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% Context/Objectives

Context & Objectives

Low Density Parity Check (LDPC) Decoders

@ Applications : Wired, Wireless communication, Storage...

Message passing LDPC decoder

Noisy
Channel

Coding

™~

I~

2 types of LDPC decoding algorithms :

@ Soft information algorithms : Sum-Product, Min-Sum..., powerful error correction capacity but high
complexity.

@ Hard-decision algorithms : Gallager Bit Flipping (BF), Gradient Descent Bit Flipping (GDBF), Probabilistic
GDBF..., low complexity, usually weak in error correction.

@ We work on hard-bit decision algorithm
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Concept of Bit Flipping (BF) Algorithm :

Context & Objectives

@ Iteratively passing binary information between 2 groups of processing units :

o Check Nodes Units (CNU) : compute parity check equations (XOR operations),
9 Variable Nodes Units (VNU) : the VN value is flipped if the number of violated CN neighbors is too large.

@ BF: X,(7k+1) = flip (ng)) if Egk) = Eme./\/’(\) s%) > T, 7 : predefined threshold.

o x,(jk) s current value of VN n at iteration k
4] sg? : current value of CN m at iteration k

v

Hardware architecture and performance comparison
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Gradient Descent Bit Flipping (GDBF) algorithms : BF w

Context & Objectives

@ Energy function : E,(,k) _ ng) Xor Y + Zme/\/(\) sg?, with y,, the noisy version of VN n.
o E,(T‘:;X = Max (E,gk)),

0 Y —tip () it EY) - £,

ce comparison

2 Y2 £ W

’ Interconnection Block ‘
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AAAL AAAA AAAL

CNU, CNU,| CNUy
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% Context/Objectives

Context & Objectives

abilistic Gradient Descent Bit Flipping (PGDBF) algorithms : GDBF with followi

@ Energy function : Ef,k) = xW

© Ef, - Max (E)),

(k)
n D }’n+2m€N(\)Sm,

@ sample N random bits Ri,k) from a Bernoulli distribution with probability pg,

O KV =tip (x) it EY =Y, and AP 1.

[Rasheed2014] O.A. RASHEED, P. IVANIS AND B. VASIC, “FAULT-TOLERANT PROBABILISTIC GRADIENT-DESCENT BIT FLIPPING
DECODER ”, Communications Letters, IEEE , voL. 18, NO. 9, PP. 1487—1490, SEPTEMBER 2014.

with yp the noisy version of VN n.

Hardware architecture and performance comparison

IRISC-dv4-R050-L54-N1296

Frame Error Rate (FER)
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Context & Objectives

Hardware overhead for Random Generator implementation could be prohibitive

Random Generator (RG) : Linear Feedback Shift Register (LFSR)

A Naive implementation of PGDBF would require duplicating
Z Jrena N LFSR-RG to get N random bits at each iteration :

nit

Tanner code (155,93, dv = 3, dc = 5)

1-bit Register Slice LUT
I— - Non-Probabilistic GDBF 946 2151
PGDBF with LFSR 9161 3545
offset min-sum (6 bits) 13694 15350

@ Statistical study of the PGDBF to identify the critical features of the probabilistic blocks,

@ Replace the LFSR-RG by an "approximate" RG with low hardware complexity.
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% Statistical Analysis

Statistical Analysis in the Waterfall
@ Random binary sequence at iteration k : R® = {FIIW, i=1... N}

@ Focus on the number L of 1/ s in the sequence R instead of the Bernoulli probability py
@ Analyse the Frame Error Rate (FER) as a function of L

¢ ‘Waterfall region, Tanner Code, N155M93, Itermax100
1 T T T T
—©— lter#10 .
: C | < nem0 | g @ Conclusion 1:
= —— tter#30 o ) Ay .
107 : ; pemee for the first decoding iterations random
_ ¥ ller#100 part does not help,
G
S 10
&
&
310 @ Conclusion 2 :
£ choosing an optimized py is not that
- important,
R™) only need to have a "cut the tail"
4 property (Lmin < L < Lmax)
o 0 2‘0 4‘0 éD ’ 160 120
Number of bit 1 (L) in the binary random sequence R
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% Statistical Analysis

Statistical Analysis in the Error Floor

Errors located on Trapping Sets

@ In the error floor region, the dominant uncorrectable error configurations are concentrated on Trapping Sets

@ Trapping Sets TS(a, b) are defined as a small set of a VNs for which the neighboring CNs contains exactly b odd degree
CNs

@ TS(5, 3) is the smallest trapping set for regular dy, = 3 LDPC codes with girth g = 8.

