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Figure 1 (a) Comparison between conventional von Neumann and computing-in-memory architectures and (b) perfor-
mance comparison between conventional and CiM architectures
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Figure 2 (Color online) Current-based (a)~(c) and charge-based (d)~(f) SRAM CiM cell circuits. (a) 6T CiM cell;
(b) 8T CiM cell; (c¢) block-wise 6T CiM cell; (d) 10T CiM cell; (e) 8T CiM cell; (f) block-wise 6T CiM cell
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Figure 3 (Color online) All-digital CiM circuits. (a) SRAM cell with 1-bit full adder; (b) SRAM cell with 1-bit multiplier
and adder tree
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Figure 4 (Color online) Novel CiM cell circuits and function. (a) 3T1C DARAM CiM cell; (b) CiM-digital-mixed
floating-point circuits

UEAh, B XA T R E IS A A g . W0 4(a) FR, SIABIAAi628 (dynamic analog
RAM, DARAM) 6] RF 3T-1C HI45H, HIhEE/r T SRAM Al DRAM [, He 1T-1C LI
DRAM KARIAEMELIRE, AN 2T SLIUAFE N THR A, AR ENT SRAM 1 DRAM Z[f],
APSEPLALT SRAM [T AT IS, (EAK SR 75 B2 3245 BT 5 E SR OR 4 FEL 28 1 FEL IR,

T RN M RN BRI EE. TR A RE SRS AL KA s, AWt
AR AT 18 B M LS IR T 4R HU0 IR AL 454, ROR 280U T TR DUE ot Hov .
Bl 4(b) Fiow, SCHR [47) TRE T IEAF N TR0 ST s RV I RS . T R A N T A 2 /e
PSR E 73X, H AR G L S IR 0T I (R IV R 3Ry, A PN T B R B S IR A X R
TRV A, Fd R P — B E LA T A7 TS5 H B B 1R R K R . % TR M
FUAR S 7 LV RUS TR 1T 14.4% BITHFERN 11.7% WAL, BTz h (A7 A T B L
53 K F Al - g 77 TSI, DR A 22 7= AR A R 22 S SO HERA 5 [ 1) AL

2.2 SRAM 7FARITE M
2.2.1 FERTEMEANEmER

A7 W T EBEZ T BT B8 & — AN A S 8L, LB UGS BB AL B8« A7 O v A 4 5. L
W BN 55 DAC $3), BV AL 9 B ADC $5 ) T BRSBTS Bk T AR SR 8.
T SRAM 884, —A 6T 8 8T % ITIRAT 1 bit B0dE, Sl 2 LU B2 6T 8L 8T [IFF
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T I 471 A L T SRR R DA R R SIS [R] AR A 5 (34490, RISEAE A T SRR AN S HFERLIR 1 bit
NN 1 bit AEREEEE MR, Rl S ST WK ) 22 B i S 2 LU A N T L R T
M bit (A EIEF N bit FIAEEYE, FE M x N ANEKLEN TS EINE1E A /815 3] 5851
2 LU R () BRI 45 R VR R AR AAE T 0T RS SCREAN A (0 LU A7 98, B R % SCRE 5 BB 1 7%F
S

AF P TH LR Bt A B ARG B AR OB, 25 BT B N B8 m bit, AEREDLFEN n bit, T
TFHATEON P, MIAFSELSE RS (2™ — 1) x (27 — 1) x P) FioRZ, NSeBMERKEE, ADC /b T %
(logo((2™ — 1) x (2" — 1) x P)) bit. & ADC iR Z M R0, BT i RS B 2 5. SR ADC
Sy R E A T AR AN THRETT 4, il fa DL bl ) 75 ZLE PR A& 1% H L) (output ratio) B4, Bl @ bit
ADC i PR EL (29) SEAETH RS A S AT AR EC I B fi i Eefly 1 Re S EAs
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Figure 5 (Color online) The data-reuse and network mapping strategies on the CiM architecture. (a) Single CiM array’s
data-reuse; (b) multiple CiM arrays’ data-reuse; and (c) the multi-layer mapping and parallel computing
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NSRRI R RS RS, P AR FRTHSAER; (2) X2 AME A TSR SR SEAS 1R (s A\ i,
Fo 4 RO AT B R, BEAT SRR SOIN. WA RT3 BT T A\ i A i S5 PO A A 0 1)
SCHR (48] B JRAL R INBAAM P58 s AR B BRI OLSEBL 1 7.9 5 HIAE kUG o B, SR A 2 A6
6] (R HE B R #E— P SEBL T 17.6 R IR UG e T B

ENE W ERE ST ] TSR — B A W2 AE 5%, ] T R 52 B R 454155
WIE 5(c) B, BEXIANFEI RS, 7RG Bas IR 0T BT A R A 1A B SRS, 17 R B2 AR B80T e
HARTIFERI IR TN 2%, SR [36] SEBL T 16 D mithRE R BERUIAFZ A THEREESY, DL 4 % 4 45
HHES, B2 2 x 2 B9 4 DEEFIEE R LML IEEEE. 2 LM% GE A S 2 N
151 TR PR 1) B0 A, R T SR 20 7 220 e 1) 22 JE A 8 DX 25 SR 5 1 P2 SR SCRIR [36] 38 1 489 4t

619



FHighB S AR SR KRB A SRAM BIRKHL S A

SMEIHAR A 2 BRI (SIMD) T ETBEAI, SCBL T S Al I TR R R B SRR RS, B4 T4 54 o
TR S A 3T 88 CPU SRR IR — U5 Aok, Jerb CPU AT AR viE R Ab BEAE — 174K
A% AL 117 1 S )

2.2.4 TEFHRIESEHERE

ZMT SRAM HICHITEMESEE, R SRAM fENHHE LA E O 4 kbit 121 $2715)
384 kbit 39 ZFEFIZEIRTEE] 4.5 Mbit PO (HAH LIUA WA NS S4&, SRAM 17N THEBE
GIIAT fig 2 AR BN

Tt SRAM F WIS FEFI IR BE 2 RHEA. T8RS, K7 N E R R 2R TS
THEL AT FE SR TR, B T X T4 N 18] 5 0 7 2R R RN 4 H 45 SR A o 28 R0 LR 3 AT 2 3k — 22 4, T
SCHiR [34,39], EAFWTHEASCARSEEL T 2ik—. @I 94 6T K ITEE R, FIRIGEE 16/32 1 6T 47
B ITTH I —, WIMAEARTE AT RIS OL TR AR, X T 245, R A&
SERISEIZAZ O IEAT IS, WTRE— B4R THF TR BB /. SCHR [(36,48,49] 70 SEBL T 4 &0
16 B 0B 2 BEFIAE N TR

