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An 8.29 mm? 52 m\W Multi-Mode LDPC Decoder Design for Mobile WiMAX
System in 0.13 yum CMOS Process

XY Shih, CZ Zhan, CH Lin... - IEEE Journal of Solid-State ..., 2008 - ieeexplore.ieee.org

Abstract: This paper presents a multi-mode decoder design for Quasi-Cyclic LDPC codes for
Mobile WiMAX system. This chip can be operated in 19 kinds of modes specified in Mobile
WiMAX system, including block sizes of 576, .., 2304. There are four proposed design
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B Discrete Fourier Transform (DFT) &
Inverse DFT (IDFT)

Fas a
& Inverse FFT (IFFT)

B Divide-and-Conquer

x[n]
Time Domain | [ N Point DFT/IDFT ]
Sequence !
A i 1 time radix-r
DFT |DFT i divide-and-conquer
N K 1 NZ kn : ¥ point ¥ point Y point
X[k] =) x[n]Wyn x|n — Y X[k|Wy T T T
nZ;) (mlWy [nl = N = 1w FFT/IFFT FFT/IFFT FFT/IFFT
0<k<N-1 0sn<N-1 |
v |
X[k] i P times radix-r
Frequency Domain | divide-and-conquer
Spectrum

L2TT

N N . 2 P
[ — Point I 5 Point ][ — Point ] — P0|nt
Twiddle Factor : Wy = e/~ Garlliad) Wialias) W2arllaas FFT/IFFT
Wy =
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1FIFO 1FIFO 1FO F
= .
2P-Point
R2 SDF FFT Radix-2 Radix-2 o Radix-2 Radix-2
_______________ Pl Stagep . StagePd — Stages  _  Stagel _ Output
2 FIFOs 2 FIFOs 2 FIFOs 2 FIFOs
3(p-1) 3(p-2) 31 30
. 3(p-1) 3(p-2) 31 30
3P-Point L
R3 SDF FFT Radix-3 — Radix-3 ... —~ — Radix-3 . Radix-3
Input — (Ei) > I
S Stage P StageP-1 Stage2 Stagel Output
T Tamro 1FFO | 1m0 1FF0 |

2(2*P).point [ ]
R22SDF FFT | Radix-2

R2:Radix-2 R3:Radix-3  R2?:Radix-2? SDF : Single-Path Delay Feedback & : Complex Multiplier (CM)




B Conventional SDF FFT needm

operation.
B We propose a RC LEGO-based SDF FFT, which is able to support

different kinds of radix operations.

Conventional Designs Proposed Design
Independent Hardware
R2-FFT R3-FFT LEGg'typil
System System Reconfigurable
FFT System
S N Different-radix
| |FIFO | | | R2-FFT || R3%FFT | TP ( T
l i System System

: | (R3+R2)- | =F----mmmmmmm----F
| i | R23-FFT . |
| | FFT LEGO- LEGo- | !
\ TF ) System S : brick """ °"° brick |1
ystem | )

________




B We propose 3 design techniqm

T2 : Systematic FIFO
Reuse Arrangement
T1: 6-type (SFRA)
Reconfigurable "Provide an easy and |
Processing Element LEGO-type RC FFT . systematic scheme for i
(6T-RC-PE) HW Architecture .-~" "~ ~ |1

FIFO arrangement. \

__________________________

_________________________ \ ﬂ
T3 : Section-Based i Effectively reduce the area 3.. o
- § of twiddle factor table. v
Twiddle Factor Generator ). ______________________. _
[ N )

(STFG)




Input

B Each LEGO-brick contains RC FIFO (SFRA) a

_______________________________________________________________

RC

RC-PE

LEGO-brick
stage 2

|; FIFO :|
6-type
—P

Section-Based Twiddle
Factor Generator (STFG)

Control Unit

A

(CU)




There are totally 48 different moc :
combinations which support 32 operating modes

Note :|:| indicates the FFT points defined in 3GPP-LTE standard .

ds . PP-LTE
standard.
. . — . . # of FFT
Category | FFT Profile Possible Combination Set Based on Radix-3* and Radix-2> Bases Size

; (a,b) (2,9) ;
FFT Point | 2187 ax9b .

