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Abstract With the increase of MLC (Multi-Level Cell) flash memory density, CCI (Cell-to-Cell Interference) is the
dominant noise source which affects the reliability of NAND flash memory. On the research of MLC flash memory mo-
del and CCI noise model, an equalization algorithm of CCI noise was proposed for MLC flash memory. This method
compensates the sensed threshold voltage of MLC flash memory by estimating the CCI interference,so it is more accu-
rate to read the information stored in MLC, The simulation results show that the CCI noise equalization algorithm can

reduce the overlap of the adjacent threshold voltage distribution, which help to reduce the raw bit error rate and enhance
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the reliability of flash memory.
Keywords

1 514

JTAE M, LN B A4 % (Flash Memory) A% AR 5 2k
PEAE LA A7 BB AR 2 B R IR AR R RN BT 7R
PR T AR S 0, O A R 4 b — b 3 2 O AR A
A B S TR OR W R T L D AE I e R S
AN A B B E DUBE R E B S IS, — T T N AE I B
2 LU A AR AN T R AIR 5 O — T THT o I3 A7 B 7] P Ak B /) O
A e AT A (1 E AR D R A A B )RR AR A L AR ERT
[ 1) 27 A 7 A B A8 28O0 AR K F B T ] T4 (Cell-to-Cell
Interference, CCI) M 75 [ 52 Wi 8 K B K, IR 7 AF i 3% ¢ 1) W)
SEEARW TR,

Bifi 5 Tl B AR 18 A W87 35387, 2 I #F (Multi-Level Cell,
MLO) i — 48 F- 1 F7 4k %5 B, IRl B 1 B oo o] 23 A R A LA
ol M INFEEMEE CCLIEFE RENERSE W ] FEHEA
RT3 AT o 81 S A B0 A 80 %) 340 A b 330 3 wT DA 4R 8 MILC TN A7 (1Y)
FPSEPETT . SCHRLT 162 S — Bl S R Y 3 A S S IR R A
TE/"H CCT T MR T I BR CCTME A RCR A . A
e th—FE HF MLC INFE Y CCT M 75 34 i 4k 380 vk i Bk
MINFESR A Z CCL T4 B B J5 — JUHF R ) 55 — JU3% oL ik
1 CCT B i ab 31, ¥ 5 b 2 J5 15 2 9 MLC 5 (i’ 1 19 o

ARICZE R HRBAFIES (61271000 B HY .

Multi-level cell, Cell-to-cell interference, Equalization

Tiff e O v R A A B 0k T LA 0 b MILC AH AR 25 1
B R 22 B4, A B T % AR R 46 b R 4% 1% 3 (Raw Bit
Error Rate, RBER) , #8% MLC [ 1] % .

2 MLC B NAND R7F

MLC .0 & — A A B M (Floating Gate) i fh K45 . &
ANFEfits T A IR - 1) 78 TES A9 45 1 Al (Control Gate) ;
2) T J7 1 % 18 AL 46 2% )2 40 [ (9 77 M (Floating Gate) , i#f A
AR AT 2 IR T, B9 BT (Single-Level Cell, SLO)
3 2ot VR M A C R A R R R AE 0 3 LCUWLIEL 1)), AT
S2HL 1 bit BUE M AERE . T MLC INA7 I8 o /2 6% 4 Fh R R
4 1) 1 PR R S B 2 bit B8 I A7 6% (so = 11,5, = 01,5, =00,
53 =10) (LI 1(b)),

B NAF ST R o R

H WEC1980—) B WA, PFIH . TS D5 ] 25 5 4 0 A R R B AR G AR 19 T RE M H R L E-mail: zhangyic2014@163. com; A R
(1990—) , B B+ 4B, FBERFFE T In] o 22 Sl G A B R L R BHE 3 4 v 50808 109 7T 5 M 45 R, E-mail : 66877905 @ qq. com; & B £ (1969 —) , &,
W 2% BT A o N BT 45 B 88114 E-mail : airrs2015@sina. com,



