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Conventional Asymmetric Coding (AC) [1]

i Tic | Flag R
. > y .
\ Add “0” 1011101 Don’t flip )

Santa Clara, CA

[1] S. Tanakamaru et al., ISSCC, 2011, pp. 204-206.
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Conventional Asymmetric Coding (AC) [1]

i BT Flag R
. > y .
\ Add “0” 1011101 Don’t flip )

e.g. ) Code Length (CL) =4
Input data : 101100010011

# of “1"s|# of "0’s
6/12 6/12
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M Conventional Asymmetric Coding (AC)
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Conventional Asymmetric Coding (AC) [1]

i BT Flag R
. — y .
_ Add “0” 1011 10f Don’t flip )

e.g. ) Code Length (CL) =4
Input data : 101100010011 =8> 1011

# of “1’s
10/15 3
Proportion of “0” and “1”is changed by AC

Flash Memory Summit 2018

# of “1"s|# of "0’s
6/12 6/12

Santa Clara, CA
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[1] S. Tanakamaru et al., ISSCC, 2011, pp. 204-206.
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EED Conventional Asymmetric Coding (AC)

Flush Memory Summit

2, Random data

ANNAAN Y

Voy-state: EFABCDEFG
Upperpage 0 0 O
Middle page 0 0 1
Lower page 1 g o
(Er : Erase)

11110
1001 1
00111
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M Conventional Asymmetric Coding (AC)

Flush Memory Summit

Random data Page Increased data
T
»TH Middle page “17
VTH'State EFA B C D E LOwer age “1;;
Upperpage 00 0 1 1 1 O \ pas
Middlepage 0 0110 0/1|1
Lowerpage 1 0o 00 1 1

(Er: Erase) o

@‘ /\ /\ crease Er-state cells : AC1
STAVNAYATA

/\\(TH {Increase A-state cells : AC2
. MemorySum:2o1§rA BCD Increase G-state cells : AC8
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EED Conventional Asymmetric Coding (AC)

Flash Memory Summit

« ACY decreases BER mostly in 3D-TLC NAND flash
_3D-TLC NAND flash, Nyye=1, Ny =16, @85degC

§15 AC1<AC2
% 10t — AC3 AAAC4
g 8 - AC5 X AC6
% 5*' AC/ is optimal X ACT +AC8
8 O" | Coqmg . O Random
s 0 10 20 30 40

_Data-retention time (day)
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EED Low-Density Parity-Check (LDPC) Code

Flash Memory Summit

Decoding flowchart
Read data

Predict BER
(by AEP-LDPC w/0
upper lower cells [1])

}
Calculate LLR

Decodé data

Flash Memory Summit 2018
Santa Clara, CA [1] T. Tokutomi et al., IMW, 2014, pp. 99-102.
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Flash Memory Summit 3D NAND flash
Decoding flowchart

Read data

upper lower cells [1])

!
Calculate LLR

Decodé data

Flash Memory Summit 2018
Santa Clara, CA [1] T. Tokutomi et al., IMW, 2014, pp. 99-102. 2




EED Low-Density Parity-Check (LDPC) Code

Flash Memory Summit 3D NAND flash
Decoding flowchart oy

Read data

based on BER table

Predicted BER is 2.0%
(shown in next slide)

upper lower cells [1])

!
Calculate LLR

Decodé data

Flash Memory Summit 2018
Santa Clara, CA [1] T. Tokutomi et al., IMW, 2014, pp. 99-102. '3




EED Low-Density Parity-Check (LDPC) Code

Flash Memory Summit

Decoding flowchart
Read data

3D NAND flash leelyt leely tO

A

# of ceIIs

Ve Bit should
e 4 /Iah B% error
Predicted BER is 2.0% | "\ Vm

based on BER table [|R.. 1 31 . 43 - +8
(shown in next slide) )

| f r:gPredlcted BER

Calculate LLR _n(1=EE ) = ( BER )]
Jiiro) In( 2=, LLR(1) = In(+25e=

(LLR : Log-likelihood ratio)