. @b) 1 (61) | 60 (a, b) represents 32 * 2°- FFT point .
FFT Point | 1458 729

] (a,b) (53) | (52) | (5,1) | (50) 4
FFT Point | 1944 | 972 486 243

4 (a,b) (44) | (43) | (42) | (41) | (4,0) 5
FFT Point | 1296 | 648 324 162 81

5 @b) |1G6) [ GBS |G| G3)]| G2 G| (Bo) .
FFT Point | 1728 864 432 216 108 54 27

6 (a,b) (2,7) | (26) | (2,5) | (2,4) | (2,3) | (2,2) | (2,1) | (2,0) 8
FFT Point | 1152 576 288 144 72 36 18 9

. (a,b) ($9) | (1,8) [ (1,7) | (1,6) | (1,5) | (1,4) | (1,3) | (1,2) [ (1,1) | (1,0) 10
FFT Point [ 1536 768 384 192 96 48 24 12 6 3

8 (@b) | (01) |(0,10) | (0,9) | (0,8) | (0,7) | (0,6) | (0,5) | (0,4) | (03) | (02) | (01) |
FFT Point | 2048 | 1024 512 256 128 64 32 16 8 4 2

Total 48




r propose

————
2.Stage R3 1-Stage R3 + 1-Stage R2
| R3 R3 | R3 R2
—ib Operation >>2 Operation —?—’ Operation Operation
: Sub-Stage 2 Sub-Stage 1 I Sub-Stage 2 Sub-Stage 1
w_2 Ww_1
Type6 (T_F
________ 1StageR3 / peelifh  1StageR2
| R3 : R2
—3—» Operation >>2 —'—> < 6-type )y~ —+ QOperation >>1 .:‘
: Type 2 (T_B) Type 5 (T_E)
| sub-stage1 RC-PE Sub-Stage 1
w_1 w_1
_________________________________ Type3(T_y Typed (T_D) ~—~ 7T
| R2 R2 R2 On | R2 R2
—E—’ Operation >>1 — Operation >>1 Operation >>1 —E—> ——* Operation >>1 Operation
I Sub-Stage3 Sub-Stage 2 Sub-Stage 1 : Sub-Stage 2 Sub-Stage 1




Adder Mixed Adder Multiplier A
Bank 1 Bank 1 Bank 2 Bank 1 Bank 3 Ban -
2S-R3 — > > > > > > > —_—
® =@ ® o
CA1-1 CA3-1 CA5-1
CA2-2 M4 CA6-2 cv 38
CA1-2 ® CA 3-2 CA 5-2 . CA 7-2
M2 CM6
aS-R3 : a-Stage of Radix-3 (a=1, 2) - : All modes : 25-R3 & 1S-R3 modes i CA: Compllex Addle'r .
bS-R2 : b-Stage of Radix-2 (b=1, 2, 3) : 25-R3 & R3-R2 modes M Compex Mdteter
R3-R2 : 1-Stage of Radix-3 Hardware Resource
1-Stage of Radix-2 [ : 25-R3, 15-R3, 35-R2 & 25-R2 modes CM: 4/4 (100.0%)




CA5-1

CA7-1

CA5-2 . CA7-2
cM 6
aS-R3 : a-Stage of Radix-3 (a=1, 2) - : All modes : 25-R3 & 1S-R3 modes i CA: ComP|IEX Addle'r .
bS-R2 : b-Stage of Radix-2 (b=1, 2, 3) - 25-R3 & R3-R2 modes CM : Complex Multiplier
R3-R2 : 1-Stage of Radix-3

concatenated with
1-Stage of Radix-2

- 25-R3, R3-R2 & 35-R2 modes
- : 25-R3, 15-R3, 35-R2 & 25-R2 modes

Hardware Resource
CA:6/12 (50.0%)

CM:2/4  (50.0%)




Multiplier A
Bank 1 Bank 3

CA 21 .
3S5-R2 — —> @ — ® y CAS1 > > > . —_—
CA2-2 cm4a cmM 8
CA5-2 . CA7-2
M6
aS-R3 : a-Stage of Radix-3 (a=1, 2) - : All modes : 25-R3 & 15-R3 modes i CA:Complex Adder

bS-R2 :
R3-R2:

b-Stage of Radix-2 (b=1, 2, 3)
1-Stage of Radix-3
concatenated with
1-Stage of Radix-2

