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WE MAERTIZWRAFMFHETENEHR NAND AFX AN FREEEE— S P RE. MF
EEENRE TR T S WES MW TR, AT SEEGNES TR, T RIE NAND |47
A 7 4 & B BT A 7 8 1 B9 0T 0 3 8 1F) R A4 O A B AR H R R D 25 B R 2| NAND (477 9 B 45 74 1R
HHEETREERE, ELERERRHNEMTEEZCAAZ — M EMRALEREMNT EE
HERMERDDFRENG L, AXEHERATEA N ENFERATETREETERRD (low
density parity check, LDPC) #F4&EME /4. A T 1 N NAND {5 & 3F & AR B9 4F 8, Aot — 4R W
B A H B B A B R LT A AR E A B WA R, S E R B R W R — PR R
REEREEMENESLE. 2% NAND AFEE THHEHF AR, AXRENEMFT LT UL R
AEERENEEFF MR A BHLRE, % D ERANFETNFa

X$217 NAND A%, X H 1, LDPC &, B, 5 E

il

1 35l

S5 HET, SRR 55 LR A ety, FLABR 1 U0 oA 217 ol S5 A7 fol SRS PR aE, A7 filk 1R th N
T CAREA 5N £ B0 B T BUER 280 BUR & AR, TR F X M A # 8 F 2 —, NAND [
AR RIS « SRR Ak T SO0 RS SO O R 1 R sl 55 IR R, (AR
A B R 5] 1 AR TR DAL S 2 R

LT gitiAE, NAND INAFRAsmpumth . UEL Bl ety i %, {H52 NAND A7 5
76 HRAE A A 2 ) R AT B AE 2 B AR BRDE A . HoTlal T30 . SRR I RIS R 2R T B A
Rk ] TR AR 7 A B R SR SR AL At T SE PR R e, A2 N IRAF A 5 21 NAND N7 il
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% 1 MLC NAND 6 MHIFEEE T, Codel 1 Code2 EHESHEFERTLL 20

Table 1 Comparison between quantitative parameters of the Codel and Code2 under the MLC NAND 6-month retention
model [20]

Code R of MMI quantization R of Monte Carlo simulation
Codel 7 15
Code2 7 7

AEA B G T B T B A A S PR AR B, YIRS . BCH 4% a7 B R 1 ke 2] i el sk 7T DA 58 AU AT 55
{E R B A5 12 T2 K R A 2% B 5 SR 1) — 2D 2D 4R i, 290 NAND [NA7HAZ g 5 oe Rl Rg A2 /N, Hdi
HRGZ T, BT AL T BRI B ). TR RN, WAIE R NAND [RA77= b A A
FH LA S S A 8 8 0 PR A R A A5 RS 7 SR AR T 24 A A # AR, Ho X LDPC (low density parity
check) A9 HIRIF AL 54 T 3 E Ay 5~

LDPC & Gallager 19 T~ 1960 42 H i —Fl = T B BRI B 2R 4 205, 12205 1) 45 44 mT DA
P R A 36 R B R AT I, R 0 28540 5 RS 1 RE R B G, STk (11, 12) #F9E 7 LDPC 1RAS 4R 7E
ANTFIRERE S50 T RS M RE 22 57, SCHR [13] UEBA T 3CH ¥ LDPC BEAG 88 /E BARE L T R B & &
(Shannon) FREJPERGRE ). SATM, BAR LDPC IEIEMESRIE(E R4 h O 2 N, (HHEAE NAND WAE R
Grrh AT A — LB 0 BkaR B G, DR 28 AR I A8 A [R) B FL R A 25R, NAND (A7 AR )i
A2 R AR AR, X 5ESRIBE RS NG E A2 R, E1E 2 R B
Wi LDPC ) P35 25 (1 14 B R 2.

N T REMEAE NAND [NAFHF 78 20 RAEHCHI R B 33 7 B, W] 78 SERR 37 50 T IREA & H B E Hn
NIRRT — AN v . 385 LR R e B 28 IO SN 5 T A B <o Al <17 BORESRAT 5K, T
MERAE AT 2 (1) MRS S A il A (2) BALIX A A, SCHk [14, 15) 383 5286 DL BE il &
13 BIE TG [ BB R KA IR NAND WAEEE, JREEH 7L LSBT 77 %, SR (16, 17) 8 H
T LA S S EER A HAR AT 1B TR BB T, 2 T AR I S I R 2R, ik
FERIEATE H 5SS B TR AN S, IRORS FE R &4 T DAZE PRSI B RN 1L 5 S e 2 (R AP 1. %1
SRR FE A 1] R 10 L 1) R, — ] SR R R R 7 0 R 3 S B, 108 AR X — 7 A N A AR E 1
SIETENL T, 2 SECEEE DGR 1. D TR SRR AL R RS AR, SRR EAE R (maximum
mutual information, MMT) FEAGREN T —Fil 12 K FH 1 fE o 0925 20~220 ) sk [20] aE (R4 7R HE
SRR AR L A5 (] 5 LA R D A AR &, AT PR IS R e R AR I B 2R . b4k, STk [23) SR
F T AR 455 R Bt 55 T 0ok X S R B MIMIT A 7R AT B0, B AR IL IS 15 i it R A A 11
SEALHEN YRR ARG B0 T B R L T & BERARYE, (EJ2 12055 IR A AL LDPC 45K B 5E .
BihnsCEk [20] R T MMI S ERIZ R RIE (Monte Carlo) f/j B &AM J7%4E MLC NAND 6 />
HBEBRALR 23 il % P h s 7 Codel I Code2 HHAT T RBMUSH R (WA 3.2 /) HIEFEXT L.
M 1 ATLUE B, R B8 &0, ARSI EREL T, MMI S0 FnESF e S50 A
X, TARYE SR B B A R, AR 1 i R S br B AR R 22 5, PR A MMT #E
M7 R TT R 145 LDPC Moy R i YRR (S5 30k [20] K 14 F1 15).