Decodé data

Flash Memory Summit 2018
Santa Clara, CA [1] T. Tokutomi et al., IMW, 2014, pp. 99-102. 14




EED Low-Density Parity-Check (LDPC) Code

Flash Memory Summit

Decoding flowchart

Read data

3D NAND flash Likely to > Likely to

A

P ea 1% RgEF Bit should

sii— 1 e 3 High ?B% error

: _ - | . qa 1 k& 170 Y&
Predicted BER is 2.0% | = |/ @ 0" \ Vm

based on BER table ||R..8..3..17%1.43.48.
(shown in next slide) )

/Predicted BER

1-BER

\ILLR(O)= |n( 5ER ) LLR(1) = '”(EgERR)]

(LLR : Log-likelihood ratio)

Decodé data

—LDPC corrects errors by using LLR

Flash Memory Summit 2018
Santa Clara, CA

[1] T. Tokutomi et al., IMW, 2014, pp. 99-102.  '°



M AEP-LDPC w/o upper lower cells

Flash Memory Summit

« BER prediction method “AEP-LDPC w/o upper lower cells [1]”

BER table

V;y-state | Erase A G
Page page state
Upper BER = | BERy, BER,q
Middle BER, |BERyA BER,c
Lower BER g, |BER,, BER

Flash Memory Summit 2018
Santa Clara, CA

[1] T. Tokutomi et al., IMW, 2014, pp. 99-102. 16




M AEP-LDPC w/o upper lower cells

Flash Memory Summit

« BER prediction method “AEP-LDPC w/o upper lower cells [1]”

BER table
V;y-state | Erase A . G
Page page state
e.g.) Upper BERU/E;/ BER A BER
Read data 0011 Middle BERyg |BERyA BER\g
m BER, ¢

: | Lower BER g, | BERA
5067, nich 0011
page: state” ¥
Lower page 0011 0@ 1 1 »PreiglgtE%E\ER

Flash Memory Summit 2018 C A E G

Santa Clara, CA ~ [1] T. Tokutomi et al., IMW, 2014, pp. 99-102. '/



EED Concept of this work

Flash Memory Summit

* Conventional AEP-LDPC w/o upper lower cells can not
correct errors because predicted BER is too small

© @ ©© O ©

Predicted L 0.10% 0.12% 0.11% 0.08% 0.09%
~ Y
AC code unit

Conv. LDPC : Error include in these bits ’Z

Which bit is error N}
Flash Memory Summit 2018 . . .
Santa Clara, CA Error information is poor
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B Concept of this work

Flash Memory Summit

 If error bits have large predicted BER, LDPC corrects errors

effectively
Simuzlgtion, Max iteration of LDPC = 30
(7))
_ S Errors are corr'ectable with fewer
grEelglc\:ted 7 iterations of LDPC decoding
T~ D\
0.1% 10 F 2 0%

de of |‘te<r

Deco

/. N
Error bit i
& or b Er@r/blt/

5
0 o 0j5 1j0 1j5 5 o Error bit is more
Ganta rara, oA Predicted BER of error bits (%)correctable o




EEJ Concept of this work

Flash Memory Summit

* |n our work, proposed Error Detection detects errors based on
AC algorithm

© @ o O ©

Predicted | 5.10% 0.12% 0.11% 0.08% 0.09%
Proposed Error Detection \\eo\‘-
gets to know : DEXN

@DThis AC code unit Proposed Error Detection
Includes error bit ( j

@Error exists in “0”s of Detect that at least one error

‘Itz:lla‘!r!ﬁergryr/]slu&miﬂms eXIStS In O S

Santa Clara, CA 20




m Concept of this work

Flash Memory Summit

* QOur proposed Error Correction intentionally increases predicted
BER of detected bits — LDPC ECC effectively corrects errors

