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Fig. 1. Classification of the traditional computational paradigms: (a) Separated memory and logic computing; (b) near memory

computing; (¢) in-memory computing.

148507-2


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. 14 (2022) 148507

random-access memory, SRAM) HFE 1 5 K 4x
0T LIAS B LR 1 ) R R N TR R 4 394, i &R
gr FLASTC R | PERE RS AR AL, BE
% I 2 AT A i S T . SR, PR Tk = B FL %K
P ORFRRRE M, T L TP R e iz, Mok
JI B A AR R ik S7 T AR, TR, J6F SRAM 177
Rl G BEA BT A 5 2, R AR LA AR B
. B S R R G R 5 E 2T T AR5 AL
H—iROaeRe 4, WAELL flash HAEK LIRS
FAF At A LABHAS A7 i %% (resistive random access
memory, RRAM) AR HTBIE S R AEAG AR 1F.
T RIS KFE, REBITIIBAUTICTFING
BRI 4, b B ARAEHLIIAE | P e i S5
Retb#s. 5350, h TAE G KRR YIReds e SR F 2
P S T AR AT A RE A A, AT B
WA L4 /NGE T, FEAE KB R G 7 T A
KIRLHA.

3.1 &% NVM Z&E118ER544: Flash

Flash e {FHA T2 PERERE Ml ik
PR A5 B LS, ARG RGN B
RLAE PR A B0 AN TE] 2(a) B, flash @04 A9 1Al

(2)

SR TN AR R A 2 2 1], P LS H
FE Y 26 25 2 NN SO, A HZ A B POl H far 24
TEH BRI E A E S SR A b, 7T LU i A,
F 1 AF Fowler-Nordheim (F-N) B¥ZER00, A8
F 7 A AR R 2, AT 52 BB 18 5 A R4 [ 1361,
VLK 2(b). R T2k A&, BiEE A2
SR (510 V) MR (510 ps), fEFE
HUREZIH 10100 K. Hif flash BITHHES 2K,
F Ui flash FEFI 2589 7] 432 NOR HUFI NAND #.
T NOR #! flash (5 rh, 40l 2(c) frs, AH A7
2 (bit line) Y flash 2 IFHES5H4; NAND 2544
WK 2(d) FizR, flash i i 5 645 55 007 28 A5 2%
(source line) FHH. H K (9],

LT flash BAFNTHRA ST IR 35 1 #2544 RS
R GRS TT . 2015 4F, N K 2p 2 e b
53 (UCSB) BRI BT FERTH] ESFINOR Y flash
MYREER IR R T ok B AR R, T T
10 L RASBAEfERE . S T BRAIRZIAE, R Flash
W X3, BRSO AE 107 10—107CA {i [l
. 2017 4%, UCSB 84 B8] ifE— 25 503 1 1 3k
F 180 nm NOR % flash T. Z5H)4 A 22 N 25
HUOH. 2018 4, JbrTR2% Han 46 B9 #2HH3EF NOR

Interpoly ‘

Control gate

dielectric ‘—‘I

Floating gate l

Tunnel oxide ——

y

(b) E
""" ; i . EPROM/
4 2 electrons (CHE) flash program
-

Channel hot

al

UV radiation == EPROM erase

~__ Drain

p-substrate

Bit Source
(©) line line (d) Line

line Word
line

rl—‘
C
‘Word |||"_‘ [
||LI
rl_‘
C

Y P g EEPROM
E —
Lp 3\ Fowler-nordheim program/erase 11 |'|
(FN) tunnelling Flash erase IIL.
z High oxide (/program) _|
field Source

line

B 2 fE5E NVM 25 F flashP9  (a) SLHIZRPFZ544; (b) flash BRYERL 5P HIHLAE]; (c) NOR #IESI 454 ; (d) NAND # [ 31 45 14

Fig. 2. Flash, a traditional NVM deviceld: (a) Typical flash device structure; (b) the operation scheme and physical mechanism;

(¢) NOR flash array; (d) NAND flash array.
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Fig. 3. RRAM, a novel NVM device: (a) Typical resistive switch behavior*!
(1l (d) the typical basic unit based on RRAM include 1R, 1S1R and 1T1R.

(c) the physical mechanism of oxide-based RRAM
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; (b) the typical I-V curve of bipolar RRAM device;
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Fig. 5. Vector-vector operation mode: (a) The basic principle; (b) the matrix-matrix multiplication based on vector form; (c) the

spike time dependent plasticity learning rule®; (d) the half-adder implementation approach based on RRAMI®); (e) the saturation
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Fig. 6. In-memory digital computing mode: (a) The true value table of typical logic; SRAM (b) and DRAM (c) based logic imple-
mentation?®; logics based on NVM device: (d) V-R type, (e) R-V type, (f) V-V type, (g) R-R type.
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Fig. 7. In-memory computing based deep learning accelerator: (a) The classes of deep learning algorithms(™l; (b) the basic principle
of in-memory computing accelerates deep learning algorithmP"; (c) in-memory computing implementation of deep learning func-
tions; (d) solve the impact of device non-linearity switch behavior by binarized neural network(™; (e) the optimized programming
scheme of devicel™; (f) improve the device reliability by optimizing the stimulus signal™); (g) typical architecture of deep learning
accelerators based on in-memory computing™; (h) pipeline weight mapping approach to speed up network computing efficiency;

(i) the sparsening of neural network: structured and unstructured; (j) data call scheme to reduce input information handling/™.
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Fig. 8. Neuromorphic computing based on in-memory computing: (a) The biological synapse; (b) LTP, (¢) STP and the conversa-
tion between STP and LTP of NVM device based artificial synapse; (d) double pulse facilitated response characteristics®™); (e) the
spike rate dependent plasticity (SRDP) B%; (f) the spike-time dependent plasticity (STDP) B; (g) the Bienenstock-Cooper-Munro
weight update rules in RRAMP®?; (h) the principle of biological neural®; (i) the signal modulation capability of the RRAM based
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(n) implementation of spiking neural network(™.
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Non-volatile memory based in-memory computing technology
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Abstract

By integrating the storage and computing functions on the fundamental elements, computing in-memory
(CIM) technology is widely considered as a novel computational paradigm that can break the bottleneck of Von
Neumann architecture. Nonvolatile memory device is an appropriate hardware implementation approach of
CIM, which possess significantly advantages, such as excellent scalability, low consumption, and versatility. In
this paper, first we introduce the basic concept of CIM, including the technical background and technical
characteristics. Then, we review the traditional and novel nonvolatile memory devices, flash and resistive
random access memory (RRAM), used in non-volatile based computing in-memory (nvCIM) system. After that,
we explain the operation modes of nvCIM: in-memory analog computing and in-memory digital computing. In
addition, the applications of nvCIM are also discussed, including deep learning accelerator, neuromorphic
computing, and stateful logic. Finally, we summarize the current research advances in nvCIM and provide an

outlook on possible research directions in the future.
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