WA SRAM F£ W 1T RESITEIE— IR PMEAR M R B P 22 I 28 A5 AR T o 75 B AE — 0 o0 T SRR 52 Ak
J&, BEHE ANHBCERWE. SRS ANE SRR R AT A T R, X S ECERR RARCR T %
SCHR [49]) $EH T IRATRIAE N/ R ROR, R T B R B A X AL AR XS B ATAE AT
HETT (local computing cell, LCC). LA G A N TR R T LS, B X T 2 — s A7
it X3 B f—X7 2k B.GBL/B_GBLB. £ [X 38 A/B S0 FR, fEHFh— g X 8@l Lec it
T EIRAVE M EI, 55— BfE i X 4 AT 385 B_.GBL/B_BGLB #E47THUE B ##AE. 247F AT AL E
FEHT A SE RS, IR A7k B TG A T RE RT LAST B EL B, SEBLATE A SRR I R AT, R E
B ONRAE I A N SR RO PHL2E. iZ 40K 49 7E Cifar-10 BHE4E . ResNet18 FEBY A /] X 4% J2 151
LT B 94% BIVERESE T, BEARPEREIR AR Y 26%.

2.3 SRAM ERITEEL/HEEEKESML
2.3.1 HHREANTE

PR R G A 195~581 JE AR Gu il 22 IR 286385 7 Hh i FH IR AR AR, e e 8 o 85 1% 21 25080 e
TR R AEAE R, (EAF TSI AT TSRV 5 0 1) B 2 G5 AL A 15 A7 P T B LRI AR i b RAR 4
b FEZ . B 208 B A F HEASC A5 i B PR B35 T 23 S O P R e () SRR A FP UL A i A I
TE R 81, SR 58 A B 1 R 4 e 5 v, o B o RS W B B S . MRS EES R, B
TIAT U R E, B AT I ZEALE TV A THE I A Dh#E, R B — AN ERHE, iR
FTIFRAT R DT I 5. Q0 5K FH I8 T8 A SR B AR A 2, 28 R 48 R R, SR THEE/.

FET AN R RS BRE R, SCHR (48] 1R H T 2 i i i 52, Wik 6(a) Fis. AR
ITIATEE N AEAMBRLEE, & N NMURH NG EZEBALNERE, @il 1 bit MRS bridE—
MEIEHOE 2 FHA AR W T 2R, af U AE TR A RO E, R B ADC Sk
B IKE, 7E Cifar-10 FHEE . VGG16 B IAFBRZLILT 2.4~13.6 51 ADC IHFETTH. M
X T RO A A AR BT, SCHk (48] SR SNASFR BT 1 S n, 18 I Se it N30l h ZE M ECE, i
NBHRRI I AP . M % 3 FORES. EMBEDL T, $THF PR AT BRI B 347 TH 5, SEBLm
BRI T E AR RIEOLT, HEk X N TH R R, 48k T ST R). J8 % T VAAE Cifar-10 200
£, VGG16 BRI FASEFZ LI T 1.25~2.72 511 REHE Tt
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Activation 0 ivation 1 [Activation 2 Activation 3 Direct . .
Cyele Cycle Cycle Cycle weight WC‘S‘“ Tensorizing Weight
14 58 9-12 13-16 mapping M matrix w reconstruction
orkin ‘orkin; loff (0~N-1,0) | 20 [0 ] en—ana— w [ P P
row input weight blocks [ [ A () (6 5 ) e & F WG s s Gpi)]
[—— P [ ) E—— —
# o) | o) |enava) ] Z:ro weight N
el @ cl ot [ b [@NSSNEL @] | block
S & & Tes A e ) G G, G G,
# o6 1o Y O 6 - g .
. = N3N = (,lenAkaXrA) (’/.X"meerr.ﬂ) (rdf\x"«/Xm(/X’//)
Cycle 2
#

T
|
8
= = = o [Nl ey [enanrsy| Py (r(,X",X;",XrJ
TR iy = =0 00 O 11
Cycch(gﬂD 57, 57, 57 (r:Xr]) |:| :] |:| D [l D
H( <64 ot n: ‘ 1) (,r‘%y*") L7 <)
S d .

parsity index = T,/
to power-off ADC [ Lq) v
Coll” Co2M Co3l CodT  CoNT'

(@
6 (MEIFE) Bx/BBHRAMKER. (a) FREBUHER 5 (b) SRABHREHRT “; () KEX
L EGRHAR B

Figure 6 (Color online) The algorithm-circuit co-optimization. (a) The block-wise sparse CiM architecture; (b) the
block-wise set-associate zero-skipping sparse CiM architecture; (c) the tensor-train compression technique

&—G

v > K A
G\lJs 117G [ 105G H1 s i 1< %G L 1))

(©)

PA_b B TR 7y B M A A i 1) AR S B T DURE AR, EJEE T A RAAALE PR Ak 27 8], 0
A RO FHOCIBTY) ADC. SRR [49] #E— B3R H T - LA AH AR B 22 5K, il 6(b) o, ¥4 M AT
N B G E PRy — 2, it — 20 N (R B R ORI — B, R4 A 7E S2 bR A2 TSR 51
F—MHREACEYUET 7 bit MR EG AT AN E SR AR RIEEE R, T AN E
I, R SR S, BRI E S ADC FITFR, $TIF IER AT I B AT TH, IRk g
Sk BRI AL AR RN AEas b, FET DL AR SR ] [E I SC AR A R 4 . DOFE T A AR RE SR T

G PREE R AR B 1) SR BE A 8OR R R, F 75 B — 5 OB MEE R Ry, SOk [59] $2 1 T LU
JE R M B A KT AR, BRI T B VR fig 2 8], (H AN T3 BAR A B rL . 7R FLR
FAF W TR SR, XN 1 BB S AE A7 A T 5 R P SR s A Tk, BRI PR AR <17 1
HE ] B B BRI AE TSR B B DR, 1% AR IR I BRI ZRTE LR 2 S T B s AR e R, AT
RAPRAIR 7 Th#E, 1%:8 I I B B R T IA 691.1 TOPS/W.