R, ASCTESEFRAEXTFR NAND [NAZEIEEBL T AT 7% 18 LDPC 545 M IR 2 &40 7 11
I, UREN T 24 AT E A VE T AR E BB FG. AR SCoTIR A S5

o JEITXT MMI SEALFVEFTAAAESR s A 7, $2 %5 18 LDPC 5= 2544 1) % FE AL A6 NAND
INAEHEAT /b, R0 TH T Z45 R M RE.
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JTEREE: % LDPC 3% NAND N EEEN

o BT LA T AT A i LR AT R PRV SR A, SR HE NAND [AAFF2 ) 4 oh 45 LR 3
AR KA AT JEUA AR XS R 140475 38 B 4 BB 0 A X ARAL.

o Kl E LI R 7 G 5 0 AT LR 25 ) 3 FE AL B A 7 S A 5, BRAR T SRR AL IX RV R
RIREE.

2 REGHRE

NAND [NAFAFA# RG] DAEAF A — M AL AE R8¢, 5N ARl DA RO A g L A,
A7 V0 RICH8 A7 IR PP 2 52 BT AR A5 R B2 I, T I P 24 8565 T LK I $ T it PR 7 1)l S
AATEENA T NAND INAFES B A DLR S e e BB BRI, SR A 0 NS TE AT T T ik 1
BOH RIS 8 7E NAND [AA7 R G0 R 7 2

2.1 NAND N#HFIEEERIE

NAND [NAF e/ ME# AL A BT (cell), RAEEA BT PRI LR 2 H , NAND [NAFA]
PL73 4 SLC (single-level cell) . MLC (multi-level cell) A1 TLC (triple-level cell) f4E. [AAF il 7
ZRANAL LR (R S [RS8 s B #R A, B 2% 72k A SR T A a5 70 N I A6k ) LR RS A H 3R IRI LR T
X5 LA IT (page), — BN ELTTRES ALK T — M (block). T+ H Al 7L 35 2% J R A A7 b
JrRE, 35 B RS E DADUN ST, — O kB B8 R ) B A7 A7 Ak B o B e 2 1] — i A
2k, HAF# TSR R AL B I TR OR SE B, BT CABR R R AR DL O BT 14T

IR B e ) FELRT B H 5 A A R B A5 O 5. R oK LT B H R PR, it At H B3
S%F BT H FLAT L AR DS B AR L S S B 2R FE S R AR I, H i SR AR 1 5 N A B A e X
HOR R FEAAFE FLTT. BB A7l o RO I AN TR, 50T rh i e ORA7 (1 Fa A HOZ 2. fE T
XFRIAE RN T, 5T A R bl D A BB 0 o) . O 1 BN S5 NI 1) S )
T4, £ HET 1Xnm HIFEM AR R K2 R G & D3k 4af2 (incremental step pulse program,
ISPP) 753X, BIUR — BRI S N LR 20 A2 BN S N, K ATZ S N H AR e, &1 1
/N2 MLC NAND [AAEH) ISPP /n =&, 4 FEANFFS 050 4 FEHFRE (ER, P1, P2 #1 P3 AR
) B, 1B BACH AL (least significant bit, LSB) UL A% 5 2L (most significant bit, MSB) 7l
(K190 3905 N 58 CECHE A7 it T RE.

FECERRAEIT, Dy 7 B A B oo i) e i K, H A 3 R (107 SR AE A7 Ak B s B it A R i 5
MIEEECS 25 T, 3 T SRS TBOR 2% P AT 00 81 ) s A P P R/ one LT BB AT 7 . 9 AR B 1 R
MLC NAND [N AFREAT S DR B2 B, A0RE e v 3 B SR G SRR s (3 A AN (R I FA s 40 D B2 B 2 2% W
& (rg, rs A rg) BEANT H AR T, 38 I /N B AR 0 308 4 W7 R AT DURA A€ 12 51 70 BT s 1) L S AELAE TR
A FE IS DX ) R AT 38 3 ] 45 1 5 22 1 Kt

2.2 i TiRFERE

7E NAND [R5 fheft, I3 2 LA 8 1 th B 52 88 TE vk S P R, 55 B R e
DRI 76 o 7 5 0 L B A . SR [3, 4, 18] 3883k S 24025 PR 7B 0 R 6 44y B
) SR R « A LTI THE . SR TSRS T, e T4 R, R s B i
¥t 2 RHUR RN B, MITTER NAND NAE R A A, 36— A 0 B RO SRt 1 s
U R RO L, AT B ER RS HO(S 2L B AR 3 ANBes v GrtR A 3 B T A
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Erased state (XX)

4
v

Quantization

LSB program ER TP
(X1) (X0)
i\\\\\\\\\\‘ V;;;\\\\\\\\\\\\‘ B>
| |
[ | |
MSB program ER ‘ I p1 P P3
(11) : : (01) (00) ‘ (10)
N R
|
|

A 4

interval b, ‘ b, | b,

v

Read reference i g 3 s s s 7 s 9

voltages

1 (ML E) MLC NAND AFigEE Sitfiofmizid izt ~EE
Figure 1 (Color online) ISPP and quantization of MLC NAND flash

AR E. AMRRASGE RS T A (0] B, SOk [4, 14] 258 TR AR (Gauss) BERR A 51l #iA 5%
ARE NEE A0, BRI e e & AR N 4 B 20 A0 mT DL BT i e 0 R 3, FHd I e ie
S5 AN [ R 3 %A v 0 R B P S E AN T 22 B, TS 21— AN RO S IR AL TR B E R
S%Y/ (1

1

Fy) =+ > filylna(v), 0i(v)), (1)

S i=1
Hrt f(y) NEAREEREL, N, ARG fi(y) 250 0 DRSPS R R R (o) Aoy (v)
g3 BL v A B 1A 0 R B S E A AR E 2. STk (4] XF 3D MLC NAND [A A7 A1 33 B IS [A] %
ATSEVER S M 3EAT WA, O Hodid See £ 2 1 5E B I A4 S A A, 1200 (1) TP () M0
oi(t) BREUEIN

p)

2
oi(t) = A7 log(t) + BY )

{ Hi(t) = A log(t) + B,
bt A%, BE, A7 R BY 59 FRRACAE TR, ¢ 2 LURD g 3o 0 5 B I ) 25 .