Predicted @ @ @ @ @

—1>0.10% 0.12% 0.11% 0.08% 0.09%

BER /

Proposed Error Correction
EmphaS|ze

EmphaS|ze predlcted BER

l/
< \@ = ...
Flash Memo ySm t018 370 3%$
‘/Av

Santa Clara, CA

\
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B Concept of Proposed Error Detection

Flash Memory Summit

* Proposed Error Detection
(DHorizontal Error detection (HED)
Proposed HED detects AC code unit including error bit
@Vertical-LDPC (V-LDPC)
Proposed V-LDPC averages detected errors among
decode units of LDPC

<~

Error detection information is used for proposed Error Correction

Flash Memory Summit 2018
Santa Clara, CA 23




m Proposed Error Detection

mshenoy st (1Horizontal Error Detection (HED)
« HED detects AC code unit including error bit

E d d “1 ”S>“O”S “1 HS>“OHS “1 ”S>“O”S “1 ”S>“O”S
A%C%Ia?a 10110 11100/00111]01101

_J

Code unit
of AC

Flash Memory Summit 2018
Santa Clara, CA



m Proposed Error Detection

mshenoy st (1Horizontal Error Detection (HED)
« HED detects AC code unit including error bit

E d d “1 ”S>“O”S “1 ”S>“O”S “1 ”Sz“O”S “1 ”S>“O”S

Code unlt
of AC
“1”S>“O”S “1”S>“OHS “1”S<“O”S “1”S>“O”S
10110 (1110000011, 0110 1
Error

Flash Memory Summit 2018
Santa Clara, CA
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m Proposed Error Detection

mshenoy st (1Horizontal Error Detection (HED)
« HED detects AC code unit including error bit

E d d “1 ”S>“O”S “1 ”S>“O”S “1 ”SE“O”S “1 ”S>“O”S

_J

Code unit l HED detects that this code

of AC unit includes errors

H1”S>“O”S “1”S>“OHS “1”S<“O”S “1”S>“O”S
170110 | 11100/00011 01101
o At least one error

exists in “0”s .

Santa Clara, CA



B Proposed Error Detection

Flash Memory Summit ~ReSUIt Of HED~
3D-TLC NAND flash, Ny, = 8, Ny = 400, AC7, @85degC

A Upper page < Middle page 0O Lower page
0 —
*§O.6 5 2
. S
20.4 ¥ :
@ w1 BER of upper
Detected error rate of T up
©0.29 upper page is low 2 page is high
o ©
'lq—'J O (:,5) O 1 1 1 1
A O 2 4 6 8 "0 2 4 6 8 10
. MemorDﬁL?m[Setentlon time (day) % Data-retention time (day)

Santa Clara, CA 27
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Proposed Error Detection

Flash Memory Summit @Vertha|-LDPC (V'LDPC)
Conventional LDPC ECC order

Upper
Middle
Lower |

123456789

12345678%
123456789

Proposed V-LDPC order

Upper
Middle
Lower

Flash Memory Su

Santa Clara, CA

EELERH P

. Encode/decode unit

mmit 2018
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m Proposed Error Detection

Flash Memory Summit @Vertha|-LDPC (V'LDPC)
Detected
Conventional LDPC ECC order €-9. ) Errors SITOTS gy HED

Upper (123456789 kj/lpdelr>><<‘(>/<)x><\x®>‘§//
1 o 2456780 iddle
I\/Ilddle123456789§ A

Lower
lower 1123456789 \Q ‘

UP“’ OSei\/?LDPC Order Conv. LDPC _Prop. V-LDPC
pper X X X X|[X_IX XX
Middle [2 / 5/8 2/5/8 X R X Q|XQ X[ R
Lower 6.9 9 09I 029 Q1 &
Un/i’51 Unit 2 Unit 3