FIF ADC RFELE R B TE, Wl SCIIhFETT 8. SCR [46] VR FIE > ADC HIRFE4S
EEUN, BRI 2 R AN THE RS TH R 5 SREAT IR R N5, F4TJF ADC #H7 — R
FEEAE, B TTH ADC FIRFR KB IhFE.

2.3.2 HibHZWEEFEE

B TR R A BR 2 Ah, Hofth e 4 U5 VA Al A7 B Wl 6(c) P, SCHR [59] iR BIAP2
100 2% A 20 f AL ER RS K TSI — UM TREAF T SRR S o, ERLMCR 17 T SR ik O S 12 AR
T 5K K% (tensor-train) (4677 1%, 5 JEAA M 4E 12 R BUE BUR BN IR 10 2 J2 /N R 3
%, HMEAERI T IR 2.3~4954 £, % TARMES T 5 = HAE A TR RS IL RS SE L 1 22 TR OB /N
R TR BRI A TH SRR 51 B ) e AT

2.4 SRAM FRIHTEMRRMEERITEE

N T EIFHETR SRAM A7 N TS 0T EOARAKCE, 3R 1 B T HATEAA A= RER. HE
TR 45 77 T BA AR NE 9 2 G0 0 B A S 4 134,36.39,41.47.49] | s A far QRN 2 807 48 2 T e
THRSITIFEAWT R, S BRI, 237 NSRS 8647290 JRoR 1 B T47 W TSRS AZ L
Pt B Rg, ANIMSEBlse BmME Mgz H6e ). @il a4 6T MANTHE ST, Hitogn
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* 1 SRAM FANEERXLE
Table 1 Comparison of the state-of-the-art SRAM-based CiM chips

Current-based Charge-based All-digital
1sscc2034  18sCcC21 491 18SCC21 361 1SSCC21 39 18sccr21 41 vLSr21 47

Technology 28 nm 65 nm 16 nm 28 nm 22 nm 28 nm
Area (mm?) 0.01721) 1223) 25a3) 0.09621) 0.20222) 5.83223)
Activation 4/8 bit 2/4/6/8 bit 1~8 bit 4/8 bit 1~8 bit BFloat16
Weight 4/8 bit 1~8 bit 1~8 bit 4/8 bit 4/8/12/16 bit BFloat16
ADC 5 bit 0/2/4 bit 8 bit 5 bit - -
Output ratio 1 1 1/4.5 1 1 1
CiM storage 64 kbit 64 kbit 4.5 Mbit 384 kbit 64 kbit 1.28 Mbit
Energy efficlency 68.4 46.3 121 94.3 89 13.7
(TOPS/W)P)
Accuracy 92.02%¢1) 66.13%¢2) 73.04%¢2) - —c3) —c3)

al) CiM bitcell area. a2) CiM macro area. a3) Chip area. b) CiM macro peak energy efficiency. Scaled to 4-bit
activation, 4-bit weight, except for [47]. c1) On Cifar-10 dataset. c¢2) On ImageNet dataset. c3) The same as digital

circuits.

PLSZEL 384 kbit & [ RANAFE W THEAZ D, 12 A% O HE— 2% A BN B O R 2R T

F| 4.5 Mbit. (7N TFE R GET SCRF 4/8 bit B IIEE FITFEAL 5, I+ HAE 4 bit f7% FSLI 7
121 TOPS/W FIEME B B ACR, 16 16 A77F 85 3 BFloat16 55 FSEBL T 13.7 TOPS/W HIlg{Efg
TR, 5K F = 0 H B Ol T 28 T H 0 R i A 2R A A7 P9 T S0 S B 7 %) TmageNet
SRR AR B R e 28, T 2880 A7 T SRR 51 DU AT DA SIS EIL S 4 G 4 F B 5 4 A R A
H.F U, RER 1 P &S R REE AR IA— 03] 4 bit A7%, (BT &F08 R I T ET
RS B e F IR A B R S 2 MR R R AR 22 7, FLRE AR 1 W BUE AT X B A L X AP
[FIREHD, 32 1 AR HERR R B 2 BT Bk R A AL 98 / WA T S TR R (R R AU ES %, A
Ae VP A& 308 I RE E AR 5.

3 ETHEAFENTFAITERE

3.1 Sk REE

A/NEEI R HL RS FeFET /08 NVM 2R HUZEAEE M AR IR JF MU J A A7 fik
. AE di A SR A PR LR A R LR B~ AR VR0 3 RV RE I VA SR B AT IB 1 21 20
4 50~70 AL 60, FeFET 4544 EALE MOSFET & S MR -8 mag gk adtelZ. T2k
PRI A A AR AR AL, T N g AT U, RIS AR AR A A LR T R g R P Y
15 0]l 2R S RAEAE R E . BRHZ IARAL RSE 1 FeFET a1 B BRE fi I, DRI R Fl s vl Je
LR D H R kB AR, I 7(a) Bon. BREEANFIRIRALTE FE(E1T FeFET MRS
AANRF 7 R P M R S G TR P e, DR G R s SR Bl ) 5 ALK FeFET f R8OV Z A A28 1F (T
B 7(c) 1), $2T1 TR T FeFET fHLER(E BAFGE L ARER. FeFET 381 45 HIbAk it hn A% B s A
vy R L R 2 TR P R s SEE D FEL R B BGRAE (AT 7(b)). ML T A in ReRAM — K75 2L LI AKEN
B NHLHIRN 5 N BERE i 3 1] NVM #34F, FeFET 7EA7 5 HLFE BT J7 T & I ARTHRE A 3. 2
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FeFET ,5 10 . : .
(@ G ® 10 3V t04V,0.025 V per step
[ \FE/ \ E 300 ns pulse width
n+ p-Si n+ 106 105

Incremental gate pulse

o-oﬂ‘
A B C D
10
1 )
Yt't'" 11‘“11
¥ g .
10 8 il 1 1
) %
By, S S 0 1 0.4 0.0 0.4 038 12
Ve (V) v, (V)

7 (MEHEFE) (a) FeFET #HEHREMREANKE; (b) FeFET H_EFEFHE; (c) FeFET M%{E
%% (multi-level cell, MLC) 434 [61]

Figure 7 (Color online) (a) FeFET structure and associated gate write scheme; (b) binary cell characteristics of FeFET;
(c) multi-level cell characteristics of FeFET