: 25-R3 & R3-R2 modes

: 25-R3, R3-R2 & 35-R2 modes

- : 25-R3, 15-R3, 35-R2 & 25-R2 modes

CM : Complex Multiplier

Hardware Resource

CA:6/12 (50.0%)
CM:3/4  (75.0%)




CA 5-1 CA 7-1

cms
25-R2 > > > . > -
CA5-2 . CA7-2
M6
aS-R3 : a-Stage of Radix-3 (a=1, 2) - : All modes : 25-R3 & 1S-R3 modes i CA: ComP|IEX Addle'r .
bS-R2 : b-Stage of Radix-2 (b=1, 2, 3) : 25-R3 & R3-R2 modes M ome e Muper
R3-R2 : 1-Stage of Radix-3

concatenated with
1-Stage of Radix-2

- 25-R3, R3-R2 & 35-R2 modes
- : 25-R3, 15-R3, 35-R2 & 25-R2 modes

Hardware Resource
CA:4/12 (33.3%)

CM:2/4  (50.0%)




cms8

’ CA7-2
1S-R2 > > —_—
aS-R3 : a-Stage of Radix-3 (a=1, 2) - : All modes : 25-R3 & 1S-R3 modes i CA: ComP|IEX Addle'r .
bS-R2 : b-Stage of Radix-2 (b=1, 2, 3) - 25-R3 & R3-R2 modes CM : Complex Multiplier
R3-R2 : 1-Stage of Radix-3

concatenated with
1-Stage of Radix-2

- 25-R3, R3-R2 & 35-R2 modes
- : 25-R3, 15-R3, 35-R2 & 25-R2 modes

Hardware Resource
CA:2/12 (16.7%)

CM:1/4  (25.0%)




Adder Mixed Adder MM
Bank 1

Bank 1 Bank 2 Bank 1

|
|
R3-R2 —>@ > @ > @ > - —_— |
CA2-1
CA1-1 CA3-1 |
CA22 M4 | cm 8
CA1-2 ® CA 3-2 CA7-2
CcM 2
aS-R3 : a-Stage of Radix-3 (a=1,2) . [l : All modes :25-R3 & 15-R3 modes | CA: Complex Adder
: CM : Complex Multipli
bS-R2 : b-Stage of Radix-2 (b=1, 2, 3) .2S-R3 & R3-R2 modes i omplex Multiplier
R3-R2 : 1-Stage of Radix-3 Hardware Resource
concatenated with : 25-R3, R3-R2 & 3S-R2 modes

CA:8/12 (66.7%)

1-Stage of Radix-2 [ : 25-R3, 15-R3, 35-R2 & 25-R2 modes CM:3/4  (75.0%)




TSMC 40-nm

—

Hardware Resource Cost Saving
Traditional Single-Radix FFT PE 6T-RC-PE
2S-R3 3S-R2 R3-R2 Total (M) (R) Value Ratio
(M1) (M2) (M3) | (Sum(Mi)) (M-R) |[(M-R)/M
CA 12 6 8 26 12 14 53.8%
™m 9 2 5 16 4 12 75.0%

B As wordlength changes from 12 to 18, the cost saving ratios are 64.5% to 67.7%.

Hardware Resource Cost Saving
Wordlength Traditional Single-Radix FFT PE 6T-RC-PE
(Bits) 2S-R3 3S-R2 R3-R2 Total (M) (R) Value Ratio
(M1) (M2) (M3) | (Sum(Mi)) (M-R) |(M-R)/M
12 22445.9 6403.2 12987.9 41837.0 14840.7 | 26996.3 | 64.5%
14 29376.5 8192.5 16927.4 54496.4 18782.1 35714.3 65.5%
16 37354.9 10201.0 21446.2 69002.1 22771.2 46230.9 | 67.0%
18 45212.6 12253.6 27915.3 85381.5 27612.0 57769.5 | 67.7%




B According to mode configuration, FIFOs a ivi

conditions (a, b, c, d).

m Each LEGO-brick has a total FIFO length of 8x (3x+3x+x+x), where

x = 320-1) (j = 1-4).