542 AN A = =

2018 4E

2.1 MLC BB E#ER

NAND [A 77 () 2 23 45 # fR Wk J& . % 51 (Array) . R
(Block) , 51 (Page) M AF BTG, K2 N AE RS B 24 Bk
2 RSB 22 AN TR G DR TR A7 S R R I B e /) B
fio N, FnAEAH B IC A7t 1 HL R 0L, U & S AE A SR T
K=2% MR As . M p® (o) TR b ANIERHIR S B H
JE R HE R % R, 0<k<<K—1, ¥ T MLC N#,N,=2,
K=2"=4, 78418 2 Wi . MLC [N 17 % J0 §Y [N 77 e 06 2 4k F
PR RS FE IR 100 P TR AL A 1 X A AR 30 el B A
K (D PR,

(r—p)"

20, (D

P ()= p () = 12 exp

0. 21
Hodr, p, Flo, J&HE BRI B (E FIAR HE T 2% .

TE N A B TT 19 Gt R 2ok A oh L T AR B K Koo R )
(Incremental-Step-Pulse-Program, ISPP) ™ k& 45 il B, faf A8 V1
AEM B 2 PR B K G BRRAE 2 )5 L N AF BT Y
EHAEEM AV, ABEELKEAEV,, RSN BEHE
BEBTLV,.V, +AV, JEMB S50, % e A p® (@)
A<h<K—DHi B R0 MLC [N 7 5078 19 {i s i 43 A #1 A0
BB AR R AT ATl 385 43 A, =R (2) BR800

o A%“ Ve <V, Ay,

0, else
H,V, BEWNKRIKHBEA.AV,, ARBENEKEEE, V,
MV, +AV, RRAVE MVE,

B2 g/ R o e R R AR

MLC [NAE (5 3 05 S RO E T BRI A 1 (R
O3 AT MER B B R AL p. (O MIIIME p, =1, 43 hRHERE 0, =0.4; 3%
RS K R & AV, =0. 3 V33 A R 2 00 & 56 L 1R
V, 50 2.8V,3. 4V f 4.0V, %I 10 A A fE e, 4 e 32
T, BT 17260 4~ MLC BEAT 100 IR RIBRHITE . 7E7C
CCI M7 41 (4 B A S 00 R MLC [N 77 28 5o 482 6% 0 4 R 43 16
ZJG A5 BN N A7 5T A L R 43 A 0 et BT L Al 3 R

[ 3 HUARRE AR 9 MLC B i R i 7 |

2.2 BLETHREZEINNET

MLC 576 i T 4 72 5 4 A FG 130 Fls e 78 A, 3 vl 1 1)
A A SR B MLC B0 2 88 175 A2 8 & f 45 (Parasitic
Capacitance-Coupling) » T {5 455 3T 5. 5T f4) BR)] {E o FE 38 i, 31X
Fift B 42 Bk 24 84 5T [8] T 4 (Cell-to-Cell Interference, CCDM?,
Bl 2 AR A 7 T AN T 2 L CCT 2 28 A 32 i NAND
PR AT S 1 — A R MR R,

MLC 6 5ot CCI M= (Y HE R ZE RN p (). &
— AN EREIRITZ B T AHBFELR N AT T« A
v, BANE 0 AT HIC (nterfering Cell) 7E 4 72 1l Al 4% 72 5
MR E . 7, SRR HE n AT IT R T 3 89T (Vietim
CelD) 22 [ 1y L 25 #8532 880 I8 4 1% A2 0k B 7T 32 3 A 4T #7 i 2R
JLHY CCT MR T i R/ sl (3) FrRb

F :%:(}/,, « AV,)

= ‘\il}/,, (y, —x,)= :2)17,,31,, — A\il)’,,r,, (D)

T RO AS 9 BB R IR S 307 0 A L T @, 1Y
WA A 5 BB B 2 B = 3y, BN
sy Fp e I (D FTR L pe () FoR B TR R 2
) HEE 2% RE PR B

o= ‘\g:y,,#e o' = <‘V§:y,,g‘f )2 )