Decreasing
10°F v

th

I, (A/um)
S

7T, 25 Rk i 2 B AN A sy — g [ml th Seme B2 22 4k P s 45 44 DL S 2R FLZE R ) MOSFET 45
1, SCHk [62] EE37 T FeFET Preisach 24k R AL ¢ 15 i) £ a3 B e AR e, TR 1 584 /T T4 it
HEEE LT FeFET SPICE A7, i F kA MR R 55 5 AR SARKIFE T 23628, ARI0 H Bk d ke i
FIM B KT T FeFET (E5eBk Sk . H2pl d 8t A i B 103~691 ek S AL B RE S 7 AR T 1)
JE AT AR e v 70) ) XA 153 TS AL A 1 FeFET REAE AR & R g4 4 0y b1, 045 71 d A
B EXIWPE FInFET MK nanowire, KIS K 7 FeFET BN 5t A28 4R35 B2, B T4
LA FeFET T3 =i D 454 . mF ot . w2 MM BERE . 5 CMOS LE I A&
Forp RS SCILE ) AP R D Re (e, A BB e e it B i KRG AR RSN, e H — 1k
FRIT A &8 R 70, 9N TR BEFIPIIR I o i 258 2 B A 25 B FH B s AN T T 3R R EAR
CMOS 56 N m et eI sl ). LUR AT 3 EAN A7 N 555 70 S HLAe SR
b WA FHEAFE4S (content addressable memory, CAM) A H At T g BIA7 W TH 5 S R THIL AL
J5iE, BUE FeFET 5 Ak DA Jv v O 14 B FH 37 5% b Rl 403 1 g A £

3.2 ETHHEEFENFATERT

BT FeFET K7 N5 EEFIAR G FeFET A7 RN ET 2008 “ (A AF 5 5Tk 51 DL K A
W/ ZAEAF R ICRES]. EAESRIC T R FeFET 74 “07 80 <17 KPIRES UL BRI E 5
BEHRFE (W 7(b)), FERARIC PR LR ROSRIERES Am 285 I8 2 206 A — 51 B 24~ oo
i tHIC IR B ADC finth afe SRn s R, Bt/ 2 A7 H 8T 70~87) FIH] FeFET e il i B F L R 8
X RN 2 (AR (I 7(c)), FERE— N7 5R0 0 70 U Y RO A T AR MR HL s i A A e 77
i BB X R PR PR 3 B0 S R STeAR, B (.28 RN F) — 31 B2 Ao it . — B =, —EAA
B B0 PR R AR A L P TS 1) B, i N FL s R i R RS 5 (X 0, lipy il o A4/ 22 (A S e b o
AR IR EI H 30, TR A R s, e 5 28 A HEL B DX 0 o
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HL HLB ScL
. [ | WL 1 Bt St v s
1 T . E -
BL BLB X
J_\_If\_v_,\:I_I_L BL AI:I‘l;:IfBLB \
| -
VL WL WLB
(a) (b) (c) (d)

8 (MEHFE) —EUEEAT. (a) 2FeFET-2T #7T ["; (b) 2FeFET-1C #7T ["?; (c) 1FeFET #
5t [73: 741 (d) 1FeFET-1R #g [7576]

Figure 8 (Color online) Binary CiM cell designs. (a) 2FeFET-2T cell; (b) 2FeFET-1C cell; (c¢) 1FeFET cell; (d) 1FeFET-
1R cell

3.21 —EKEATEST

FeFET BEWT FHME NVM, 0] FHEFF 6. 5 ReRAM AHEL, 32— MR IR, PR =0 14544
RS 2 B A2 T 43 S ) 5N RSB 2R SRR [71) 55 1 NN A B AL MR L H I T FeFET
(128 SLREF LS B TE, HoR A 2FeFET-2T 4544, WKl 8(a) s, AEACHE 4 DL (K s E HUE B X
{EAETE FeFET H, 2T 1E NI A BRI S 9. %S n g M sl 1 4 N L 5 47 i BUE 1 5
FLs (RIS 4, [H) 21 4% B o0 i H L SO0, SEE BB RUERAE, 1R T B M HER AR,
FEBI AR T ReRAM HIAC X BRI (M) 5 N5 E T 5600 £5F1 395 £, SHLIIRIES T 4.1 50
3.1 1%, SCHR [72] R, a0 8(b) iR, 3T 2FeFET-1C HIBITCAN, LA 23 BCHLH) SEIU N oL
SRR R R B0Z s 5, BT B2 RS ANt e 4%, SR H e T A3 2 6 2k, 12 45 M T [v) LA
2L 28 XA A TR TR, M EEE T SRAM [ LR 51) [38] R e A R 51) 137) ) 3 5 BAAR T
60% AEFERT 47% BEXE. RIEE 7(b), BA FeFET A SZEUf N B R FIFE IR 10 5113848, it R
R, AHOC AR (7374 R FeFET X —4FEIR H T 87 W A7 R EAEREIRIERE 5 5] %, ANEH ot
Bl 8(c) AT/ N FeFET, firth —{HIRVE IR, JH1%5| RMERAEIZH AR, NIIH] FeFET #51F1A]
538 FELRURN A R 22 5, D SR RS AT A B ) BRI, SCHR (75, 76] S50 FH v BELAE PR PH 28 15
& 8(d) Fir 1FeFET-1R fEE Fnsit, Bia ADC HLBK SEPURIIFE . I AR R0 28 W0 28 48 X
B ANEZATETF, SCHR [75] F N B U, A B ) S afevk i h R S FRIAL, T SCRiR [76] ME S £
EUARE &1 Hh e o N 45 ik o 6 BE S A5 ', DA T 2 70 5 P ) P R R R A B 22 015 SR N
. P LS B FL B B B FeFET #0] FeFET Sl B it 22 S0k, RN B it i, MR ThkE,
43 HISEBL 13714 F1 13700 TOPS/W B = (EERE. FeFET tHR] T = 4E 45 M K AR o< T 2 LR T3 F4
GRS, Sk [77) R T R T BRI H 8 bit =4k S5IEH B (NAND) 4544.
BT FeFET #HFMKIZAT R =4 NAND 25K (178 % B, A0 FL B T A 980, I ZRid 72 R n] 7
O PG AT ST R (A % RS T —Fh o LT 108-Gb. 59.91-mm? [HIA . 45% [
GRS, BERUA 7.76 TOPS/W.