FIFO3

FIFO1

FIFO Length = 3x

FIFO Length = x |

LEGO- FIFO Length
LS Parameter (x)
stage (i)
1 1
2 9
3 81
4 729

| = | 3y y
2z
d ‘l* 4z2-x
¥
R3_S2_In0 R2_S3_In R3_S1_Out0 R2_S3_Out
FIFO4 FIFO2
FIFO Length = 3x | FIFO Length=x
K 3y y .
2z
X d b X )
RZ_lSZ_In R3_S2_Outl R2_S2_Out R3_S1_In1l R2_S1_In

R3_S1_Outl R2_S1_Out




Condition a : -
2S-R3 ,
W Stage (i) is used to operate 1S-R3 & 2S-R3.

B Stage (i-1) - Stage (1) perform x FFT points entirely, served as all 25-R3.

FIFO3 ) FIFO1
FIFO Length = 3x FIFO Length=x |
R3_S2_In0 R3_S2_Out0 R3_S1_In0 R3_S1_0Outo
FIFO4 \ FIFO2
FIFO Length = 3x FIFO Length = x
R3_S2_Inl1 R3_S2_Outl R3_S1_Inl R3_S1_Outl




Condition b :
M Stage (i) is used to operate 1S-R3 & 2S-R3. LI
W Stage (i-1) - Stage (1) perform y FFT points entirely, served as beyond all 25-R3.

FIFO3 FIFO1
FIFO Length = 3x FIFO Length=x | _
v 3y | y
R3_S2_In0 R3_S52_Out0 R3_S1_In0 R3_S1_Out0
FIFO4 o | FIFO2
FIFO Length = 3x FIFO Length = x
R3_S1_Outl

R3_S2_Inl R3_S2_Outl R3_S1_Inl




Condition c: ‘ i ,
R3-R2 | '] 35-R2 35-R2 |

W Stage (i) is used to operate R3-R2.

W Stage (i-1) - Stage (1) perform z FFT points entirely, served as all 3S-R2.

FIFO3 FIFO1
FIFO Length = 3x
2z
R3_S2_In0 R3_S2_out0
FIFO4 FIFO2
FIFO Length = 3x L_ FIFO Length=x [°
. 2z | z
| [

R3_S2_In1 R3_S2_Outl R2_S1_In R2_S1_Out




Condition d : E :
W Stage (i) is used to operate 15-R2, 2S-R2, & 3S-R2. 3R2 |4 o
W Stage (i-1) - Stage (1) perform z FFT points entirely, served as all 35-R2.

FIFO Length = 3x *—l: FIFO Length = x ) |
d 4z-x
RZ_‘SB_In R2_S3_Out
FIFO4 FIFO2
FIFO Length = 3x [ FIFO Length=x [°
22 i
d {c, d}
RZ‘_'SZ_In R2_S2_Out RZl'Sl_In R2_S1_Out




factor.

'4 -
B Our proposed STFG : We use 2 smaller LUTs and one complex multiplier to
implement the traditional LUT.

Traditional

entry number = u entry number=v

(2) W= Wt x WS,
,where k={0,1,...,u-1}
k1={0,1,...,v-1}
k2={0,1,...,w-1}

i T : Traditional i
' M : Mandatory |
1 S :Secondary

LUT STFG i
g’ bits g bits |
LUT(S) al» !
LUT(T) g bits entry number=w ¢’ bits E U my4 relationship tu=v¥*¥w
LUT(M) . (1) W,F ,where k ={0,1,...,u-1}




B STFG can be applied on LEGO-bri

M In LEGO-brick stage 3, it requires 10 kinds of table- modes:l \10).
B In LEGO-brick stage 4, it requires 11 kinds of table-modes(i=11).

Traditional LUT STEG
[ LT(s1) >
LUT(T]') N - g’ bits g bits
g bits : —N—» Qr——»
—\—> i
- LUT(Si) L g’ bits
LUT(Ti) > \

T t t
LUT(M1) LUT(Mi)

Mode & Counter Mode & Counter




As g
in following table :
B LEGO-brick stage 3 is from 20.0% to 60.4%.
M LEGO-brick stage 4 is from 73.6% to 88.8%.