Smallest Error Events not correctable by the GDBF

@ weight-3 error patterns which does not satisfy 5 parity-checks,

@ weight-4 error patterns which does not satisfy 10 parity-checks,
Vi \3 Vi
V2 Ve
Vs Vg
A V3 B V3
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% Statistical Analysis

Statistical Analysis in the Error Floor

rs

@ for each Monte-Carlo round, only the random sequences R differ.

o Error floor region, Tanner Code, N155M93, termax100 Error floor region, Tanner Code, N155M93,termax100

—o— teri10

@ —<4— ler#20

P tter30

e —+— lterk50
0.8/ —¥— Iter#100

Frame Error Rate (FER)
Frame Error Rate (FER)

—0— Iter#10 M
—4—lter#20

—P— lter#30
—+— Iter#50
—¥— lter#100|

i i i i
0 20 40 60 80 100 120 o
Number of bit 1 (L) in the binary random sequence R

120
Number of bit 1 (L) in the binary random sequence R

3 bits error pattern 4 bits error pattern

@ Conclusion 1 : the random part is useful in the first iterations,
@ cConclusion 2 : R%) needs to have the "cut the tail" property (Lpmin < L < Lmax),

@ Concept of decoder rewinding : replace a single decoder with K iterations with P decoders with K/ P iterations, using
same input, but different random seeds : it is expected to get FER = (%)P for the low-weight error events.
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PGDBF Implementation Architecture
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i@i IVRG

Simplified Random Generator - Duplication approach

1 2 - S ]
Rt i

@ Initialize the R! by :

o Linear Feedback Shift Register (LFSR)
o Intrinsic-Valued Random Generator (IVRG)
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LFSR

LFSR RG Module
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Intrinsic-Valued Random Generator

Original decoder :

@ : Erroneous bit

@ All zero codeword sent assumption : prob(v; = 1) = « and prob(v; = 0) =1 — «, i = 1...N, o : channel
crossover probability
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Intrinsic-Valued Random Generator

CNs values sequence at the first iteration :

l: Unsatisfied check @ : Erroneous bit

@ prob(c; = 1) = 0.5 — (0.5 — 20)%%, j = 1...M.
@ CNs values sequence € = {cj,j =l M} is :

o a sequence of random binary variables
o generated inside (intrinsic) of the decoder and Lz has "cut the tail" property as in the
following theorem.
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Intrinsic-Valued Random Generator

Given an LDPC code having only Trapping Set TS(a, b) in its Tanner graph. If there are a erroneous bits in the
whole codeword then L' is bounded as
a
b<L<Y (da)
i

v
"Cut the tail property of Tanner code in the first iteration CNs sequence”
TABLE: Trapping Sets of Tanner Code (155,93) L LinCNs soqenceuse n VG, Tannrcod, vtera egon
Type of TS Number of TS ::
TS(5,3) 155

TS(6.,4) 930 ;
TS(7,3) 930 \Channel Crossover Probabily: 0,04
TS(7,5) 13950 -

@ statistic with number of bits in error e > 3. (We 05 10 15 zL‘s R TR

prove the guaranty error correction ey = 2 for
GDBF and PGDBF in another work).
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Intrinsic-Valued Random Generator

ut the tail property of Tanner code in s sequence”

Lin CNs sequence used in IVRG, Tanner code, waterfall region
1 Lin CNs sequence used in IVRG, Tanner cade, erfo floo region
1
09 1
09
o8 1
08
07 1
2 oe g 1 g
3 £ 0g
£os ] :
] Channel Crossover Probabilty: 0.01 £ os|
04 K Channel Crossover Probabiliy: 0.005.
2 2 04 f
03 1 H
03
02 1
02
01 § 1
01
o 5 10 15 20 25 30 35 |
L o 5 10 15 20 2
L
V.
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Intrinsic-Valued Random Generator
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FIGURE: Cut the tail property of CNs sequence in the first iteration dy, = 3, d; = 6, code rate R = 0.5,
N = 1296

v
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Intrinsic-Valued Random Generator

L LT T T
Q

EE ] % EE [*] . 1] :Registerbank

1
1
IVRG :
1
1

@ Store the S CNs values in a register bank.

@ Shuffle at each iteration these S values to generate N outputs :
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IVRG

Intrinsic-Valued Random Generator

IVRG hardware architectures

—> To Connection
[T> network?2
>

= RG Module

—>
0= Stop
> decoding

M

Syndrome check
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PGDBF Implementation Architecture

: 1 b
o
;9 ?ECL [

r S : Iz

= dvg, <

8 L2 @ —(V1OY1 g
=] 5 g EC 3 |-
> S LEG c .
3 i 0 7 3
=3 2 g 5
o @ — V2@, 3
2 g H I3
> = i 2
% y > ECy 8
= Il M*dc! i In
: . > W®yn

L.\
N*dv| H

: 0=Stop
M decoding
Syndrome check

GDR-ISIS Energy-efficiency in Error-Correction Coding F. Ghaffari, K. Le, D. Declercq, B. Vasic June 8, 2016 27/44




% Context/Objectives Statistical Analysis IVRG LFSR IVRG MI Performance Conclusion

Maximum Indicator (MI)
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Maximum Indicator (MI)

C2: “1in k” code converter
Ma; = 1if (P=1and P=0
foralli<j<k)
Otherwise Ma; = 0
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Maximum Indicator (MI)

Ca(l
Ci(2)
3)

vidy;
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Performance

Decoding Performance

IRISC-dv3-R050-N1296, ltermax300

IRISC-dv3-R050-N1296, Itermax300
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FIGURE: Decoding performance of LFSR-PGDBF, IVRG-PGDBF decoders with different values of S
on the LDPC code dy = 3, d; = 6, code rate R = 0.5, N = 1296
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Average number of iteration

