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Fig. 1. Total amount of computing in Al training and single-core chip performancel!l.
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Table 1.  Benchmark table of performance of emerging memories and typical memories.
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Fig. 5. Performance comparison of various memories (data was extracted from Table 1 and plotted into a radar diagram).
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CTF layer
A
o BICS, Bit-cost scalable (Toshiba 2007) ® VG-NAND, Vertical gate NAND (Samsung, 2009)
® VRAT, Vertical recess array transistor (Samsung 2008) ® Hybrid-channel 3DVG (SK Hynix, 2011)
o PBICS, Pipe-shaped BiCS (Toshiba 2009) ® PNVG TFT (Macronix 2011)
® TCAT, Terabit cell array transistor (Samsung 2009) o STAR NAND,Si-stacked array (Seoul National University, 2011)
® VSAT, Vertical stacked array transistor (Samsung 2009) ® 3DVG NAND (Macronix 2012)
o SMATIT, stacked memory array transistor (SK Hynix 2012) e Split-page 3DVG (Macronix 2012)
o V-NAND (Samsung 2014) ® Dual-channel 3D-NAND (Macronix 2013)
o SGVC, Single-gate vertical channel (Macronix, 2017)
o 3-D NAND Flash (Kioxia, 2019) /
Gate stack P Channel stack
o DC-SF, Dual control gate with a surrounding floating-gate o HC-FG, horizontal-channel-type floating gate (Toshiba 2013)
(SK Hynix 2010)

® ESCG, Extended sidewall control gate (SK Hynix 2010)
® S-SCG, Separated-sidewall control gate (SK Hynix 2011)
o MCGL, a metal control gate past process 3-D FG (SK Hynix 2012)
[ ]

SPC, Sidewall control pillar (SK Hynix 2012) Floating gate

Kl 7 %7 3D-NAND fyH A J5 % 10
Fig. 7. A summary of 3D-NAND technologies!'.
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Fig. 10. (a) Learning rule of software-based and NAND-based neural network!*!l; 2D-NAND operation method in (b) forward and
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Fig. 11. A case of using 3D-NAND for VMM operation!”: (a) Circuit diagram and bias scheme of 3D-NAND array architecture for
VMM; (b) peripheral circuitry for layer-to-layer selection.
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Fig. 12. A synaptic architecture based on 2D NAND for binary neural network (BNN) [*8: (a) NAND string structure for XNOR op-
eration, in which two neighboring CTL device constructs a differential pair as one synapse; (b) operation scheme for forward

propagation; (c) schematic diagram of synaptic array architecture; (d) the performance of binarized multi-layer and convolutional
neural networks for MNIST and CIFAR-10 database recognition task respectively.
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Fig. 14. A case of MLC 3D-NAND for CNN with 8-bit resolution®™?!: (a) Circuit diagram of BiCS type 3D-NAND, the 3D struc-
ture can be flattened into a 2D structurel®!; (b) weight mapping method, positive and negative weight stored in two neighboring

blocksl!; (¢) MAC operation principle of 2 inputs and two weights with 8-bit resolution’; (d) convolutional core circuit diagram

with 7 blocks and 28 input ports can be used for 5 x 5 convolution operation!; (e) timing diagram of 5 x 5 convolution operation

with 8-bit data and 8-bit weights/>!l.

GRUZHEE, £ 7 BN Block FlI—HT&
SZ 1Y Block. MHLHEA 28 AN A T, AT LA S
5 x 5 R/NERUZ, BRSPS F A 14(e) B
N ST IR T %, Kim 45 P %11 T LetNet-5
#EFT MNIST FEEF 51, U555 98.5%.