2.3 ERRESAIIRE

AHEL TR R AD 2% ) ) e PR 28 HAT SR A IRAD AE 1, HAEAE S0l s R8ih Ol 2 M. 2R
T -5 0 S e T L ) P G ) e B R TR, ) W VR D 280 A 2 U R I A R SR AT R, &5
A 1% MLC NAND INAERGE S 7 A (1), BLMSB TG, 5B v =1 M =0 M5/ FH
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JTEREE: % LDPC 3% NAND N EEEN

A
{q@uzngzfmﬁ@mmmmw» 5

a(ylu =1) = 5 321 4 fiylpi(v), 0i(v)).

B R A SR e 152 B 22 F L e 0 A7 B TG AT 5 30 ) T ) D77 V2R R A7 A B T TR
{18 BRI PR S AE R — N DXCTRT P 8 A R s B PR DX ) £ T 30 ) e B G A A7 it B G 22 (K N 52 B
222 1 e R I PR 15 I TR) TR b, T Al ks BYOR 7 e /D OB (T LSB DURR 22 1 4k, MSB 7
B2 R MERBORXHE 5 @47 6 ok LB A . AR A7 i 500 L R PR 3K X TR I 45 2 J&, NAND A
AF P R B P A B X 1) R A AR B g 4 ol 2, 42 8 280 i it T DAAS 31 X TR) AR R I 35 BVE. X
A AT ERISA L (log likelihood ratio, LLR) #U/5 B8 R:

Jo7 L alylu = 0)dy

L(by) = log “22 ,
(0i) = loe S alylu=1)dy

(4)

Horboby yEACKIE], WA 1 BRI S E R v A ey B, 5 O8 [1,n] Z AR, H
ro = —00, Ty = 00. AT AR BRI IS R vy (RVEALTTIR) A5E i L

ANTF) AR GEIEAE P B s AR ORI FT 5 B AT R, NAND A P A 80 B2 B DL TN
FATREAT, 1 DU AR RO T kB, XA MWE AR B TRR N 5e s LA i B asis 5
e, WNAFE 4 Refs e Al dman INA7 il . K B DO R P ) LU AR AR O S AL T IR H 245
Bk A, BUERALT IR H 101 B B R A BB, 78 S PR TN A7 7™ i h R 0 PR A A AR A
RAEZEALT.

3 NAND NEFRVIZEEEEN

AH LG T P S (5 TE R, RS T AL G 1 B BUE AP A — 2 (5 B R A2, T MMI #E N Ap
PLOREAS 8 & & iRk, XS MMI BN T H AT NAND A7 A B — =y s A AE ).

3.1 RXEEEEl

HAF S5 AR G i B % v B B om i 5 S B — M EZ TR A — Mo a5

5, NAND (R4 (R8s 505 th m] DLAE MO AR SEil A5 h 5 5 A AR OE e, BRI AR 2 22 X —

THWEIAF]T NAND {7k R4t MH] MMI #ERREAT S e PR AR A, X (5) NWEEER
EAR,

I(X;Y) = H(Y) - H(Y[X), ()

Hrb H NG ERREL H =Y, —x;logx;.

NAND [RAFH IS B 2k 22 s AT DLAE RN I 2 s S BOG AL ETE. 1B 2(a) #1 (b) £
/NI SLC NAND [AF PR RSz BUSOL, =& XAE TRTE B 2 HEKE ST AT 34
oy, Ferh & 2(a) HAFIHEXE] by B LLR fHAE EALNEERRRE e (e = 0), MEEMH 3 Lt
TSR

SCHR [20] 25 HH T XARAGIE T B 2(a) AT (b) M EAF B E AR KK 2 TR E
S poy, 0 1§ 48 R (5T AR AL ) T AR, G180 pra — plbour), 502 th LA RS
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u,=0 b, u,=0 b,
bZ
by(e)
bl
u,=1 b, u,=1 b,
(a) (b)
u,=00 b, u, b,
u,=01
b, u, b/
u,=10
ll4=1] bm u, bn

(©) (d)

2 5 NAND HAEFEZRIEMFUNBEHIICIZEERE
Figure 2 Equivalent discrete memoryless channel model for multi-reads in MLC NAND flash memory. (a) SLC NAND,
2 reads; (b) SLC NAND, 3 reads; (c) MLC NAND, 9 reads; (d) general model

TIZM AR AR B BT AT

I.(X:Y) =H <P11 + P21 P12 + P22 P13 +p23)

2 ’ 2 ’ 2
\ (6)
- §H(p11,p12,p13,p21,p22,p23),
L(X;Y) =H P11+ P21 7 P12 +p22’p13 +p237p14 + P24
2 2 2 2 (7)

1
- §H(p11,p12,p13,p14,p21,pgg,pgg,pg4),

BRULZ AN, B 2(c) A1 (d) 43t T MLC NAND [RA7 RS iy 2 B2 IR A7 FRO38 B RO AR, [R5 (8)
2 T AR IR AR RS TE S 00T il LA B S A

k n
1 kpii
Li(X;Y) = < S5 pijlog 22— (8)

i=1 j=i i=1DPij

BT MMI #E U F) A7 SE 18 2R 8 B B R KR TR S, KA i iy —
AR max T(X;Y) FIARAL A8, %570 O IE B B A B @ . SR E A E R 2, MMI #1k
Tk R S EE N H 20 A 0%, A % IR B gm RS I 52, PR, 7675 S 4 s L T,
MMI 7 Sz BR_E %A 0 5 e A g A 2% S5 0B T TR HEAT O AL 201, A SO 48 4 i T
LDPC 45 ke S AL &, IB B A% B (5 LDPC MY 745/ 52 g Ak, 7kkh MMI S4b77E7E
[Py .
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JTEREE: % LDPC 3% NAND N EEEN

