR R AT A Pk fE.

1 LDPCiF®BE LN TDMP & LMK

1.1 #fEIN LDPC 3
LDPC fith J& — Fh 26 P 43 2 A o 15 = &5+ A 63
FEMEH W2 H 585 x RECCR D
() Hh x BUEME C.KER n=10b. K I3 &
TE SN ¢ scssmmnyes s AR AE LR v vy 500 5010
11110000007
1000111000]|c
H=10100100110]c, (D
001001010 1],
000100101 1],
U1 Uy U3 Uy Us Vg U7 Ug Vg V1p
Hx"™ = 0(mod 2), YV x € C. (2)
Tanner # H—F LDPC % [ %m0, ) =X
(DR LDPC i3 4n &l 1 fr . Tanner [ 7] B 32 w5
WIEAT SR LDPC 2% #5565 138 43 947 48
¥ LDPC 4 g5,

Check Node

U5 Vg 7 Ug Vg Uy
Variable Node

Fig. 1 Tanner graph representation of LDPC codes.
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Fig. 2 Performance comparison.
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Fig. 3 Iteration number at different SNR.
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codes.

&l 4 £ QC-LDPC PR #5484

2.2 I8 T CU Fnxt #7128 LogS

TE X FORT B 28 48 opr, #4500 CU AR B A3
Tl 25 9 42 T 3 43 o B 58 LA A I 7 AR AR IR
F A s AU IR U0 i T RS 3 R R
HEATH FEAEE ] 5 7 2B T A A it BRL T %) b 5 7 2R R
e LogS B A it 5 LA KOG £ 4 1k 52 5 70 1 4 1

RS LogS $U Xt 1o 416 5 8% 157 J B 1Y)
BEAF B IEAT R AL, 38 o 0 I 2 45 R ik iz R
TG TH BRI e AR A A1
2.3 A EITESI SISO

b BT 51 SISO S8 2 (9) B2 1Y D) BE
HEAT AL 5 a5 B AR B T L A L #% L LR AR AR
LA SEEL, th & 5 BT A BE 55T PU R Y, -

1 1
— T » >< 1
5 i =) my T >(+ my
SIRESE ;
S | !
| | i i
Eh i > E
L =5 my : >(+)—>m;
SRE |
Q
1= L i-__-__-ll
Ctrl Mioc Mioc

Processing unit (PU) for multi-rate QC-LDPC
decoder.

K5 ZHx QC-LDPC ¥4t ¥ HoT PU

TXFCRT ) S RE S B 1Y R 4 A7 Ak LA T
FRAE :PU A5G BB w A th 5 R o i
AME IR NME DA B S /AME AL B T WL PU AT
Sl E BHEAT T SR W AR B S AR B AT
TR B AR w 3, 9 HATH w K ES b
R 7 I A BB DN, DRI 3 R R O T e 8
R RV JG A5 B A7 BT 1 {6 T 4
2.4 EEMERT IRUMEFEMFET

5 B Bt IRU 1 e/ ME AR /IME %515 B
PUERIR TR AT E o DN EE SRR
XX PU 465 09 5 56015 B 0 A He 46 5o 72

Ffit BT AL A iy A2 AF input buffer i ) 22 47
output buffer,ex-mem,min-mem 1 FIFO. ex-mem
AR B BB A Lo B 45 & . min-mem 77 fiff
TR OB Lr BAGE, Rl LR 5 1)
Lr B85,

2.5 EWERE

MR T 0B AR AR B A7 5 AT W R AL . )
UG A58 WG 2E A 3R AR RS B B AR R o E i
FAFIEAC, — K T AR B A H A B 0 i,
— T B B — A 7 55 B A Bk A H
C IR FEA L Bk 7R E s FE X5 (D),
(&) A () MLE iy S 2, R i A an

D) S22 ML B B8 g & - AN min-mem 152 R
EEEGEE R Lr {7 B WA ex-mem 1 &
Bl Lg 15 B &3 X BOR 7 & 5 o oF% W0 A {5
PRI 2 B 22 3% B b B1 A 5T B 51 (SISO | [] I

Fig. 5



342

RN S &R 2009, 46(2)

Bz 2215 A8 FIFO W 73 BT A A5 AR
BU5 SISO 15 2 7 BE Y L {5 B R 5555 19
L 5 B LA/ ME R ME RO IME L8 1B A

min-mem.

I Ji] 300 8 B

% 1y LDPC 18 ¢ %, 78 Altera Stratix Il #% {4
EP2S130F1020C5 [-ifi i+ FPGA %4iF , FPGA £ 3
ZEHUL 1, ASIC SEPL 45 53 L3 2.