IRISC-dv3-R050-L54-N1296-Dform, Itermax300
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FIGURE: The average number of iteration of GDBF and PGDBF decoders on the LDPC code dy = 3,
dc = 6, code rate R = 0.5, N = 1296
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Decoding Performance
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FIGURE: Decoding performance of LFSR-PGDBF, IVRG-PGDBF decoders with different values of S
on the LDPC code dy = 4, d; = 8, code rate R = 0.5, N = 1296
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Average number of iteration

IRISC-dv4-R050-L54-N1296-Dform, Itermax300
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FIGURE: The average number of iteration of GDBF and PGDBF decoders on the LDPC code d = 4,
dc = 8, code rate R = 0.5, N = 1296
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Decoding Performance

IRISC-dv4-R075-N1296, Itermax300 IRISC-dv4-R075-N1296, Itermax300
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FiGURE: Decoding performance of LFSR-PGDBF, IVRG-PGDBF decoders with different values of S
on the LDPC code dy = 4, d; = 16, code rate R = 0.75, N = 1296
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Average number of iteration
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FIGURE: The average number of iteration of GDBF and PGDBF decoders on the LDPC code dy = 4,
dc = 16, code rate R = 0.75, N = 1296
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Decoder Implementation Cost

Conventional LCT vs Modified LCT

GDBF
LUTs Conventional LCT Modified LCT
Tanner, dv3-R=0.4 - N=155 1716 1374 (-24.9%)
dv3-R=0.5-N=1296 12554 8959 (-40.1%)
dv3-R=0.75-N=1296 14189 11125 (-27.5%)
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Decoder Implementation Cost

Decoder Implementation Cost

dv3R050N1296
S 216 432 648 1296
Registers LFSR-PGDBF 2864 (1.096) 3080 (1.179) 3296 (1.262) 3944 (1.510)
IVRG-PGDBF 2830 (1.083) 3046 (1.166) 3262 (1.249) -
LUTs LFSR-PGDBF | 10407 (1.162) | 10515 (1.174) | 10623 (1.186) | 10947 (1.222)
IVRG-PGDBF | 10384 (1.159) | 10492 (1.171) | 10604 (1.184) -

GDR-ISIS Energy-efficiency in Error-Correction Coding
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Decoder Implementation Cost

Decoder Implementation Cost

Registers
dv=3 dv=4
R040 R050 R075 R050 R075 R0868
N155 N1296 | N1296 | N1296 | N1296 | N9520

GDBF 328 2612 2613 2612 2613 19602
(1.000) | (1.000) | (1.000) | (1.000) | (1.000) | (1.000)

LFSR-PGDBF 519 3944 3945 3944 3945 28618
(S=N) (1.582) | (1.510) | (1.510) | (1.510) | (1.510) | (1.460)
LFSR-PGDBF 457 3296 2973 3296 2973 20218
(S=M) (1.393) | (1.262) | (1.138) | (1.262) | (1.138) | (1.031)
IVRG-PGDBF 423 3262 2939 3262 2939 20184
(S=M) (1.290) | (1.249) | (1.125) | (1.249) | (1.125) | (1.030)

Look-Up-Tables (LUTs)
GDBF 1374 8959 11125 13049 12601 92535

(1.000) | (1.000) | (1.000) | (1.000) | (1.000) | (1.000)
LFSR-PGDBF 1619 10947 13096 13653 13217 97312

(S=N) (1.178) | (1.222) | (1.177) | (1.046) | (1.049) | (1.052)
LFSR-PGDBF || 1589 | 10623 | 12608 | 13333 | 12731 | 93111
(S= M) (1.156) | (1.186) | (1.133) | (1.022) | (1.010) | (1.006)
IVRG-PGDBF || 1564 | 10604 | 12721 | 13306 | 12712 | 93087
(S= M) (1.138) | (1.184) | (1.143) | (1.020) | (1.009) | (1.006)
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Decoder Implementation Cost

Decoder Implementation Cost

dv3R050N1296
Registers LUTs | fmax (MHz) | It-Average Ncyc | Throughput
a =0.02

GDBF 2612 8959 96.15 6.74 1.00 18488.93

LFSR-PGDBF 3944 10947 100.00 15.31 1.00 8465.06
(S=N)

LFSR-PGDBF 2864 10407 102.99 15.05 1.00 8868.48
(S=42)

IVRG-PGDBF 2830 10384 101.01 7.02 1.00 18648.02
(S=42)

MinSum 28547 89429 37.04 2.47 3.00 6477.73

v
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Conclusions

@ We introduced a new and original method of randomness generation called IVRG.

@ Instead of generating random bits, we use existing decoder memory

@ Highly efficient in term of hardware cost compared to conventional method (LFSR)
@ Preserving the out standing performance of PGDBF

@ We reduced the average number of iterations (may reduce the dynamic power)

@ We Optimized the HW implementation of the PGDBF
@ (modified MI) to reduce the FPGA resources used (to save the static power)
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