3.2 EXMIREEENMRR

FEAE ] MMI AL T7 580, 7 EERRA i AT SR AR, ar R A A AL T TR IS, A 2385
SRR FE R A A7 3 P BN FR A BTt O T R IR R RIR P, SR [19) a5 [ 52 Lt A TR B
PRI R BRI, K 2 AR B I Bty 1 AR B AL IR R, JFAE XS AR5 8 T IS 73 ke, (2
FESEPR NAND INAAETE BAT AR PR, [ s A8 i i 75 20t ARt . SCik [19] SR H4E MMI &
IS SR ] — A ] 52 L) (constant ratio) AIEEALTT S, RIFEARH QB PSR AR 70 A1 25 (B 2 18] ) 4 X
s, SR (9) B [ € LA ) iR B 8 W s AR TR B, 1207 5 B IE I R A A AR X PR AL
AR R I,

p(rllsy)  p(rrlsi)’
Hop b RoR AT TR AL TTRR, rm RN AE IR IR A A B TTER, s AT s, 430 227N 24 A 340
VRTBR A2 A5 PRI N gm AR AS . (A ER A, SRRk (23] KA B e SCIR 95 R 25t xe) [ 5z 25 8] B MIMIT
AT T A, (R R BTV S T LU A T TR R T B (LR A), H3E
TP V2 B B AR BUE TE & BF 78 P #8 R R0 FH SR R85 L 75 55 R AR B, 1 S0 RIS B IR
[ AFRE, BT DOXAE L bR HEAE .

UbAh, ZAE R ITIEE S MMI 8407 AL AR B, 3R 0k e i MMIT SyLIsks. & 1 R iE
BBk B H R 2 (5 8 4%, ] Codel F1 Code2 PRt AR 7 (56 T, MMI B Ak ik
BHENSHE BEEN S M AR 2R, B MMI #0537 [ et s AT R 2 A
3 LDPC W7ok R e vERE.

_ p(rl|5l) p(rr|5r) (9)

4 8 LDPC 4By NAND JEXNFRENTGE

B NAND [NAF™ a0 ol S0k 7 SR AW B i, B0 R 5 8 A AT LU T A% S ) R e i 2 B
H B PERD PE RE DB WA H bR, Myl et 2l s b i E 2 — 1, LDPC M AR AL &
APRAPERER DL, I FAT WAEFFATVERS AL, 31X — % mi AT DU L B 1 R DA AT FEREAT, ARG i
R, BB MRS B2, A3 Joht LDPC PRSI FEEAT T (8 ZENEHE, U 25k Al
PERDAE R I IOC AR, AR B2 A 2 PR AL S0 b AT 1Bk 5 (5 a1 AN - S5 W) I AL TV, TR 4%
R R A T B A0S R 26 A B 1 1) D L R e 8 A DRALE 135 T i HE 20 A A X AR A

4.1 LDPC ¥EgE

LDPC #7544 T HA U 0 M BA (R PR o, RERE I RE— AT E T —H BT BRI R R, 1T
AR PR RS o FE R R — SR R T — HE B, R AEE T AR R R .
FECH SOSE T R R A AR RS A R A KRR DL, ARSI R AR AR B AR T
RIEH, LDPC 5405 7y 7 MBS ATAE RIS PS8, 55 I A5 A 6 R P v B — (R A B R H
AR RBOH de ANE], ARREAS T R 8 H I ANGE—, AR R mi ARG 7 ki 7 B A 22 300
Az) B p(x) RBEATREA. HAE CA SCTRIBE TS, LDPC I RERDIE e 5 HR 50 0 B 451 BAT B8 (1%
&, BRI B R EESH, AN R ORI AR M 45 4 th 2 A3 B BOR F A P e 22 5 1),

LDPC P a3 1 3 HIH B A% 38 77 SORHEAT VRS, a3 7220 857 RO IR 19 i 2 [B) AT 7 A it
IEAEHRG R EAUR, 5% 1 R TGRS LR, MARELET(FIEER L KW LLR
T AN B &%, FERSG T s AR BT RS R, 57 € J\j M@/ € T\i ORI AT H AT
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&% 1 The LDPC sum-product algorithm

Input: L°";
. — h.
1: L§ﬁi = L,
2: while I < Iax do
3: Check node update:

LY, ;=2tanh™! (

[I tanh (;L;,_”.)> ; (10)

VASPAV)

4: Variable node update:

> 3
L =L"+ Y Li_; (11)
i’ €I\i
5: LLR total:
t 35 .
Lj=L§"+ ZL;'J/—W (12)
i’ €1
6: Hard decision:
1, Lt <0,
iy = J (13)
0, otherwise.
7 Stopping criteria: if @H* = 0 or the number of iterations equals the maximum limit, stop; otherwise, continue the
iteration;
8: end while
Output: .

SRR Ly, M LS ., W, JRANTES HERRT SME LS, 1 LY, Z 5, e g R T RORK)
S5 SUEE A ARG, R A IR E BRI A B I B A A HRE.

HEE 1 TLUE H, LDPC BRASR FEAH S A28 51 LLR A%, 5K IH BRI A
FEYIR, X TE T B RR, FEEHmAGESEamtRYE T (10) A (11) FI5EH
SERL ARIMARKIE S (8), MMI B4k 771k K 25 18 T (5 N\ i HH AR A1, I TCT5 5 e RS 2 B A AR 1)
TEOL, PRIGR AR H SR I S5 R R AR R S i, 2 N R IBATH S N B T B — M
R

4.2 EEHELSIFLIRBEAIIIRL

LA R T MR ) — AT TR, AR5 B (5 TE T 2 LA T 4R R I i 10
LDPC b5 —Fi |2 S ) LDPC A7 it 759 12 55— fas Y I [0V FE AN 08 F 525 R 77
IRREAT B SRR AR, RO TSI RE A e 1k, 4 R4 mT DAAE B 5 fi K TSR IS T) Py 0 12 4
T EMEIE TR TERERIL.