3.2.2 1RH/ZEGFAITEET

BRI, ZAA RS (synapse) 52 X P B AT AEAFAik 4 51 A R AT TR 1] 8 R 3R vk AT AL E B33 LAk
BYER ), ML ESS LA RS SR, V2 B 2 AEAE A T B KR
BURBNAS VG R, BRG] T FA B PERE. FeFET T AR RSy ARAER 5 AHLE], wTidE i
K 9(a) A1 (b) P3G &kl 5 A7 AL Gtk L A KV B s S AL A7 A, su il Bad Bt / 24 %
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S
POST POSTB

p
WL
WL] —‘11 BL V(;s
SLN SLS Post-synaptic
WLz_| neuron/GND
3 SL b

V - Pulse - BL ]
N PRE I
(a) (b) (c) (d) (e)

9 (MERFE) EIl/SEEFEET. (a) FeFET EEKHMBASR [ (b) FeFET F#RAX NAYA
MBS [ (c) 1FeFET-1T #jg [7:82+85], (q) —f 1FeFET-2T #7t B%; (e) B—# 1FeFET-2T
g 5z [81]

Figure 9 (Color online) Analog/multi-bit CiM design. (a) FeFET incremental amplitude pulse scheme; (b) tunable linear
conductance states of FeFET; (¢) 1FeFET-1T cell; (d) a 1FeFET-2T cell; (e) another 1FeFET-2T cell

Conductance

fil =2 XREFI IR . 2 T TAE S50 T FeFET MR,/ ZAE R A ih, A fE. g S gl jy
Wiy QKBRS A B AR AL T R, IRAERE T FeFET 7020 I 2% 0 26 87 AT 45 o (098 /7. SCiik [79]
et T 9(c) a2 LU 1FeFET-1T Rl HITE M, IR | FeFET IR TIH )2, %
WET 5 bit BUEAFAEAIEET 50 ns RERHFLHK 67 £5H 5T RYEHE, F7E22 X PRSI R I H AR
HL T 0 s BE XA, BOKY & T 28 FeFET TEIREM A M4 I RHEIAT S LRI, %S B
2 X FEFIEAT MNIST HdE S AER 2% 90%, 15 ReRAM 28 X FEF 881 AH LA 1 M G 20 B 41 v
T 1000 f%, 5 6 bit SRAM {75 FEFIAH LU IR B 10 £, BIR FeFET BRI 4t zh a4 B 3 8
Y0 B o ek b P P SN T RSB, AR % T Y e SRR A B ON L A 2 . STk [80,81] 1
$EH 1FeFET-2T s e a5t (Wil 9(d) A1 (e) Fiaw), KISEHEE FeFET AJ i B SR (1) o S
PARAL 7L, SCHR [80] FI FH A28 IR 25 I G A HERR (VR ARG FE, v IR 1 FR 2R A X AR AU 58 3T Bk ik,
TEFR A SE I T B A T LL AU ZRA8 B . STk [81) 5 2 B3 bk vh 5 N7 R, SR T 5 H g
FEBK MR T FIFH FeFET #51FA B [E A (1 7] ¥ MR M SR E 47 2 21 S A UL M B RIs 12, fEIIZR%L
PEAT PR AL G % P Sl e B AR 2 3]

T X 1FeFET-1T £7 5 B IC a5 M 24 1 B m i Ak, STk [82,83] 700l B K JE7R | Ge FE NWFET
A FeMFET WRERAEAE 1FeFET-1T RARZE [ FHAE X BEFAEA 4 N 28 4 b iy siese Ay SO A .
HRSCRR [82] B FH TR 48 I 45 7 28 2 ST 2% LA CREFIAE N 255 125 /> epoch [ 100 /7 MNIST
B 5 2 SRS FE ik 88%. 1 SCHiR [83] R 2 bit FeMFET B il 70 B A gk VR, il dm e /42
B HL R PR E] <1.8 V IZHEIA KT, SRIBMEES] <100 ns, PRFFF S E] 1010 KLLE, HH8
TEIN S 44 SLHURIIRE . S tEREHERAT S5, STk [78] B IR R T ¥ = 48518 TN 22 nm,
2 bit 1FeFET-1T Zfil o 4544 A2 RS, SEBL T XS4 &, o5 H SN AA s BE B T AR, AH LG
7 nm SRAM WIfFNIFHEIERE CIFAR-10 FUREIESEMERAES ESCL T 3 et 5n—
TAE B4 LLBS AR NI ST T T HZO/8-Ga203 FeFET 7E sl T M5 flAT AR, SEPL T 78 s i
ST MNIST #i4E Lz T 22 Z 5148 (multi-layer perceptron) M4, F b 2% > HERF LK 94%.
SCHR [85) FIFH 1FeFET-1T RAMNGEA LI T —Fh s 800 F T B S I8 v R 5 Ao 28 19X 24 )1 5 sk 2
PUFFIN, 5 il T Ji5 [ 1 B R e R A5 At R S BR . BRI 2 Ah, i TARIGER T — P T Git
TFIRI) FeFET 28 FBENLEUR L 28R — PR IHAEIE T FeFET #/F/ ADC Hl. 53T ReRAM 1
g g BU AL, PUFFIN L30T 1.3 f5RIIEM 2.5 51 RE3R Tt

IR 1FeFET-1T RfhE ZFIH FeFET nlAZIZS B SR, BHERZ UIHERIGESRIE, B
ADC AT B RSB VRS, SCHk [86] $H —FP T 28 FeFET 475 Mg 50 S FL R T M fi

625



FHighB S AR SR KRB A SRAM BIRKHL S A

SPBCHVEIN T %, ART el 1d-Ve MR, Z B ocE R EREESS (source follower, SF) 3 HR {H HL
JEHITT 3, SEHE T FeFET 1) 3 bit BUE B 2T SF B BRHURE A 22 M 204 AAIAF i/ FeFET
L L s PR I BUE AT R e, R A e 3 Ay S RS B S A R it B ATl
10 FRIHHE R, SCRF 32x1024 HIRJFEAT MAC #4F, AT 66 TOPS/W, MHELALSE 3216 JFATE
R LRI T 58 1890, 4R TF 64 fERERL. 55— AF 57 UAE 1FeFET FICH A2 LURHF ik R 51 L g th
—HMIHTRIE HIE, B ARk R IR NS FeFET A AUE ISR I HE N5 213fe 2 0
M. ZIHE ARG RUINE S 0 IS INREIRAR 08%, SR HEAR B 51 f AT FERIATIAE .