MG R T R R RE R B B AE L R N385 o A
B vy, RS 0. BETA v, BIEE 576 IR N5
Gy = 3, HER B HECR py (3. AESLIT I
TAREE N F=y — 2 (BT 0T LU 77 6% B e 18] T 3
) 2 28 R R B, G = (5D T

po(a) = prf(x+t)p,r(t)dt 5)

i a2 26O A (DA LA CCT T /5 MLC [N A7 #.t
B E ST . &2 TR ST RSB R A E
Mot E & A CCl T Z )5, B M B (E 46 =l (6)
iR @FERBERIBHE .6(2) F R Dirac delta S .

o X1
1 g S
©O()=p ()R p. ()= J O p (r—Ddi=———————— | e 2 X2 (er (— T
’ ’ b ) ’ b 2 /2m0.y KAV, * v=1 f J20,
}U)_I_t_,u«
erf(————))+27,AV,,6(x—0)dt (6)
V2e,
R T PR on g R R e D EERA L IR AT Z F CCI T4t Ja - & By 8 fH R A X () frm !
P () =p (@ p (x)= Jp}f*) (D p.(x—vdt
(0 XL (0 XL
v, 1 kS . Ve 7y e . Ve 7y e olx—1t)
_ va Grave < Zl(erf(fi)*e;'f( 5 NS M
l e 20, 20, op



% 6A M

gk e ZE . —FE AT MLC INFER CCI Mg

R OE R VACRES 543

Horrer f()IBVERE R R EL s er f(2) =

J Cde,
0

sERNBEEMAmER T HAWMERTF s WRDER
CCl ¥ onlAl TSR ES . aIE 4 Fis e g g5 kb ok 32
THINAE B 0T 5 3 5 7 1] L5 T4 5070 22 1) 1) B S H A 0
Ny, Z TR OCS BRI TR G ] AR A R
BACH v . TEHITEBAEREGRE 7, =0.08s, X LTy M
M AA R 7, =0. 006 s, i 13 52 £ K & (Monte Carlo)
G R T T AR CCI M TR Mg B |, i 5
FiRE,

ﬁ\m

&4 CCI TR

B 5 CCIMEFS T4 5 i MLC B L R e B 7 P

i1 5 2307 AT 45, MLC [N A7 47 fiff {5 18 7 im A CCT B =
J& » MLC [N A7 500 B AR L T 4 A 302 3l o A1 48 Y 19 {8 M T 20 A
HH L A DXL S T X 1 MILC BT 7 K e B ) A
FREG R 5 DTSR R DR IR Y R L X R MILC INE B
A AR DRI A

3 MLC AEH CCl & &%
3.1 MLC AFH) CCl gL B B&

3 g % 20 (3) PR A S BT T, A7 T M B 00 B R 1Y AR
Al F 15 5IA0 45 5050 4 72 7 U5 B0 £ WL PR 19 A8 AL AR G, A
SCMLC (R CCT 45 17 Ak 8L B 2 38 5 Al 31 DR A 50 70 2 A2 7T
Joi B TR 7 A R R 32 52 T P A 0 Y B T 2 T 5
CCI X H 2, B J5 s 2 B i — 432 CCT T T
B4 (L L P 4 52 HE R R P A 3R A 1 2 Al T CCT R

9 25 A0 B F 3 T AT LA A5 39 B 36 50T 1F 0 0 B P R . fBE AR k
AT BT R A5 B A B R S VO H B 2 R
JERY I EEAE R e, BB & A>T H0 B8R TC7E g P 22 T 10 A v s 1Y
it S WIS o A 32 T4 550 A0 BB PR AS Ak ik A VO Al A3
VS — oo P T RURE AT SR (8) ok i T 8 T 1A i T 4k
548 B

F:§(y<“ CAVR )= 2y

3.2 MLC AfFEH CCI L & %
M T INTF SR o0 2 (R A7 76 75 AR R & B 25, IE 7 4 A2 1Y) TN A7

(VO =) )

At H b — TN A B OG I BRE H R A R ) T AR A i
MR . A ST MILC R CCT 24 Ak 538 0k M IR A7 B v
B B e — 0 B 8 — U8 kAT CCT 5tk (WL 3 D, H
NS ER E — AR & Z B H A 5T CCT B, i F AR
M R R AL () o B 1 B A RV R B HE AT CCT 3
AL 1 45 5 BB IOy B B BV B 4 25 1 CCL %) H:
f1 0 {1 P A ARG T A VB VD T o L o T
A T B R FE AR b A VR B INAT A SRR A B L 3
itk Z 5152 B MLC 5 R B s T i
Bk 1 MLCNEFER CCl ML Rk
SRV .