LDPC (% FEHELALIR B 3 P AR B a5 M HE T T 45, 19 () 0 B i RE N B &2 kAT, JF
Bo i (B B I e TR AN AR LA AT ™ A LT3, 4508 RS st N Lt 1047 A pen,
JEREACM IR SIE 1 RS REXS pay BEATUNSRE 2 PR BOUM5E SR S AL RGBSR BIE, BEHLAS
B AR AT A T R, T BB AL AR & bk B 2 207 T L 4 Ui AT SR gt 29,

Sk 2 il (14) A (16) A0TSR (10) KT mUEFIAMNG (11) 2R AEH R IES
REZR oA, o 1 ik ARIREL, « FORRECERN. 2« HITE AR AL B RS0 1% 50 A5 bR BUI AT 845
L BN p? TR pxp. T FoRFENLIAIREELIS — Intanh(v/2) MRS H )G % AR, T R Hl
A 121 R A BE R AR 5 ) R B0 A AR e R S B N AR B AT AR R O %, T SRS T A TR,
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Check node

Variable node

(d ~1) check nodes

(d~1)(d ~1) variable nodes

3 LDPC RSHIRRLIERDLEH
Figure 3 Decoding tree of LDPC codes

&% 2 The density evolution of LDPC codes

Input: pen, pe;

1: Pg = Pch; I=1

2: while I < Iax do

3: Check node update:

_ 11\ *@-D)
p=T"1 13 (T [57]) ; (14)
j=1
4: Variable node update:
dy
Pl =pen * > Mi(ph)* Y, (15)
i=1
5: LLR total:
dy
Pt =pen * »_ Ai(ph)*®; (16)
i=1
6: Calculation of bit error rate: 0
pe= Y pi(a); (17)
rT=—00
7 Stopping criteria: if pe < pZ, stop; otherwise, continue the iteration;
8: end while
Output: pe.

At LDPC M FHIEM G IFAS SR T 5 1 5. 4i% LDPC 15 A IS 75, d. 1 4,
FORI I RURE AN AT AN B 1 AR AT P B B R s B, B A A 1R 5 B A R A e T R
HHI R ACE R REL. BEAA A N AR 7 H LLR #8850 (4) BT, S0k S 00 A 2 A
R ope N Ly /NT 0 BIREE. QR @ PRSI ST I T IR R s, B4 pe < pS BHIEARZ 1L, 4R
AR 7 PR SRR . TR e 2 L SR B AR RIS LT, B 8 R 15 B KB /N
(R8N pe, BIT LAFR B AR AG 45 RS R =L TBRA &
SR, BR T MG AT HE 2 A, 25 Bt Ak T L 1) s R JA 75 B9 T IR AR PR 1) 2% A2
o (SIEHHIXIFR: {55 H B 8 1015 5 0 A X FRIY, BP

pCh(ylu = 1) = pch(_y|u = O)a (18)
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H po, (%) NIETE LLR BIMER /0 A B 3L
o FEIGAT RUNTFR: HAR R MIAF T ohSnT DUB B TR R v R
de—1

\Ilg)(slml, ey Sdcflmdcfl) = ( H Si> \Ilfjl)(m1, e ,mdcfl), (19)

=1
Hrp, s € {+1,-1}.
o AFET SRR H AR E LT SRR XS AR, B
W (—mg,...,—mg,_1) = =¥V (my,... ma,_1), (20)
IEH TP (—mg) = =T (—my).
EEHEAEX X NAND INAFE1E T R AL SRS 7158, LDPC PRS2 3 NN
{pghww =1) = Y0, pid(y - L),
P (ylu = 0) = 377, ppd(y — L),

HAFYy =00, 0y) =1, By #0HK, 6(y) =0. pi F p) XRWIEE i PEAXE b A u=1H
w=0 ML, L) N5« NEAIXEFTS R E) LLR #, =#F AR T:

(21)

pi= " alylu=1)dy,
ph= [ a(ylu=0)dy, (22)
L = log(ph/p})-
ATLAE B, 452PRr NAND NAFEE S HURE 0/1 BIREZE 20 A AS X FRE | 5 T8 % o AS re i 2 2 FE kb
(PO T8 iy S X R 25 A, T AEXS RS 48 S A AN BEAT O I 0L N, A& S S R 38 1 s AR 515 s X RR
PERSR AL, BT CATE G AR 0 48 FH A% 40 %5 B8 304 SRV R A U1 B A 25 1 R ) AT $2 2 W45 1 B HH MR 0 AT
SRR,
EIB1  SHERBEAL LR /AR R v O EXS R NAND [NAA S8 M R R 5 LLR 1
M 2R 3 [R] I X R4k
HEBA (1) 2 3EXTFR NAND [NAFE1E T A2 ELRs 0 IESRMER N no, /A0 LLERE 1 IR RBER
59, B A mr. SRR LIS BSETS | £S5 A OISR A 0 A1 1 464 50% MR
NSRS, BRI LRE 0 A 1 85I o A . XHEEECE BB HEAT RN, DR
PELEAE 0 B IRMERA (o + m1)/2, TRELIE LLAS 1 B RNERWA (no 4+ m)/2, IIL, BRI
L.
(2) &AL S N R 0/1 BINEZE A0 BRBUN po A pr, AAFAE S HEZR B AL LU AR B A 1
VER, RENFE AR ELAR 0/1 BINEZR 34T AL A puo AT pua:

1
DPu,0 ?pOa (23)
Pu,1 = 3P1,
JRELERS 0/1 HIBHEE IS MER AT R ECN pro M pya:
1
Pfo = ?pla (24)
Pf1 = 5DPo-

1551



JTEREE: % LDPC 3% NAND N EEEN

Source. ———p Encoder > Bitflipper [ ‘ ‘
I I NAND
flash chips
. Inverse
Sink  4——— Decoder  [® o D — ‘ ‘
bit flipper
| A
Decoding | A 4 | Setup new read
result | N Distribution L DE | ____ 1 reference voltages
estimation quantization

4 L4533 DE BEUTREE

Figure 4 Illustration of bit-flipper and DE quantization

TR SRR B ML LS B / R B AR A IR R ELRE 0/1 IR AR pp A ph N

Po = 3P0 + D1,
/ 1 1 (25)
p1 = 501+ 5Po,
HeEgorh
pg = %(Z?:l p% + Z?:l Pli), (26)
Pcli = %(Z?:l pli + Z?:1 P6)>