, Traditional Section-Based Twiddle Factor Generator Area (um?) Area Saving
Circuit (bgirt) (bgit) UGG LUT (M) LUT (S) Multiplier TF Control Total (R) | Value (um?) | Reduced

(um?) (T) (R1) (R2) (R3) (R4) (sum (R))| (T-R) Ratio

8 434.3 (11.4%) 533.3 (14.0%)| 1019.7 (26.8%) 1811.7 (47.8%)| 3798.9 5785.4 60.4%

10 490.0 (10.6%) 601.7 (13.0%)| 1568.2 (33.9%)| 1961.4 (42.5%)| 4621.3 4963.0 51.8%

LEsct'gg'Zr;Ck 16 12 9584.3 645.0 (11.6%) 792.0 (14.2%)| 2170.0 (39.0%) 1959.1 (35.2%)| 5566.1 4018.2 41.9%
14 754.2 (11.5%) 926.2 (14.2%)| 2902.3 (44.3%)| 1959.6 (30.0%2)| 6542.3 3042.0 31.7%

16 869.7 (11.3%) 1067.9 (13.9%)| 3771.0 (49.2%)| 1960.9 (25.6%)| 7669.5 1914.8 20.0%

8 411.7 (14.1%) 671.0 (22.9%2)| 1019.7 (34.8%) 824.9 (28.2%)| 2927.3 23289.9 88.8%

10 531.9 (14.0%) 867.1 (22.8%) 1568.2 (41.1%) 841.9 (224%)| 3809.1 22408.1 85.5%

LEs(iaOéI:r‘ilck 16 12 26217.2 647.5 (13.7%)| 1055.5 (22.4%)| 2170.3 (46.0%) 841.9 (17.9%)| 4715.2 21502.0 82.0%
14 759.0 (13.2%) 1237.1 (21.6%)| 2891.7 (50.5%) 843.0 (14.7%)| 5730.8 20486.4 78.1%

16 875.4 (12.7%)| 1426.9 (20.7%)| 3758.8 (54.3%) 847.2 (12.3%)| 6908.3 19308.9 73.6%




In the TSMC 40-nm CMOS tec
B Wordlength = 16 bits ubcircuite Synthesis Area (mm?)
B Clock Frequency = 400MHz value Ratio

B Overall Circuit Area = 0.2367mm?

LEGO-brick ARl

_______________________________________________________________ stage 2 6T-RC-PE
RC
£ FIFO :|
6-type
Input —» RC-PE
LEGO-brick
stage 2
{} | STFG 0.0115 4.8%
7.0%
Section-Based Twiddle Control Unit . o
Factor Generator (STFG) . (cu) Control Unit (CU) 0.0052 2.2%
Total 0.2367 100.0% 100.0%




LEGO-brick
stage 3

LEGO-brick

32x1024 - §E32x736)
{MEM_3) (VEM4)

STFG +
Control Unit

LEGO-brick
stage 2

Chip Layout Summary

CMOS Technology

1/Q Wordlength

Core Utilization

Supply Voltage

Pin Count

Core Area

Frequency

TSMC 40-nm

16 Bits

0.99 V

72704 Bits

0.57 * 0.57 mm”*
1.10 * 1.10 mm’

300.0 MHz
45.34 mW




B The maximal clock operates at 89.6MHz

ffg1157-3 FPGA platform.

Xilinx Virtex-7 FPGA Implementation Results

Resource Used Available | Utilization
Slice Registers 4,946 408,000 1.2%
Slice LUTs 14,213 204,000 7.0%
Memory 496 70,200 0.7%
Bonded 10Bs 72 600 12.0%
RAMB36E1/FIFO36E1s 5 750 0.7%
RAMBI18SE1/FIFO18Els 1 1,500 0.1%
BUFG/BUFGCTRLs 4 32 12.5%
DSP48E1s 64 1,120 5.7%