3.3 ETHEBHENASRIUFMESS

HAL NVM 38t 1] 52 3 s BEBUR AR CAM H B8 A4 o Sz 4 s i R AT IR . 5T FeFET 1
CAM FITA[ 43N —{f /=2 CAM (binary CAM, BCAM /ternary CAM, TCAM) FIFEHL /£ Ek: CAM
(analog/multi-bit CAM). BCAM/TCAM ©1~9] FIH] FeFET —{AAFME AN R, XA~ FeFET 1)
TR AT i S B LU R A0, R A7 LU N 1] B AN A7 1) 459 21 B o UG 45 2R, g 72 DT e 4%
B CAM FEBIUUELSE 3. Bl /2 ks CAM [61.96~98] R H] FeFET af if B8 H &, X4 LR 5
FeFET 140/ 2 8 B8 F Hs 1) — X — DR R B2 5¢ RIFAT S BC &, S FeFET 0 A A7 AT =
(L F S Y B A L — TR A3 N LRSS L. BT FeFET (8 AR A7 P 0, — Ml /=2 CAM
WU H UL EC 2R HLAL H R B 5 BR OS5 X 43, Ko SR TSR 488 % o1 ] B B T2 SR AN 1y 5481/ 22 LEARE CAML B
FARRASEE B0, 15 B8 BE3G . B BRI D, AR B TBOR 35 A A1 B 3k 3 Ha i Bl 2 A8 45 52 .

3.3.1 Z{H/=% CAM

BCAM P A A R AL E «07 /<1 BIFORES. —M& T CMOS 1) 10T BCAM ot
Kl 10(a) 7R, 8 14> SRAM B0 4 GRS H XS B4 2R 28 W R A7 RS — 2
i A 7EVC AL 28 A plear i, TCAM WIFE AEDIRAS Z AN E—/NMBEECFPIRES <X, (B0, 768 i 28 S0k
5N, IP Hubik Aol 1 SRS HE 2 10358 9)), /26 X7 RS T H TCAM FICAS i il {H 1445 H TS
MR, BT TR 3 MRAE, TCAM HITil i BCAM £72%, B 10(b) 7 7 —Fhi WA fafer X
16T CMOS TCAM, BLFEH > SRAM H.yoHl 4 NI mAmE, MR R ILRCg B marRis, Ui
ZORE SRS RIS, VTR SHb 2 (A & A 20 Sl — 2, 16 W & AR e . e il
P SRAM HLIGA7fi “0” SRFIRIBRLTF “X”.

HTF FeFET ) CAM HTHALIE T SRAM ) CAM /), BEZLLL SRAM CAM &, 40, X
Bk [91] $EH WK 10(c) AT/RIT AT-2FeFET TCAM Wit, ZHE AL 16T CMOS TCAM /) 42%.
SCHR [92] BB R FeFET 25 BRAR 4 BY 10 = o 45 M R B4 SR 51138 48, it 7 Bl 10(d) Frow
] 2FeFET TCAM e, AU A 16T CMOS TCAM ) 13%, FEA#Z53# L 16T CMOS TCAM
P17 %, BEREFRAK 58%. [IAEIET 2FeFET BAJCLEM, SCHk (93] $ Hid i kG B4 e i VT e 28 1 F
TR /INTT AE g7 B AT UG L /R BOR A, Wi 10(e) R, IZBTHSEIL T 0.54 V A2 « ~5 V/50 ns 5
NBEIMERE /56 B SR LT A EAN 102 ~ 10% AR, SCER [94] X 3CHR [92] B9 TCAM Wit A 36
WER M, T AR 105 AN, 2FeFET TCAM B GfE AR 5 AR T35 T SRAM ) CAM U154
KA, A% %o, B AR A SE 1 5, fEREFETT A $E -2 18], b — iR mae sk, Sk [95]
Wit 7 10(f) Frosif) 2FeFET-1T TCAM H70 A FEF1, SR 5 3CHR (93] KBAE) 2FeFET 2544, 1L
PABAAN S A R VD IO 4R, TR /D 1 UG 26 T 70 i FL A K/, B0 1 BRIk, SOk [95] ik — 204
H—FanE 10(g) AR 2FeFET-2T TCAM Hotiilh, A S53EA (NAND-type) VGHC 2R 77 20
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Figure 10 (Color online) FeFET based NOR-type (a)~(d), (f) charge domain and (e) current domain TCAM cells, and
(g) NAND-type charge domain TCAM cell

&2 £ TCAM &itiigiradtt
Table 2 Metric comparison of TCAM designs

Transistors per cell ~ Matchline type  Cell size (um?)  Search style  Search delay (ps)  Search energy (£J/bit)

16T [99] NOR 1.12 P 582 0.59
2FeFET-4T [91] NOR 0.65 P 1022 0.455
2FeFET-2T (93] NAND 0.44 PF 1430 0.073
2FeFET-1T [95] NOR 0.36 P 253 0.195

2FeFET [92] NOR 0.15 P 341 0.35

a) P = RETWIH, PF = £ Wit .

M T EAER (NOR-type) CAM 5148 RERAVERI T 7S IATT, RiE/D> T 78 peke. & 299 g8 717 Lk
ARET CAM WM REEE X EL.

3.3.2 1R/ ZL4F CAM

ik BCAM/TCAM 5% R ReEFT $HPE09R . M HUE, 4648 UAE6 1 bic 0. H
52 1, FeEFT T I B8 i Ho0S B 2 A AR (MLC), X FeFET ) 20 A MR A AN o X B
5 RUHD, FEARLABREN . R HUER B, CANL LB (T DL 755 BRI T 517 o R 2 SR T P
/245 CAM ik, KIBHE RIS A .