Horbr§ RARFTREALIX E] (1 R A5
R4 LLR A, BRI R X AN ) LLR AR 1 MR 5 R o MR Lk
(30 (1)), BIEARIE (23), REIFE EUAFA LLR AR NK (22). AR (24), #B0% HURFH LLR

L =log(p /ph) = —Li,. (27)

TR T AT 2 S R BEATL EUARr e / A e SR VR JE IO S 1 LLR MR A7

Pen(ylu=1) = 330 pio(y — Li) + 2 S0 pho(y — L),
pen(ylu=0) = 330 pio(y — L) + 3 30 pd(y — L),
pen(ylu=1) =330 pio(y — Li) + 3 S0 phd(y + L),
pen(ylu=0)= 130" pio(y+ L)+ 130 phd(y — Li).
1R pen (ylu = 1) = pen(—ylu = 0), KL, LLR HE2 570 5 #r ik,
HRHE NAND NAFE— % TAFHEZL 5 P 1, A SCLER 4 R e INAE 38 28 b o B AR B A% 235k
SEPLREIL 2N LLR R0 A0 X FRAG, DLARAIESE 4.3 /NTT AT s ik i IE 5 AR,
4.3 BEWLEZEA
CEA IR AREE i, AN RS 3 HR R T 3T ] 2 L A AR RS 1 R 2 B AL (density
evolution, DE) FALSE. MR K 4, 75 DN 7745 ) 28 0 B BERG ME Bl Rk AL AL R, 23 INAF (S 18 HEAT 15
i, 153 SE S IEMER S R f (). N T R HEXT RS IE 4%, DE Bk e Sl =X (9) FroslE e
Pl 7 ik 8 Ry RS THS RN f (o) KB B G615 18 5 HE 1) B HOBE R 0 A pl,. SRJETHESR (28) B
7N EERRBI G I (P2 0 A B B0 B A SOk IR a5 18 5 X RIS B pen, B pen TENE FEREAL B2

1552



FEEBE EERE B 5285 8

IS BURT DATH 545 2 A 25 0 R R pe. B, FRIRE AL A T BRGE HUAE N, 7RIS A4S R
FIERAE p. BUMERT Ry RITHRILINS % R F B E.

&% 3 The proposed DE quantization algorithm

Input: The estimated channel model f(z), the degree distribution of the given LDPC code and the initial Ro;
1: : =0
2: while R; < Rpax do

3: Calculate p, according to R; and f(x);
4 Symmetricize pl, to pen;

5: Estimate pe with density evolution;

6: i=i1+1,R; =R;_1 + ARg;

7: end while

Output: argminpe.
R;

RN A 2 D23 B eSS 2 B SECN 1E 5 046, H MMI E4777:M DE #4757k H
MFE N RERSEAE R IE. AR, & TR S 48 X E T BA5 BAE A
itEE. R (), AERMITEFEFE kn RINEBHE . kn K log BHEA 3kn KRIE (FRiE)
BH, Bk MMI EMRTFEEREN Okn). WRIEEIEL 2, BRI EENITEE FLEHEREH
Hp. 5EERUTER SRS b MEAE n AXAR, FEHKERES (1) 1557010 R
FIRAE A O, BB B s & (2) 79 mUEHIN KRB R SR ok, B AnfE . id#
FER A TE 5 0 A iR R BN ne, BEABRIRERIEE I E LN O(n?), 4K PR 5t
(Fourier) 284, M5 G A EATBEN O(n,logn,). ICEBKBEFIREN duax, ZERALRITHR 2 E
AN O(dmaxnelogne). BFUNIEFEE LT dnaxnelogne > kn, Bt DE B 7VENE 2 E mT MMI
AT SO0 [20,23) (8 S8R Rig i AT S Hus S L, DS B b A S R i 1 i 1k,
[T LA DE &AL 76 B A i v B T i OL 34, T IN ARzl e A7 B0 T BRARA AR 55 1 & 2 22 41

5 HEMHRE

ATARYE SRR [4) HUR S5 3D MLC NAND 4 84 i [ H 26 45280 A AS[EI Y LDPC B2 AE MMI
FEACASCIR ) DE SEACTT R AT BB 07 JANSE. AR NAND [RAFH i A7 2 TE ARG 1)
5 R DA R 2% B i3 Ak R R e B 13, AT B JefEH PEG (progressive edge growth) ByEfFEIFR 2 HH R
HIPIR AR R 458 LDPC 55 26): PEG3 Ml PEG4, K251 9216 A1 8192 bit (> 1 kB), iy
A9 0.89 A1 0.9084. PEG FEAHAG A B AL - i s S /NN 4 BOFER, W 2 B B AL SRR )
TIMECA. eAh, STER [20]) HASK N 9118 bit, A3% Y 0.9021 HIFSSF 1 (Codel) WAEATT Hiik ik FH 4T
PEXT IR NSO PE R T 43t SRR RIS BT B, il R e R AR (56 3 AT
B MMI EAAFEEAFTEE DE S 5%) B RERD MR 22 31, 7T UL RAHR B A& I E ATk

Bl 5 i e e B EAGTE L N R B 3PS g A7 TC LU R R AL 2 M I L T I PERE XS B,
A4F5 RBER (raw bit error rate) A RS2 U HE HH R MEZE, JUALFR BER (bit error rate) A1ERY
JE I EERR R AR . NIRRT AR B 3 Fh A E S5 K1) LDPC 15 BARHA AN [ 1 R I, {H 2 LUy
B B AN S PRAG PERE Fm AL R

TE LU R L 25 5 8 S XS RRAGVE L T, B HIUE 5 R 3R 70 An 42 5% FE A S R s I L i ] 6
Fizr (PEG3). TELLHRFRELZRVER T, LR 0/1 MR MERA LLR MER A0 3 B X AR, TRk i A
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*2 HEBF

Table 2 Codes for simulation

. Variable node degree Check node degree
Code  Length (bit) Rate
distribution A(z) distribution p(z)
8.1055 x 10~ 2225 4 0.8379226
PEG3[260 9216 0.89 o2 v *