Table 1 FPGA Implementation Results and Comparisons
2) M £k HLE S R R 0 B 1 PCA S R b
UOME A ME AL BRI M EF R Le {5 5. 5 M
Parameters Ref[8] Proposed
FIFO 352 H 19 B A7 (AR N 77 A= ST 1Y L {5 B8 . @
XA AR S A ex-mem. X — TR i B2 7 E w” Length/b 7193
A 391 5 B G T e R AE (2 ) e G OOE0E e e8]
A matrix 127 X127
Row weight 7,8,12,13,26,27
2t R A 0 7 R i B e Rk AU R A
DA  Ze 0t i H A G SR R A SISO Frequency/MH2 !
Ab PR B ST ARG B AT — WOOE B R — )ik iz Throughput/Mbps 53.5
AR PE 1S ) — AL 5 7 53 5 FH % ALU 68864 25098
OB (98 35 58026« DA At Y L Registers 5815
Memory/b 611072 241772
3 FPGA #0 ASIC SEIR & R A0 47 DSP 15 0
H X Fl LDPC ¥ 4% VLSI 2244 1 H T DTMB
Table 2 ASIC Implementation Results and Comparisons
R2 ASICEHERREI I
Parameters Proposed Ref[ 8] Ref[10]
Length/b 7493 7493 2048
Type Irregular QC-LDPC Irregular QC-LDPC AA-LDPC
Rate 0.4,0.6,0.8 0.4,0.6,0.8 0.5—0.875
Sub matrix 127 X127 127 X127 64X 64
Row weight (7,8),(12,13),(26,27) (7,8),(12,13).(26,27) 6
Algorithm TDMP, NMS TPMP,NMS TDMP,BCJR
Frequency/ MHz 100 80 125
Memory Capacity/b 241772 611072 51680
CMOS Technology/nm, v 180,1. 8 130,1. 2 180,1.8
Normalized Throughput/Mbps 107 150 160
Area/mm? 7 12 14.3
Performance (BER@SNR)/dB 1075@1. 4 107 @2. 2

M 10, 5 Semk (8 1% b, A 3 Br 4
ALU T 520 B AR 60 %0 LA B f 36 2 . 53¢
FRC10 T Ll o 76 33 i B 44 22 44 rf FIFO fiff B it 2 3¢
BkC1OJAEM i 50 %6 5 55 SCHR L8 AN SCHRL 10X [ o X
TSP — AR A 0. 4 BRI, 726 Lr {5 B BIAE
it #% (min-mem) fifi & 2D 53 % . 7E 0. 6 i3 R AF
fiti Byl /> 69 %0 . 7 0. 8 fith I 7k 9 2> 78.6 %03
i R F 4 i A7 B e /0 53 905 e ah L 5 SCHRE8 T
Lo AT EEAEAH swum 5, AF A7 G B 2 — 2D k2D, AR 3L

2 A 22 b S B A I b R 0 100 MHz, HE SCRR
(10 JEAR » 3220 P A 7 1h X BORS AS 45 RIS 54 B
R S B S A b A P U K AT O B B AR L B
K AN SRAE I v 75 0 i B B A e L AT L
TE KB AR A AR 7K 22 25 A7 A LA SR o B it 2.

T

A SCHEF IH—4k Min-Sum & 35X} TDMP &%



1 F145 . HET TDMP 4058 2 9 QC-LDPC i fig#s VLSI L3

343

HEATPLAL R T —Fh LDPC 3545 2% 5 1 22 44 F1i%
THO7 % B AE R R B AR ES i T AR S AR A0 A R
JE. BT DTMB R ife #L € 1) LDPC #9535 85 , 78
Altera Stratix II 2% 4 I @ o FPGA % iF, H
Synopsys DC i 455y 58 J111.7E 100 M [ #p F
iK% 107 Mbps i 506 7 nt 5.

2 % X #

[1] Mackay DJ C, Neel R M. Near Shannon limit performance
of low density parity check codes [J]. Electronic Letters,
1996, 32(18): 1645-1646

[2] Digital Television Terrestrial Broadcasting Standard Special
Group. GB 20600-2006: Framing Structure, Channel Coding

Terrestrial

and  Modulation for Digital Television

Broadcasting System [S]. Beijing: Chinese Standard
Express, 2006 (in Chinese)
R v L b T ) 76 4% a2 b vE 45 ) AR 4. GB 20600~
2006 ; ¥ B A0 3 TG ) A% i 2R S0 WSS R L A 3 o 6 R )
[S]. dbst: S EbRAE S Riek . 2006)

[3] Fossorier M P C, et al. Reduced complexity iterative
decoding of low density parity check codes based on belief
propagation [ J]. TIEEE Trans on Communications, 1999, 47
(5): 673-680

[4] Chen ], Dholakia A, et al. Reduced-complexity decoding of
LDPC codes [J]. IEEE Trans on Communications, 2005, 53
(8): 1288-1299

[5] Mansour M M. A turbo-decoding message-passing algorithm
for sparse parity-check codes [J]. IEEE Trans on Signal
Processing, 2006, 54(11). 4376-4392

[6] Tanner R M. A recursive approach to low complexity codes
[J]. 1IEEE Trans on Information Theory, 1981, 27(9): 533—
548

[7] Blanksby A J, Howland C J. A 690-mW 1-Gb/s 1024-b,
rate-1/2 low density parity-check code decoder [J]. IEEE
Journal on Solid-State Circuits, 2002, 37(3): 404-412