Proposed Work [2]
FFT-Point 128/256/5 /51
Supporting 2~ 2187 12~1296 1024/1536/2048 | 1024/1536/2048 | 1024/1536/2048
Max. FFT Size 2187 1296 2048 2048 2048 1024
Number of Mode 48 34 6 6 6 1
Process 40 nm 0.18 um 0.18 um 90 nm 65 nm 65 nm
Wordlength (Bit) 16 16 16 12 12 16
Core Area (mm?) 0.300 0.325 25.000 1.932 0.783 1.375 8.299
Gate Count 354K 372K 482K NA 205K 1,100K NA
Frequency (MHz) 400.00 300.00 122.88 35.00 40.00 20.00 30.00
Throughput 00.00 00.00 122.88 00 0.00 20.00 240.00
(M Symbols/s) 400. 300 ) 35 40- i #o0-
Power (mW) 39.00 45.34 320.00 11.29 7.20 8.55 4.14
Speed-Area Ratio
(SAR) (10) 1.13 0.81 0.25 NA 0.20 0.02 NA
Power-Freq Ratio
(PFR) (10°) 44-58 el 200939 157.51 87.89 208.74 134.77
Implementation Post-layout sim. | Post-layout sim. Synthesis
Results (Macro layout) (1/0 PAD Limit) Measurement Measurement Results Measurement Measurement
_ . Throughput . Power
A Speed-Area Ratio (SAR) £ A\ Power-Freq Ratio (PFR) £ " :
Gate Count Frequency * Max_FFT_Size




B Journal publication: \"

@ X.Y.Shih, Y. Q. Liu, and H. R. Chou, "48-Mode Reconfigurable Design of SDF
FFT Hardware Architecture Using Radix-32 and Radix-23 Design Approaches,"
IEEE Transactions on Circuits and Systems I: Regular Papers(TCAS-1), vol. 64, no.
6, pp- 1456-1467, June 2017.

@ X.-Y. Shih, H.-R. Chou, and Y.-Q. Liu, "VLSI Design and Implementation of
Reconfigurable 46-Mode Combined-Radix Based FFT Hardware Architecture
for 3GPP-LTE Applications," IEEE Transactions on Circuits and Systems I:
Regular Papers(TCAS-I), vol. 65, no. 1, pp. 118-129, Jan. 2018.

B Awards:
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What we propose : \' .

B Reconfigurable LEGO-Based Hardware Architecture

B Design Techniques
T1 : 6-type Reconfigurable Processing Element (6T-RC-PE)
T2 : Systematic FIFO Reuse Arrangement (SFRA)
T3 : Section-based Twiddle Factor Generator (STFG)

B Chip features :

B Modular/regular construction approach

M Support 48 different FFT sizes (up to 2187 FFT points)
B Hardware re-usage > Low area cost

M High frequency

M Green power
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B Rediscovered by MacKay in 1995 [8]:

> W

B Excellent error-correcting performance near the Shannon limit

B Highly parallel decoding scheme

B With advanced VLSI technology, LDPC codes become more popular
in advanced communication systems, IEEE 802.16e and 802.11n/ac/ax.

Bit Error Rate (BER)

102 g

100 Lo N oo oo

,,,,,,,,
_________

__________

12 EyNy(dB) [8]




Code construction of QC-L
B T.is the cyclic-shift matrix of the identity matrix |p‘

np P
. n . _ 0] T.|T, | o T3 o ||P? —
011010
~lto01001 —>|[mp[T, o |Ts O ]O[Ts
_010101 L oT7()T8()T9 .
Base matrix

Extended matrix [8]

B Advantages:
B Easier to handle the location of 1s.

B Easily realized in partially-parallel method with storage elements.
B Simple to manipulate the address access of the memory.
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B Decoding algorithms

Sum-Product Algorithm
Min-Sum Algorithm

Normalized Min-Sum
Algorithm

Layered Algorithm (V)




ulti-mode design arc
defined matrices

—

B Flexible design architecture :
B On-line download customized-matrix (ex. matrix size)
B Adjust the location of 1’s and 0’s
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ase A : In a long-distance transmission

can be reconfigurable with larger codeword or lower cod
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Customized Matrix

B Case B:ina short-distance transmission or less-noise channel conditions, the
architecture can be reconfigurable with shorter codeword or higher code-rate.

p Larger matrix size
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(Nr, Nc, P) Matrix Setup

Controller : 3 @
(Cl, SA, ER, EM) (MscC) Early Termination
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1| 67 71 23 83 0