+8.1055 x 10~ 2227
PEG4 [26] 8192 0.9084 a3 0.3093z42 4- 0.6907x43

2.0054 x 1075 + 3.5776 x 10~ 2z 4 0.39869z>
Codet [20] 9118 0.9021 + rt N 0.1566225% + 0.84338255
+8.4827 x 10328 + 3.7701 x 10229 + 0.51933218

BER
)
T

——f— Bit flipped PEG3

— H — Not flipped PEG3

——+}— Bit flipped PEG4

- — Not flipped PEG4
Bit flipped Codel
- — Not flipped Codel

10- 1 oy 1 1 1 1
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0.032
RBER

Bl 5 (M4EhRFZE) LL4saRse 2R iEa M RERISINT

Figure 5 (Color online) Impact of additional bit-flipper

8 FE A SA A 4 0 TV vt ettt 12, B PR 8% ) — UGB AR, 15 5 RO 20 A 2R 08
W o BT R RS, ECREOUT, E R BEAL SEE TN A R S T I EHR MR pe WLRAE SR
NT 0 BIBER A A% 4.3 /N5 FTIR, DE SAGHEN RIZAE FHRAELT pe /DRI TR,

SCHR [20] JERE 07 IS IER W] MMI BALTE I A RESKIN S R 10 R, IR SRR
JHERR AN EER R AT, SR 7 78 6 AL UL M IS PEG3 SREEAT AN [ E AL #EN]
T RAAKIXILE, RIS R BRAE R WBUEEAFEE T2 AN, mAkmEE. EEER R SR~
WAUTR A ROHEME, B8 MMI BT RS 210 L S i tE R ERSF B (B 7(a)), B H{E1E
B ME LAY P 22 I, MM A T3 9 I S o FE st 2 IR W22 (B 7(b) A1 (c)), i DE &1L
BOEAER 7 RN T AEAEIE R A ARG AT LR R AEEAT K BRER I RE ). R, B 8 BE— DRI T
PR AT EAE R ARG ERZERE. BT R E 2 B MMI EAFEE TR S R (HAEEIEX
AR 2 R A A, (B RO 25 e RS 5 S5 AR A, AEAE A (RIS 3 I (0 45 SR AR 24 R FF— 2L, 1T DE
BACFIE AN EE Y T S5 A4 T DL RS R R 45
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10 Channel ouput 01 3rd iteration
[ [
(O} B 0.05
0 | \ _
30 10 10 30 30 10 30
LLR
035 . . . .
st iteration 0.1 4th iteration
| |
[ [
[} e 005
0 0 '
30 10 10 30 =30 10 30
LLR LLR
2nd iteration 017 5t jteration
w 0.1 |
2 2005
0 0 '
=30 10 10 30 =30 =10 10 30
LLE LLR

6 TEHNLIEEDG

Figure 6 Illustration of density evolution process

N BAIE DE S ERREENE, B 9(a)~(c) 75 B ATH M 6 Zefl 9 il T 2022231 ffif DE
A MMI FEAL T VERT 3 FtEZ AT 1 R PR BE B SR RIS 0 BT L, o Y AAR CER (codeword error
rate) NV G RS AR, B B SR EE A RIRS A5 N, AR SO iR E AR I B ] DA B
UF G PERE . ARYE SCHR [27], 7R 2RI IRYT T, RBER A 2|5 =2 1073 B AR 84 il LA
ANFERTEE. ARE SCiR 4], 7E 10000 P/E fE¥AKF, MSB U1/ RBER 55 Wi [a] 2 8] B A W F 2k PE e &
(fE MLC NAND [NA7f# F i 53, MSB U1/ RBER iZ KT LSB T ) RBER, ATLALALLL MSB 1T
(") RBER #EATVFAT):
log RBER = 0.2149 log(t) — 11.78. (29)

B 9(c) FHATLAMLEZ £ Codel 7E DE &AL VLGB T AT LA3kAS RBER £ 0.5 x 1073 HIEEIS
RE 2% IO MMI &4k 77, RBER 45 103 I KEE B INALA ¢,,,, 7E18 ] DE BT
i}, RBER 353 0.5 x 1073 A RIEEE I Ay ¢4, A0 (29) AISAEMEH Codel I, DE &AL
AR R S RN T 2 ¢4/t = 6.6 5. FIELAI#S, £ DE 24HB T, {1/ PEG3 I RBER #2714y
0.25 x 1073, BEREF )2 K H MMI &AL 7751 2.8 £ (i PEG4 B} RBER #2745 0.2 x 1073, B/
i8] 2 R A MM EAE 575/ 2.3 5.

23t EATEIGIE, DE EALEEA] LUARYE LDPC 57 45 F s s b B b MM B4k 5 A3 i B
FE S T PRBEAT S B IR ik, AT e KA 2 A i () 2 4 e .

6 R
ARICEXHE NAND [INAF A AL 48 MM BT A0 ST TR 5 LDPC S 45 M AN FH 9% 1
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Mutual
information
"
-
T

0 5 10 15 20 25 30 35

p,of DE
f=J
f=3
[} w

20 25 30 35

20 25 30 35

1.91 1.92 — ; : ;
= = (c)
=2 19 =2 1915} | 1
28 ERS
5 E 189}) ZE 1901f | 1
E 188 Z 1905 L | | |
0 0 5 10 15 20 25
0.025 102 T T T
8 002f i ‘
S 0015F = |
S~ 001f | : ]
0 0 5 10 15 20 25
0.02F 102 . l . :
0.015F
g0 F e |
m 0.0l A |
0.005 107 ; L_/—// .
0 0 5 10 15 20 25
R

B 7 (MEMFE) 6 HEWIERT PEG3 £F DE 2. MMI 24K R EEESRIFREHEMERETLL
Figure 7 (Color online) Comparison of R values in DE quantization, MMI quantization and Monte Carlo simulation with
PEG3 under 6-level quantization. (a) RBER = 1.86 x 10~2; (b) RBER = 1.55 x 1072; (c) RBER = 1.29 x 1072