FLAE 20 thadR, SOk [96] st R &8 - #kll - 2 $4k FET (MFSFET, FeFET 15 7%
2 ) WS, R R ORI LB 16— FMC0T (digit) 115 (AND). 5% (OR) 4
B, I8 5 (NAND-type) FISUAFAL (NOR-type) DCREAZHI % ERE AL T —FiR A2
CAM FEFIZH, 10 11(a) FiR, SEHLT AEELTE 2 bit SORAAHAIEZ. BRI FFET 55635 K
SRR L2, FeFET 5 CMOS LZMFREEA A Rttt — Pl FeFET 2 HAF#E 1HE
HEE S B L 2032 . B0 11(b) R, SO [92) Bt FeCAM, 724 8] 10(d) AR 2ReFET
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Figure 11 (Color online) Analog/multi-bit FeFET CAM designs. (a) 2-MFSFET 2-bit CAM cell and array design,
(b) 2-FeFET 3-bit cell and some peripheral circuit components, (c¢) 2FeFET-1T 2-bit CAM cell and array design, and
(d) 1FeFET-3T 3-bit CAM cell structure

TCAM FEfith 4y N\ 3 73 531l 51 N SR 25 FH R 271 B TSOK 28 T BROBEAEL CAML B oG FL K, SN FLR R
AE FeCAM HLIGH AN FeFET A7-fif I B FELH 22 18] 4 A4 GV IC 2% A4, DA T T Fs 0L 322 452 DC R ¥
ZWAHE FeFET R BRE F V0 BBl A AT 20 B 8 N AN B HIVLEC Y B, S RERE G 3 bit 2
TEAERIE 2, A LRI 5 AN SCHER [92] 1 2FeFET CAM () 1/3, 16T CMOS TCAM ] 4.5%,
FELARFE R AEAEIL T 16T CMOS TCAM 8.6 1. FeCAM [F 75 B EAT 2k 1 B H6 A8 M IO R0 S R 2%
LB VT A . T SCHR [97) $RHIEET 2FeFET-1T (9 CAM HLEK BTG, [FII 51 N0 11(c) Fini
LRI BU VL AC 2R 4544, 1@ St FeFET 12 BIAE WU K 0T A% 2 i, mT s 2 bit 2
TEREAE R IRE, AL T SRAM 1) CAM, Hociifiib 22.6 £, 1% vh 28 7R AHES, ity
AN, 2T SEhr il AR, 5, NS FeFET 76 CAM Moo 4 H DL BT 74,
SCHR (98] $EH T —F 1FeFET-3T [ CAM #&it, /A% R 3 bit £, Wkl 11(d) Frow. % iHaE
AR, BABUF PR RE 7).

3.3.3 ET CAM HIHIEZERNA

iR CAM BRI FeFET $5PESRTE T8 {F(5 B2 BERRERL, s CAM 347 BE 4
MR RE R E RS A B HE R STVE N T Z . DL N MERS T35 T FeFET B9 CAM Bt 7E5E 4 1
LR AR AR RE K HERE S AR RCRIRTE. 0, BT FeFET ) TCAM 02 i B - hinis L 05
iR 0001 b CPU 2R R R BEW A N 400 24, 3 bit [ FeCAM 61 7E#% tH 28 A0 [ TP Huhk AE 3R
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Figure 12 (Color online) CAM based exact matching search and approximate matching search

FBEEZAM T, FHILIEET CMOS ) TCAM A AT REFEST Ak 60.5 f5F0 23.1 £%. STk [97) 32
H I 3 bit CAM WTHE AAE RS R £ PR B AT 45+, AHEEEE T CMOS (1) TCAM SEILEEEE 16
FEINEEAN 29 %5 A8 B A ARSR T, AHELSCHR [92] FF A 2FeFET TCAM 751 2233 & Al fE 5 2 i A7
WA HIFETE 1.6 f5H0 2.7 £, CAM WHEAE NS 7 i#4% (associative memory, AM) H T-Ii# GPU it
G 01,1020 g ok £ i 5 £ B A B H SRR R R S AR B2 B 45 k2> GPU i rig T iz
17, T GPU ZERREARBERE. SCHR [95] HH42H P AT TCAM BTH/EIIE GPU R AT 437
A 45.2% 1 51.5% GPU fE

BIR CAM BEThSCReRE i 23R4, B H S5 & 58 A UURS 7 nl AR sUU B 25 L. S8, B
Bedm 2 A N H 3 S i R U, SCRPRS IS RAE R K G218 1 CAM. [ 51 TG 23 2 R E0 s 1)
VLR R, St T CAM YHAEAIST BEHE T BURE AR RE XA TR T, R, — R TAE 041030 3@ 1 s
BN LY CAM {74 ) 2 [A] UL ECAE FE 200, (E1SAA0f 1) 25 N 1m) 2 ) /D B AN DTG EL ARt A A
PEVCHC. 33X — A8 2% 2Q U4 T 3252 48 i 2R 19 0 CAML IIC RS dr b 38, T4k 248 7+ R4
AesitEfe, Wi 12 Fios. 1B 2FeFET TCAM il b, SCHR [94] $& H B AN TCAM FFEFIILELL
JE T B B4 T I R A N S A7 r) B (R O DG BC R, 7 T ) AR AR 25 30 N IR A2, i e 28 ) 24 248
#J (memory augmented neural networks, MANNs) 3 55 A7 fifg A b SCE 3 7 IH AL BE 25 i oA 2%, A
b4k T GPU () MANN 2849, BeRUE S 50 fiF, ZEM 4o 2700 fi5. dE— D, SCHR [103] $2HH
2FeFET % LURF CAM 1T SCHF 2 LU ) & IR f AR A0 2, AH LU SO B a1 248 R I el
% TCAM Wit, TETH [ REA S ) AT 45 FHER R & 12%.

3.4 HtHX/hEEFAITE R

B T SCRFZ M T IFAT R RN A CAM AT IR ERAE, S5 FeFET HIA7fifi 551 th gl b
FIFSCRFHAM A BT S DI RE. HRYE FeFET BRI M35 Vi AR, A4 — SRS Bah — 2247
B L 2 AT I8 RE AR 18 SR AF ISR DRE T, SCRFAFA U T A0 25 1) 3080 s S L 7 P T A0 e
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BB NS, SOk [17) AR T FeFET 770k B 70 I8 A N 2 48 5 I 51 40, T S 5 N A2 B
BLVII AR08 (5aE/ 5 sk /e, Seak/ ek, ARSE) RImEEseE, I FeFET =45 % &7t
e HIR LS T ART R (ST REAE N I8 HEE 5. TELIERE I, JE T FeFET (947 A8 45 51 Th B A Wi~
J&, % T BRI E ] [104.105) | gik g (106,107 b1 47 B A | (BRI A AR =42
Tyf (108) & Sk P 31 22 AN B4R RSP o, A e A A i Bs (105) | A RE A 2% ST 1T 2% 5] 1109,110]
S SCHR [111) GBI RGN R R T T FeFET (77 I M FIM HLE T HoAh NVM 8%
SRAM (K177 A I8 $ I 3] (1 i AR 35