delta_ Vth[i]: MLC B HT 5 B i A8 AL Al -

cell_ Vth[I[i] 75 3 9 MLC B {H L JE

F A 152 T4 20 76 1 Fi 75 1l

Yy Yy« o PR LR T T 7 1) () LA A A 3R

e+ T IO 25 1 DR 77 B T 9 B LS (1) 30 224

for j=(32,++,1) do // NINFEH I J7 — T TT Uiy
//Block HtJi — TR CCI T4 . 1158 Cell AL AR ML i

if j==32 //MNINFFHe )i — Tt
/PR ET DU Cell Ak 31 i B AR fb 1 (R (8))

for i=(1,--+,17260) do
delta_Vth[i]=cell_ Vth[j][i]— p
end for

else

— T i MLC 5038 A 3F 17 34 4 1k b 31
for i=(1,++,17260) do

/G IRAE TR A Cell Z 3] CCT T4 iy 38 B

F:vxy Xdelta_Vth[i—1] +7v,Xdelta_Vth[i] +7,, X delta_Vth
[i+1]
// ¥k CCL, 453 205 I AE 6 1 cell . Veh[1[0H]

cell Vth[j][i]=cell Vth[j][i]—F

end for
J/A RS ET GO Cell Al 31 i B AR fE B (R(8))
for i=(1,++,17260) do
delta_Vth[i]=cell_ Vth[j][i]—pu
end for
end if
end for

4 FEXBRSW

MLC N B S5 R B 1 T8 (5 0 B S 50k
B 2.1 W hriEAN, X hE 6 #E 7 m A, MLC
PR A7 BT 405 0K 725 A0 9 18 P TR 23 A A8 LB & B 36 W R A
ﬁiﬁ?l? s I8 KT BE I e, R INAF B0 52 B CCT M s 22

S o T S8 A AR B S T A A0 A AR S 1Y 1 R
xﬂfx%ﬁlﬂmﬁiﬁﬁi@@r{t%/ﬁT LA 2 T4 N A7 5T
VL L 7 A0 R A% T 4 0 32 B MILC R 5T [0 i H
FE RS B . AR SO A A0 5 vk 2 TR A B ok #3231 CCT T
Y 5 J5 — DUIF 4R 170 55 — BT T k47 CCT 3945 4k » 3k i 4 A
T 0 B A AR b £ BN AT A S BR A 00 L S8 Ak 22 5 A5 B
19 MLC (5 {A #0438 s R 38 i fb Bk 3l i T
MLC [N A7 /7] 5 1



544 AN A = =

2018 4E

#1 MLCHEND ESH

R o
Block 32Pages/Block
Page 17260Cells/Page

NAND 7 7 % & MLC(2bits/Cell)

Bl 6 s=0.8 MDA A7 R 3 {4 B R 43 A 07 B 4e it

Bl 7 s=1. 4 I DR A7 A2 {0 ol R 3 A 0 PR
B8 25 il T MLC IR 8000 8 B FiL T A 249 487 AL Tl Ao
FORR % BER B9 P RE F A 35 5 F0 550k T LUAT B8O AR IR 47 20 0T
R U AR R AR . BEE A IR T s B, CCT T
PR 25 . 5 RBER M 1L ¥ A Sk mo P Re A3 B4 71 .

K8 MLC INfFH o e 5 ML AT J5 1) BER PE#E
Z£HRIE X CCI A i MLC % NAND [N £7 f] &
PERY EBER LR T —F MLC N FERY CCI M 75 2 4 fb 45
B, REVE X B S ) MLC A {7 B T 1 fL R 3 AT A 20Rh

£ 4R m T MLC INAF ST B {E AR A i B . CCT 24 i AL #h
B W AT LA 08 A AR RS R B RS LR
A BT B ARG LU RR S R 2 42 5 MLC [NF il 5244

& % X #

[1] TAKEUCHI K. NAND flash application and solution[J]. IEEE
Solid-State Circuits Magazine,2013,5(4) :34-40.