2 46 9 0 0

3l 20 49 30 0 0
4 55 64 76 81 12 0

M 20 clock cycles at matrix-setup state (before actual decoding)

v

Time 1 2 3 4 5 7 8 9 10 1 11 | 12 | 13 | 14 | 15| 16 | 17 | 18 | 19 | 20
Cl 1 2 6 5 6 7 1 2 5 7 8 2 3 4 5 6 8
SA 67 | 71 | 23 | 83 0 46 9 0 0 20 | 49 | 30 0 0 55 [ 64 | 76 | 81 | 12 0
ER 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 1
EM 0 0 0 0 0 0 0 0 0 0 0 0 1




B Check-node computing unit (CNCU) : need fi econd
min

B How to reduce the critical path while comparing large number
of inputs? (ex. >= 20)
B Common comparison approach : Binary Search Trees (BST) [9]
B Longer comparison process
B Complex wire connection

B Proposed design approach : 3-Dimensional Minimum
Searching (3D-MS)

B Shorter critical-path timing
M Systematic and easily extensible
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/ Input candidates :
space, as a 3x3x3 cube.
B 4-level subtractor comparison process:

Descending sorting
in X-direction
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Descending sorting

B Hardware resource :

NN

A\

Level Sorting Points Activated Sorting | Number of |  Number of e
Number List Direction Groups | Subtractors Used
1 27 {(Px,Py,Pz)|0=Px=20=Py=20=Pz=2} X-axis 9 27
2 18 {(1,Py,Pz),(2,Py,Pz) |0=Py=2,0=Pz=12] Y-axis (11 18
3 9 {(1,2,Pz),(2,1,Pz),(2,2,Pz) |0 = Pz = 2} Z-axis 3 L > Find "Min"
4 3 {(12,2),(212),(221)} - 1 3 Find "Min2"




B Shorter critical-path time (33.3% ~ 50.0%

B Systematic and easily extensible

B Cons of 3D-MS

B Hardware overhead (~10%)

Number of Inputs Compared 14 15 18 19 20 21 22 27 30
. IEEE 802.16¢ \% Y \%
Different
Standard IEEE 802.11n/ac/ax v v Vv Vv v
Supported
DVB-S2 Vv \Y; \Y \Y Y
Critical-Path BST 6 6 / ! ! ! 7 8 8
Timing 3D-MS 4 4 4 4 4 4 4 4 5
Subtractors BST 25 27 33 35 37 39 41 51 57
Utilized 3D-MS 27 29 36 39 41 43 46 57 62
Critical-Path Timing Reduced Ratio 33.3% 33.3% 42.9% 42.9% 42.9% 42.9% 42.9% 50.0% | 37.5%
Hardware Overhead (Subtractors) 8.0% 7.4% 9.1% 11.4% 10.8% 10.3% 12.2% 11.8% 8.8%




B For any SNR regions, it is decoded with the same i

number --> inefficient decoding & power waste

B Motivation of reducing iteration number:

B Higher-SNR region :
M Without performance loss

B Lower-SNR region :
B Facing noisy channel conditions

B Proposed approach:

B High-and-Low-Thresholds
Based Early Termination (HLT-ET)

Average Iteration for HLT-ET
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0, if Min, = FPM
H TR : High threshold »| Flag_Value, ={ Min,, if Min, <FPMand XS, =0
L_TR - Low threshold (x=1-P) |=Min,, if Min, <FPMand XS, =1
IB = Iteration boundary for ET-checking Step 2. !
Sum= ZP',FIag_VaIueX
B Symbol/notation:
Step 3. I

FPM : max of fixed-point representation 0. if Sum>(H_TR*P)
P = Sub-matrix size Layer Flag, =40, if Sum<(L_TR*P)and Iter.> IB
Ic = Layer count 1, Others

Step 4-1.
P No

B Suggested values:

Next Iter.?