2021 4F, Kim 84 P4 T —F 2T 3D
NAND HERBUZBENJ7 5, HI 1 bit ) MAC 1t
1757 HFe (partial multiplication) Ff-% 1 Booth
HBBLSRT IE AANEE,  SEHREIL T VMM R
HLUI, B2 78 18 B RE AL, SCHRe X Foes i 224y

210702-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 21 (2022) 210702
(a) (b) 18 500
5, 16| = Tl - (171)
Cin g 400 | = (1,2)
] = 14
— I 2 - (2,1)
‘ = 12 5 2.9
c 7 = 10 & 300 ™ (22)
H e B 5 —(4,1)
Ciu - Hout 5 8 T 200} <+ (1,4)
E 6 -
P Wout z 4 100 F
Wi Z 2
K 0 7. — i 77, NP 77 N 77, 0 f L L | |
Input Weight Output (1,1)(1,2) (2,1) (2,2) (1,4) (4,1 0 50 100 150 200 250
Partial multiplication unit Number of accumulation
R EERERET T e e ittt ittty ™
© E - E \\: Ay i 4 2500010110 i | i ™
~o 1 1 | 1 Block 1 H NAND flash
b4 s mIN N ] A, 5500000101 ! | ! % array
| Veas pHE H i A ) : : H | Block 2 1 N
oo ! | | 1 1 Yo-----q |
e : Fn I N
| | S & ! 2! |
RS = e B ! I S || E
- A |1 ! = LIS
[ b : LA | i : Block n i /
1 Viass 1/ | g ’
i | A © | age buffer 1
i - e | —: S T L : b NAND flash
: . : /,/ : Apc| [apc ADC : - T Shift & accumulation : / array
:_ 25l 2 :/I :L:k:‘AAxWL : / Buffer H(}MP&RNlogic _;//

(d) ‘ [ (e) QO Cell stored “0” @ Cell stored “1”
Positive Positive Negative
‘@™ —15
: 7
14
@
[P
(f) v | Processing group
: |y sttt
@@ =AW AsWort oo AxWigh o+ Ao Wit =AW AWor oo+ AWick - - AnWat
: +A,W, + AW,
— - --- — - R
‘@@ A4 00010110 |} : A 00010110 || !
o 1AL ' [ Ay '
: Ay 000001101 T‘E‘\ ' As 000001:0,1 ! m '
: e 0l Ay : Vi Ay
: i Ny i N
® o NN i 3
A 0000011010 |1 Ay X Ao 0000011010 | 1 Ak \
: A 00001001 Akm | Ay 0000100j1 Akm :
: TN i LN
: . > () N\
® 4 1A, : , i 1A \
® Y s 00000001 [HA g | Hzi-1 000000101 NN EE
/ , A _ ; | A
Layer 1 - \ Ay 00000011 i Az 000000111 RN
1 ) “wq 1
E O Cell stored “0 . Cell stored “1 E ' :
H Positive Negative H i '
7| CO000O0V00000eee| | flo=a 00110000 (a1 0110000
H
: : A, 00000101 ADC A, 00000101 ADC
g T  —— ] e - S
(2) @ V58 x visBs @) LSBs X MsBs )y MSBs X LSBs {__» LSBs X LSBs

Ts

[# 15 4T 3D NAND i S-Flash .05 - ] T 4 B 25 9 48 in 3t (521

T2

(a) BRLTFEREIE; (b) MAC 5 F 1Y LL R4 7 | iz 8 4R

A [ PR SE 0 (7)) A MAC B 19 o e X S0I05 BE SR I B] 952 0 (47 ); (c) S-Flash .ts 94844 (d) S-Flash A E 431 17 B A,

F16 A~ SLC # I — 22 23 E5 M 9 5 fih; (e) 183 Booth 4 73 B AL ;

Fig. 15. 3D NAND-based CNN accelerator named as S-FlashP2: (a)

(), () IR #AE R SSL #1 BL 34k 1 4%, MAC B4 T 1/4

Convolutional operation of CNN; (b) normalized latency for

multiplication, accumulation (left) and MAC operation in various multiplication units (right); (c) overall S-SFLASH architecture;

(d) overall weight data layout, in which a differential synapse constructed with 16 SLC; (e) weight allocation by Booth coding;