. Encode/decode unit
Flash Memory Summit 2018 Detected errors are dispersed among decode szgnits

Santa Clara, CA




m Proposed Error Detection

Flash Memory Summit ~ReSUIt Of V'LDPC~
Proposed V-LDPC, (A) Bn!t; ) Pr1op033ed4VéLlé)PC orger
Nye =1, No = 8, @85degC nit
el (VARS8
o ~4 ! 4
S 23t Unit 1_Unit 2 Unit 3
o |
2 52f « All units have
ft qt, 1T almost same
number of

0 2 4 6 8 detected errors
oo emmizoe Data-retention time (day) "
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EED Proposed Error Correction

Flash Memory Summit

« Emphasize predicted BER of detected bits

Detected 0 0 1 0 1
AC code umi,o.z% 0.3% | 0.2% | 0.5% | 0.1%
(e.9.)

Predicted BER by
AEP-LDPC w/o
upper lower cells

HED detects that
at least one error exists in “0”s

Flash Memory Summit 2018
Santa Clara, CA
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Flash Memory Summit

« Emphasize predicted BER of detected bits

Proposed Error Correction

Detected 0 0 1 0 1
AC code unitl 02% || 03% | 02% | 0.5% | 0.1%
! ¢ Obtain ratio |
2 3 : 5
20% 30% 50%

7

Total 100% (1 bit error)

>

Flash Memory Summit 2018
Santa Clara, CA
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Flash Memory Summit

« Emphasize predicted BER of detected bits

Proposed Error Correction

Detected 0 0 1 0 1
AC code unit| 02% (| 0.3% | 02% | 05% | 0.1%
! \ Obtain ratio |
Q 2 3 : 5
3 20% | 30% 50%
Q. . — — :
> < Total 100% (1 bit error) >
el . ”\(\e( el
‘(\\% n\ ‘(\\%
Updated 0 0 1 0 1
BER 20% 30% | 0.2% | 50% | 0.1%

Flash Memory Summit 2018
Santa Clara, CA
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B Result of Prop. Error Detection & Correction

Flash Memory Summit— \f = 8, Max iteration = 30, AC7, @85degC
—~ Conventional AEP-LDPC —~ Proposed Error

= W/o upper lower cells N = Detection & Correction N
E 100|200|300|400|500 W/E E 100|200|300|400|500|"YW/E
ol 0 [3[4][4[3]4 oL 0 [8[3]3[3[s3
c (009355686 c (0003 4 [5[4 [ 44
- | 017 | 5 ) Il 9 | 11 +— | 017 | 4 4 4 4 )
c [ 1.0 [10] 1016 cl1o0[5[7]6
= 12 [11[11]18 = ;5 g ; 8

20 | 15 | 27 :
D ™22 [20 L2218
) O]
© [40 Fall fo
© | 5.1 ©
O [ 6.1 0

Flash Memory Summit 2018
Santa Clara, CA

>Numbers in blue frames show number of iterations s



m Result of Prop. Error Detection & Correction

ish Hemory Summi A Conv. AEP-LDPC w/o
3D-TLC NAND flash, N = 8, upper lower cells
Nye = 300, Max |terat|on = 30 O Prop. Error Detection
AC7 @85degC & Correction
@ 2 0 . 830 230%
%_31 +90% §§20- ‘
S . S 210}
< m 8 .-8 | ]
OAE%OCS'PC E or | Otse(tj 5 K 2 N 0
rror Detec = L
w/o upper &Correchonlo = Data-retention time (day)
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B Conclusion

Flash Memory Summit

Proposed techniques
(DError Detection (HED + V-LDPC)
- HED detects errors and V-LDPC averages detected errors
@Error Correction
- LLR values of detected error bits are emphasized

Conv. Prop. Error Detection
LDPC ECC & Correction
Acceptable BER Baseline +90%
Acceptable data- :
ws| retention time Baseline +230%
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