Decide from Experiment :

H TR=5 No Check all
L TR=2 ET Flag=0 Layer_Flag,.= 0 (Ic = 1-Nr)?
; IB=3

ET_Flag = 1 (Finish)
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B Detailed hardware circuits of HLT-E —
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Design configuration parameters:

Signal Meaning for Parameter Controlling Range
Nr Row count of base parity check matrix [1, 12]
Nc Column count of base parity check matrix [1, 27]

P Sub-matrix size or extending factor [1, 96]
Cl Column index of non-blank element [1, 27]
SA Shifted-right amount of non-blank element [0, 95]
ER Indicator of the end of row Oorl
EM Indicator of the end of matrix Oor1l
MIC |Max of iteration count [1, 8]
Early termination checking parameters:

Signal Meaning for Parameter Controlling Range

H_TR |High threshold for checking high-SNR zone [0, 7]

L TR |Lowthreshold for checking low-SNR zone [0, 7]
IB Iteration boundary for ET-checking [0, 8]




Number of Modes

Un-limited (Flexible)

Parameters Supported non-limited
Decoding Algorithm Layered Decoding
Tl TSMC 40-nm
CMOS Process
Max Codeword Length 2592 bits
Wordlength 6 bits
Supply Voltage 0.9V
SRAM Size 58.368 Kbits
Operating Frequency 1.0 GHz
Occupied Area 0.415 mm”
Max Throughput (i tlr;4Hc|;_t')|ETET)
Power Dissipation 84.68 mwW

SLM

37.3%




B Parameter Setting : (MIC, H TR, L TR, :

—@- BER for (1944, 972) LDPC with ET
y
-4 - BER for (1944, 972) LDPC w/o ET
— 15

n
>

Bit Error Rate (BER)
(=Y
(=)
=Y
w
Average Iteration for ET (Al)

: Al
10 T2
- A
10-65_ R T 1
: e
T : | | | : :
-1 0 1 2 3 4q 5

Signal-to-Noise Ratio (SNR) : dB




DATE [10] JSSC [11] TCAS-I [12] TCAS-11 [13] SOCC [14] TCAS-I [15] Proposed
Decoding Algorithm Layered MSA MroDdli;iEd Mm%
Standard Supported 16e 16e 16e/11n 16e/11n 16e/11n 16e/11n/G.hn (Customized)
Number of Modes 114 114 114 + 12 114 + 12 114 + 12 114 +12+7 (Un-limited)
Process Technology 65nm 90nm 180nm 90nm 90nm 90nm 40nm
Supply Voltage (V) 1.2 10 18 1.0 1.0 1.0 0.9
Max Codeword (Bits) 2304 2304 2304 2304 2304 8640 2592
Quantization (Bits) 6 6 6 9 NA 6 6
Number of Iteration 10-15 20 10 20 10 8-12 1-5
Frequency (MHz) 400 150 100 300 450 400 1000
Design Area (mmz) 1.337 6.250 10.120 6.220 3.500 5.529 0.415
Total Gate Count NA 970K 463K 947K NA NA 610K
Power (mW) NA 264.00 856.00 528.00 410.00 517.70 84.68
Max Throughput (Mbps) 333 105 168 212 1000 1957 1400
NAE (bit/mmz) [16] 0.156 0.054 0.318 0.054 0.304 0.424 0.319
NEE (nJ/bit) 1°! NA 7.554 1.181 7.483 1.232 0.795 1.136

A NAE = Normalized Area Efficiency

A NEE = Normalized Energy Efficiency




B Conference publication:\'

@ Xin-Yu Shih and Yu-Chun Chen, "2-Dimensional Mmum Fast-Searching
Design Approach of LDPC Decoder Architecture for IEEE 802.11n/ac/ax
Applications," in [EEE International Conference on Consumer Electronics -
Taiwan (2017 IEEE ICCE-TW), 2017, pp. 119-120.

@ Xin-Yu Shih, "XYZ-Direction Fast Minimum Searching Approach of High-Row-
Weight LDPC Decoders for Advanced Communication Applications," in The
5th Seoul International Conference on Applied Science and Engineering (2017
SICASE), December 2017, pp. 226-227.
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B \What we propose : T —

B Flexible design architecture
M On-line download customized-matrix (ex. matrix size)
M Adjust the location of 1’s and 0’s

'4,

M Design Techniques
T1 : 3-Dimensional Minimum Searching (3D-MS)
T2 : High-and-Low-Thresholds Based Early Termination (HLT-ET)

B Chip features:

B On-line download customized-matrix
M Reduced critical-path timing
M Efficient LDPC decoding
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