20 — . . 110 . . . . —
MMI quantization MMI quantization
DE quantization, PEG3 100 DE quantization, PEG3
DE quantization, PEG4 DE quantization, PEG4
DE quantization, Codel 90 DE quantization, Codel
80 &
15+ E
70+ 1
< < 60 &
50+ E
10+ .
40t .
30 E
20+ R
(a) (b)
L L L L L L L L 10 L L L L L L L L h
34 56 78 91 0 45 67 89 10 11 12
RBER x1073 RBER %1073

El 8 (MEMEE) FBFEFIRENFETRE R EREFHE
Figure 8 (Color online) Comparison of the optimal R with different quantization methods and codewords. (a) 6 reads;
(b) 9 reads

1556



HEB FERE B 528 8

T T = - ==
(a) =¥ Poat i
4
Z
10" < 4
I % -
2 z
102k * @ 4
107 3
22
o
> 104 4
m
m
105k —¥— BER, DE quantization, 6 reads
—>— BER, MMI quantization, 6 reads|
= =~ CER, DE quantization, 6 reads
- =%~ CER, MMI quantization, 6 reads
10° E —@— BER, DE quantization, 9 reads
—+— BER, MMI quantization, 9 reads
- -[EJ- CER, DE quantization, 9 reads
- | | |- -©- CER, MMI quantization, 9 reads
0.008 0.01 0.012 0.014 0.016 0.018
RBER
T T T 1 0*1 T
(b) JE _ 4 © __=*
10 ¢ A i 3 102 F e E
=z = =
- i PR P * _ -
- = - =
102F P z 10° Eom i T 1
i o e e 2
3L //E// /// 10* F ,—::El’ -
10 i3 ¥ =
5 $/ o 107 F 1
vy m
=" S 100
= o
10 2
-7
—¥— BER, DE quantizaton, 6 reads 10 —#%— BER, DE quantization, 6 reads
—H— BER, MMI quantization, 6 reads —+— BER, MMI quantization, 6 reads
105k - -[I- CER, DE quantization, 6 reads 108 £ - -~ -CER, DE quantization, 6 reads
- === CER, MMI quantization, 6 reads - =% - :CER, MMI quantization, 6 reads|
—%— BER, DE quantization, 9 reads 109k BER, DE quantization, 9 reads
ok —i— BER, MMI quantization, 9 reads BER, MMI quantization, 9 reads
10 = == CER, DE quantization, 9 reads - -[E- 'CER, DE quantization, 9 reads
] 1 | - -@- CER, MMI quantization, 9 reads 10-10 } | i o |- =7~ CER, MMI ization, 9 reads
7 8 9 10 11 12 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
RBER %1073 RBER x1073

9 (MERFE) A (a) PEG3, (b) PEG4, (c) Codel B, MMI #1 DE 275 AHF R REXTEL
Figure 9 (Color online) Decoding performance comparison between MMI and DE quantization with (a) PEG3, (b) PEG4
and (c) Codel

B, SR T —FE T LDPC S5 DE SA SR, R0 Se il [ e L 75 VE R AR X B (5 18
NEMUTIRIERYEL, K 22 A2 & A ALY 1 AR B ) LA SR, 453 3 i A TR A4 ) 2 P i i
EUARF B G 25 4 AR R RS A8 S AR AL, foc 5 A S EE L SR AT 2 LDPC 57 I3 IS %
HURCE. ASCE AR S5 K 19 LDPC B FAE 6 A 9 Zabis ol ™ 7 mlidt a7 7 e 0 5
HBAIE, SRR WPt ) DE SBALSERT DAL 48 MMI B SEET ) LDPC W88 3R 45 5 47 1 i
T RE, MITTIA R M NAND [AAF AT SE LA H .
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MR A SR ESEE G5 EFNMEIER
IERR SCHR (23] HPUTE LR R EGE

") — p(r]s;) o > p(rlss)
H()_;Zm(rlsnlgz p(rlsi) (A1)

A3 B0 K5 VIR AR ke [ TR A2 A PR AL AR [T PR (R (AT B, B H(!) = H(r™) = 6. AHIE S TR R
e AP AHARIRES 5 F1 s, 20 (A1) AT RARAEEN (9) A

o el pls) +als) | plrlss) plrls) + p(rlsy)
B = ol T o00e) 2 plls)  plrs) + el B2 prls) (A2)
K3 (9) IR p(rlls) = Rp(r!|s;) 5 p(r7|sr) = Rp(r"|s;) A (A2), 53]
H(rYy = H(r") = logy(1 + R) log, R = 6. (A3)

T 1+R

UL, 0 5 R ONHAZESCAR, MRAESTHR [20,23] P i tE I TER AOME—PET R, JEE e 0 SR TIRAEL L R T
FRELAETIREEAY, BIVGS ol B007 V5 55 [ A9 D5 A L5

LDPC code-dependent quantization for the NAND flash channel
Zequn FANG, Zheng MA®, Xuan ZHOU & Qike PANG

Key Lab of Information Coding and Transmission, Sichuan Province, School of Information Science and Tech-
nology, Southwest Jiaotong University, Chengdu 610031, China
* Corresponding author. E-mail: zma@home.swjtu.edu.cn

Abstract With the improvement of scaling technologies and the evolution of storage strategies, the storage
density of NAND flash memory is gradually growing. However, the increase in storage density increases error
probability, which reduces the lifespan of NAND flash memory. Error correction coding technology is a powerful
tool for ensuring data reliability in NAND flash memory, but how to maximize the error correction ability through
quantization in the reading process is an important problem that must be addressed. In view of the shortcomings
of the maximum mutual information (MMI) quantization, this study proposes to utilize the density evolution
(DE) algorithm to perform quantization on the basis of the features of low-density parity-check codes. To meet
the conditions of the DE algorithm, this research also proposes to implement a bit flipper in the NAND controller
for symmetrizing the asymmetric input distribution of the decoder. Then, the constant ratio method is chosen to
further reduce the complexity of searching for the best read-voltage thresholds. Through numerical simulation and
verification, the proposed algorithm is proven to provide better decoding performance than the MMI quantization
and significantly improve the lifetime of the NAND flash memory.

Keywords NAND flash memory, asymmetric channel, LDPC codes, quantization, density evolution
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