[2] DEAN K. The history of semiconductor memory: from magnetic
tape to NAND flash memory [J]. IEEE Solid-State Circuits
Magazine,2016,8(2) :16-22.

[3] LIU R,CHUANG M,YANG C,et al. Improving read perfor-
mance of NAND flash SSDs by exploiting error locality [ ] ].
IEEE Transactions on Computers,2016.64(4):1090-1102.

[4] SALA F,IMMINK K,DOLECEK L. Error control schemes for
modern flash memories solutions for flash deficiencies[ J]. IEEE
Consumer Electronics Magazine,2015,4(1) :66-73.

[5] DONG G,XIE N,ZHANG T. On the use of soft-decision error-
correction codes in NAND flash memories[ J]. IEEE Transac-
tions on Circuits and Systems I: Regular Papers,2011,58(2):
429-439.

[6] CHAUDHRY A,GUANG Y.CAI K. Detector for MLC NAND
flash memory using neighbor-a-priori information [ J ]. IEEE
Transactions on Very Large Scale Integration (VLSD) Systems,
2016,24(9) .:2827-2836.

[7] DONG G,LI S,ZHANG T. Using data postcompensation and
predistortion to tolerate cell-to-cell interference in MLC NAND
flash memory[ J]. IEEE Transactions on Circuits and Systems 1:
RegularPapers.2010,57(10) :2718-2728.

[8] PARNELL T,DUNNER C,MITTELHOLZER T,et al. Capaci-
ty of the MLC NAND flash channel[J]. IEEE Journal on Selec-
ted Areas in Communications,2016,34(9) :2354-2365.

[9] XU Q.GONG P,CHEN T,et al. Modelling and characterization
of NAND flash memory channels[ J]. Measurement, 2015, 70
225-231.

[10] CHAUDHRY A.GUANG Y, CAI K. Read and write voltage
signal optimization for multi-level-cell ( MLC) NAND flash
memory [ ] ]. IEEE Transactions on Communications, 2016,
64(4):1613-1623.

[11] SUH K, SUH B, LIM Y, et al. A 3. 3V 32Mb NAND flash
memory with incremental step pulseprogramming schemel[ J].
IEEE Journal of Solid-State Circuits,1995,30(11) :1149-1156.

[12] PARK K,KANG M,KIM D,et al. A zeroing cell-to-cell inter-
ference page architecture with temporary LLSB storing and paral-
lel MSB program scheme for MLLC NAND flash memories[ ] ].
IEEE Journal of Solid-State Circuits,2008,43(4) :919-928.

(E#H 540 T

[3] HOLTZMAN G. The SPIN Model Checker,Primer and Refe-
rence Manual[ M. Addison-Wesley Professional,2001.

[4] CHAN W,ANDERSON R J,BEAME P, et al. Model checking
large software specifications[ ] ]. IEEE Transactions on Software
Engineering,1998,24(7) :498-520.

[5] HOLZMANN G ]. The model checker SPIN[J]. IEEE Transac-
tions on Software Engineering,1997,23(5) :279-295.

[6] HOLZMANN G J,SMITH M H. A practical method for verif-

ying event-driven software[ C] // Proceedings of the 21st Inter-

national Conference on Software Engineering. ACM, 1999597~
607.

(7] ERM KRR ZD. —F A S BRI ANSI-C R i1 92
T L] AL R 5 R4, 2010,32(4) : 79-82.

(8] B4, 2. 3kKJr. 4. T Spin 1y UML IR 7 & B R K A 1Y
BT 5 9] TS HL TR 5 M L 2008,44(10) :43-47.

[9] WoWERE.ZEMEEE, BE VK. 26T UML Fl SPIN () 5K {92 4 #5550 i
WELTD. KV K24 ,2013,27(5) :69-71.

[10] &F R 7. GO, B 364, %5 BT Promela 9 UML #EB 3% L H
BT, AHFEHLS B4, 2010,2010(2) : 101-104.