(f), () double the concurrently operated BLs and SSLs, 4 times faster the MAC operation speed.
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Comparison with other platforms
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[l 16 S-Flash H i FTAY 25 3 2

(a) S-Flash/S-Flash"/S-Flash" 21T VGG-16 %5 B 22 M 45 B (Y BE4K; (b) S-Flash™ H, B A% S

1) TG ARG L AE AT VGG-16 B 45 H AR A REFEXT L5 (¢) S-Flash™ 5 HAb S Fr i e S 800 1
Fig. 16. Simulation result of S-Flash??: (a) Energy efficiency evaluation result of each VGG-16 layer accelerated by S-Flash/S-Flash”/
S-Flash™; (b) area and energy breakdown of S-FLASH"™; (c) comparison with the other platform.
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Fig. 17. A 3D NAND CNN accelerator with decimal input coding® (a) VMM operation method by using 3D NAND; (b) the map-
ping method of a CNN kernel; (c) designed subarray configuration; (d) hierarchy of the 3D NAND-based neuromorphic chip archi-
tecture; (e) energy breakdown of 3D NAND-based chip on VGG-8 network for the CIFAR-10 dataset; (f) comparison with other chips.
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Fig. 18. A 3D NAND-based WTA neural network for unsupervised learning®: (a) Schematic of the differential pair in 3D NAND
flash array; (b) analog weight modulation of measured CTL device; (c) the training procedure of WTA neural network using 3D

NAND array; (d) stylized letter clustering results before and after training.
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Fig. 19. Forward propagation using 3D-NAND with pulse width modulation (PWM) schemel: (a) Operation scheme of forward

propagation, schematic diagram of neural networks, the timing diagram of pulses applied to WLs; (b) Left: schematic diagram of

synaptic string array consisting of synapses with positive weight (G*) and synapses with negative weight (G ); Right: timing dia-
gram of Vieaq, Vssr, and V; (¢) simulated classification accuracy of 4-bit QNN and BNN for CIFAR-10 images.
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Fig. 20. Backward propagation can be implemented using a differential synaptic array where positive and negative weights are sep-

arated®: (a) The matrix of synapse weight in forward and backward propagation are transposed; (b) synaptic array architecture

consisting of two adjacent cells representing G* and G, the weights cannot be transposed; (c) synaptic array architecture where G*

and G weights are separated in different arrays.
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Fig. 21. Forward and backward propagation using 3D-NAND with PWM schemel®:
NAND flash memory for forwarding propagation operation; (b) synaptic array architecture based on NAND flash memory for back-

(a) Synaptic array architecture based on

ward propagation operation; (c) schematic of neural networks consisting of n weight layers; (d) timing diagram of Vie,q and Vi, in

forwarding propagation and backward propagation.
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Fig. 22. Device characteristics and neural network performancel®: (a) Iy - Vi, curves with an increasing number of program pulses;
(b) normalized conductance responses measured in (a); (¢) Ipr- Viy, curves measured in a fresh, V. disturbed, and programmed
cell; (d) conductance response of fresh and cycled cell; (e) recognition accuracy of 3-layer neural network; (f) recognition accuracy
with the number of hidden layers.
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Abstract

A neuromorphic chip is an emerging AI chip. The neuromorphic chip is based on non-Von Neumann

architecture, and it simulates the structure and working principle of the human brain. Compared with non-Von

Neumann architecture AI chips, the neuromorphic chips have significant improvement of efficiency and energy

consumption advantages. The 3D-NAND flash memory has the merits of a mature process and ultra-high

storage density, and recently it attracted many researchers’ attention. However, owing to the proprietary nature

of the technology, there are few hardware implementations. This paper reviews the present research status of

neuromorphic computing by using the 3D-NAND flash memory, introduces the forward propagation and

backward propagation schemes, and proposes several improvements on the device, structure, and architecture of

3D NAND for neuromorphic computing.
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