B T AT FeFET MR TTH R RS AT BB 5 2 4, FeFET 234K £ (8 7] S 2
SR 51T/ S TR EIIRE, BLE FeFET IES) R AFMEREE, (675 FeFET T BN 5| — R 51555
BT, WY TE T FeFET 75 40BE M i R F 47 5 1 AL RS e R AR 3 8 L 1k 22 4 &% R 1
LR TS 1208 ] 13 v R T BT FeFET WA /R IB AT IAZ T SRR, STk [114) B IR$EH — R 51
T FeFET fREURE R 8T B 48 R Se R A /KB iZ 5 (/5. sl /s, o)
A 5 S A7 P VB T L FE B . SOk [102,115] ZELIERE FHE— B R, FIF FeFET M T
JE 5 RARTHFE ZMASFTRIEES. SCHR [116] WIFIFAMA FeFET $4H5R 1 TS 4 i NI 81T g
BETF Ik, TTSEEL 2 AR 2 MONEZ M BOBEE R IA R, HFRR T Rak/ FIsk B AR Thg. <
Mk [117,118] JUFIF FeFET fI R BRAE fL R AR M3 T AT MK 28 FeFET S53E /8 I8 48], %584
ITEL FeFET 2651 “0” B3 <17 1R, M EME S 2 M SEDLE N IBHHE S, JhE
iR FeFET M AN & Y5 H /ot S (i B HEUH 85 N BT, V805 7 B4R 8 48 178 S AR AN sl kB4 T ik 2
W] (¥ AT A E. FeFET 48 F T fe NI AR B 3R 5 2 it e B i b i 14 fFs, — &R 41T
f 119~123] 2 T2 ReFET (7728 A R 384511, MRk T 55T FeFET [0 g 3L, 5 1
TR AR5 S A TR T L AR RA R T TR I IO A R L BT

4 REERZE

ISAE Z HIAF A — BRI GRS R A 1, BL SRAM A FeFET A5y it v T MG BE /R Hh
M TESHFRAGER, EENA T HAE RSB D RE g S S5 580 . N &8 R T o R L AE i — & 51 T
PE. B3 SRAM A7 53— R ER, AR 1 A/ fr 2/ 2807 1) SRAM A7 TS0 5 5145
), BT TALTE  THEIRATRE L BT, R A B BOHRR, RN TR RN TR BEE R
Wi ) K K R A SE B A T7 1%, BEXF FeFET A7 — KRR, ACLAFET FeFET HIAF N THER
fil BT e LA BE A 2584 . 34T FeFET ¥ CAM 5ot e H BRI 254, AR FET FeFET HIAF N2
HLER DY FeFET A7 A THE AR N, A28 7B NVM a5 47 55— fk e it 1] 3 R e o AR AL
Z RT3 IR R I BUBUS AT LA I SRAM, 382 i R /R I AT B 5 R A7 A 24 (AR
FeFET, W& 5HFH BRI GRS H A LA IRTHH B WA 7). /£ SRAM B LE
7T, T — 2 KA R BRI UL S e i S RSO AR | SR ORI R 2R A 22 X 2% AR DL
FARACAE T I 25085 7 o VR S BB 1 AR R A 5 — R BOR I3 28, U588 — AN Bk
T R0 A7 N THSRE R AR/ P st/ ) SR IR S A OO B 2, (HZR 5 5 8 HER R . AL REE R AN
PR A MR AL BL FeFET AMGRAGH R NVM S H RS TE . BRI R IR H
EHZHIPL, W1 FeFET ZAEBHMRERILME . Ao, USRS RIS I AVESS. TEig
7 SRAM “5 AL /E FeFET S5 RAE 5 RAFME AT, HAF W TH SRR 5 27 SRR 1 2 A1
N R ARG, A BRI Bl A AN T SR AL R Nl s PSS BE 70, Dl — 2
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Figure 13 (Color online) FeFET based Boolean logic-in-memory (LiM) gate circuits. (a) Two generic non-volatile

LiM design styles for basic Boolean logic; (b) dynamic logic 1-bit full adder; (¢) dynamic current mode logic full adder;
(d) accumulator; (e) multiplier; (f) 4-input reconfigurable gates for XOR/XNOR; (g) reconfigurable NAND/NOR gates

I R |

Bl 14 (MEHFE) BF FeFET MEH#IZIEE. (a) —MIES kA Rmksst 119 (b) —MIESH% D %
% BRER BREEM 120 (o) AMIES kMA R (NVFF-1 #1 NVFF-2) MM EBifFEIEER 121, (d) SorFmMIE
55kl % 2 (FeFET-out NVFF #1 FeFET-in NVFF) BIM\R$i7FR LM 122 (o) AMETIES FeFET
HIE S skl % BE L Bk 4EH) (DNVFF-1 #1 DNVFF-2) [123]

Figure 14 (Color online) FeFET based storage gates. (a) An NV flip flop (FF) circuit structure; (b) an NV DFF circuit

structure; (c) slave latch circuit structures of two NV FF (NVFF-1 and NVFF-2); (d) slave latch circuit structures of another
two NV FF (FeFET-out NVFF and FeFET-in NVFF); (e) two NV FF circuit structures (DNVFF-1 and DNVFF-2) based

on dual mode FeFET
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Abstract In the era of artificial intelligence (AI) and the Internet of Things (IoT), the emerging data-driven
applications and tasks have significantly promoted the development of national digitization. However, due to
the separation of storage and computing in traditional von Neumann hardware, the resulted memory wall issue
leads to heavy data transfer costs in data-intensive applications, which inhibits the improvements of energy
efficiency and performance. As a novel computing paradigm deviating from the traditional architecture in the
post-Moore era, the computing-in-memory (CiM) technique integrates computing logic into storage by leveraging
the characteristics of memory devices and circuits to eliminate the data transfer overhead. Such a promising
approach can significantly improve the energy efficiency and performance of intelligent hardware platforms. Based
on the traditional CMOS and the emerging non-volatile memory device ferroelectric FET, this review summarizes
the key CiM circuit designs, and discusses the integrated design and optimization approaches across the device,
architecture, chip, algorithm, and application layers.

Keywords computing-in-memory, static random access memory, ferroelectric field effect transistor, crossbar,

content addressable memory
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