[8] Chen Yun, Zeng Xiaoyang, et al. VLSI design of an
irregular LDPC decoder in DTMB []J]. Journal on
Communications, 2007, 28(8): 202-205 (in Chinese)
(BRBE. BHEVE. 45, 254 DTMB fr ey JE I % LDPC fig
s VLS Beit[J]. d@fF244i. 2007, 28(8): 202-205)

[9] Richardson T, Shokrollahi M A, et al. Design of capacity
approaching irregular low-density parity-check codes [J].
IEEE Trans on Information Theory, 2001, 47(2): 619-637

[10] Mansour M M, Shanbhag N R. A 640-Mb/s 2048-bit
programmable LDPC decoder chip [J]. IEEE Journal on
Solid-State Circuits, 2006, 41(3): 684-698

[11] Mansour M M, Shanbhag N R. Turbo decoder architectures
for low-density parity-check codes [C] [/Proc of Global
Telecommunications Conference. Piscataway: IEEE, 2002

1183-1188

Bao Dan, born in 1982. Received his
B. S. degree in electronics from Beijing
University of Aeronautics and Astronautics,
Beijing, P. R. China, in 2005. He is

currently working toward his Ph. D.

degree in microelectronics at the ASIC &. System State Key
Laboratory of Fudan University, Shanghai. His main
research interests include ASIC designs and interactions
between algorithms and VLSI architectures in broadband
wireless transmission systems.

83,1982 4EA WL AR ST A RS UT In) O B JE 4R
AR RS K VLST L gk s2 3.

Xiang Bo, born in 1982. Received his B.
S. degree in microelectronics from Sichuan

University, Chengdu, P. R. China in

2005. He is currently working toward his

Ph. D. degree in microelectronics at the
ASIC &. System State Key Laboratory of Fudan University.
His main research interests include wireless communication
systems and their VLSI architecture design, in particular,
the channel coding and decoding algorithms and their VLSI
implementations.
B K. 1982 4FA L P AT R AR BRI R T W N E S
AL PR G VLSL T4,

Shen Rui, born in 1983. Received her B.
S. degree in electrical engineering from

Tongji University, Shanghai, P. R. China

in 2006. She is currently working toward

[

) the M. S. degree in microelectronics at the
ASIC &. System State Key Laboratory of Fudan University.
Her main research interests include wireless communication
systems and their VLSI architecture design.

B & 1983 A B LTS A, T AESE U7 Il o TC 4 S
A S VLST 4k it

Chen Yun, born in 1979. Received her B.
S and M. S. degree from UESTC in 2000
and Ph. D. degree from Fudan University
in 2007. She is now with the State Key
Laboratory of ASIC &. System, Fudan

University, P. R. China. Her main research interests
include HDTV chip design, VLSI signal processing, and
communication systems.

BR BEL1979 E4 MW, R Mo HDTV 8 fr ik
T BCFESAL # B AF VLSTizih 4.



344

AR S &R 2009, 46(2)

Zeng Xiaoyang., born in 1972. Received his
B. S. degree from Xiangtan University,
China in 1992, and his Ph. D. degree from
the Changchun Institute of Optics and Fine

Mechanics, the Chinese Academy of

Sciences in 2001. From 2001 to 2003, he worked as a post-
doctor researcher at the State Key Laboratory of ASIC and
System, Fudan University, P. R. China. Then he joined the

faculty of the Department of Micro-Electronics at Fudan

interests include information security chip design, VLSI
signal processing, and communication systems. Prof. Zeng
is the chair of Design-Contest of ASP-DAC 2004 and 2005,
also the TPC member of several international conferences
such as ASCON 2005 and A-SSCC 2006, etc.

BRRF L1972 FA R LA S, R E I TT I AR
AL BT MO B R B E 28 Bt 58 %
ERFHRR BT BT AR S S R R R A 1 K VILST S
.

University as an associate professor. His main research

Research Background

Because of its near-capacity performance, the low-density parity-check codes, including encoding/decoding algorithms and
encoder/decoder design, have received great interests both in scientific research and applied communication systems, such as
Wireless Metropolitan Area Network (WMAN, 802. 16e), Wireless Local Area Network (WLAN. 802. 11n), European
Digital Video Broadcasting via Satellite (DVB-S2), Ultra Mobile Broadband of 3rd Generation Partnership Project 2 (UMB of
3GPP2), Digital Television Terrestrial Multimedia Broadcasting (DTMB) , ezc., since the rediscovery of the LDPC codes in mid
nineteen nineties by Mackay. Compared with other FEC scheme, LDPC codes feature the best performance while giving a large
coding complexity. QC-LDPC codes are developed to resolve the problem recently, and are used in the above mentioned
systems. The challenges in designing an LDPC decoder are large usage of on-chip memory, power dissipation and interconnect
congestion. To reduce the interconnect congestion, QC-LDPC codes permutated with regularity are developed in recent years.
In this paper, a low-complexity decoding algorithm is adopted and a partially parallel LDPC decoder architecture, featuring high
throughput, low cost and no congestion, which is fully compliant to DTMB (digital television terrestrial multi-media
broadcasting) applications. is proposed and can be applied to other systems that adopt LDPC codes as the FEC scheme. This
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