A 65nm In-Memory Computing 8T-
SRAM with Digital Sparsity
Optimization Architecture
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ABSTRACT

The rise of big data technology and Al chips has heightened the need for faster computing.
To address the limitations of traditional Von Neumann architecture, Computing in Memory
(CIM) emerges, enabling both data storage and processing within memory. This reduces data
transmission delays between memory and CPU, enhancing computing efficiency and energy

savings.

Our primary focus is SRAM-CIM. Through implementation and simulation, we compared
Analog CIM and Digital CIM, finding Analog CIM (8T SRAM array with charge sharing) to
exhibit superior energy efficiency. We refined charge sharing circuit architecture to enhance the
linearity of in-memory computation results and reduce power by 8%. Additionally, we devised

a RWL pulse generator with delay cells to integrate Analog CIM into digital data flow.

Digital Bitline-Transpose CIM boasts superior spatial mapping and accuracy. We intro-
duced sparsity optimization to allow CIM to skip computation for input values of 0, thus accel-

erating system operations.

Throughout the project, we utilized the 65nm process for implementation and simulation.
To merge Analog CIM’s energy efficiency with Digital CIM’s input-first processing, we com-
bined modified Analog 8T SRAM CIM with Sparsity Optimization. This resulted in a 46%

increase in energy efficiency and accelerated computation.
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I. Experimental Principles and Methods
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1.1 ~ Experimental Methods
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1.2 ~ Analog CIM with 8T SRAM cell array and charge sharing
method
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1.2.1 ~ Introduction

#rk X 89 SRAM e l& 88 A H - £ 22358424 Word-line (WL) 49 B2 M B > 2
SRAM %4 7 #9418 R J& » ¥ &, Bit-line(BL) LRl 89 ERTHEAE o 2K E 44 £ SRAM ¥ 8
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1.2.2 ~ Implementation
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1.2.3 ~ Operation principle
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1.3 ~ Digital Bitline-Transpose CIM
1.3.1 ~ Introduction

Digital CIM #) 4 # #1114 % T3 X [2] F &) Bitline-Transpose CIM(BLT-CIM) 3% 3t >
4o [ 3 o 32 8 CIM 24 & Transformer CIM 2345 » 458k & A A K T 45 B 84 bitline BUAX,
wordline % input FA3E o BLT-CIM & &4 X 2 T vA#k % & =3 : CIM controller ~ SRAM-
CIM ~ Macro accumulator ©

« CIM controller £ 74 3b & 4% #1335 & 7 & A TAFK B & weight writing 3 & input
feeding

¢ 16 x 256 SRAM-CIM array & 7 A #2690 &M A EHER > £ 2,204 6T SRAM #&
VAR = 89 weight 545 % & > it d 4T NOR 1R hwif F 3t i# 4% 2] Accumulator o

¢ Macro Accumulator §#% bit-serial input 483 749 & #1347 shift-accumulation o

DS |Ccws[1]|cws[o]
\l\ ] CIM Controller
Input WR WL [0:255]
—— [}
% BL [0:15]
Weight| 2 16 x 256 SRAM-CIM
o
PO, P1, P2,..., P15
/
Macro Accumulator

3. Bitline-Transpose CIM & 5% 4£45% & 149 Block Diagram



1.3.2 ~ Modification
(a) Sparsity Optimization

% J8 %| transformer § i 47 K E493E H > & input & 0 BF > PT A partial sums A £ 54
accumulator #9 X /v 232 18 block cycle 224§ 5% 0 > {2 M43 R H £4238 cycle #93E Fi8
A2 o P RMATER AR ERGESAE - R B HEBREH © £18R]F] 16-inputs & 0
B> CIM g3tiis i€ F > AHEH T —4 input 3T o

q BL q enable

CWS
DS— data_source Digital BLT-CIM check_sparsity

clk

rst_n

4. Sparsity Optimization %244 &

II. Experimental results and analysis

2.1 ~ Analog CIM with 8T SRAM cell array and charge sharing
method
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2.1.1 ~ Simulation of Original Circuit

yA RIS RBL 898 BRAKRE MAC i H 4R > 4445 RBL & &89k Fob/BARE >
Bt B AE 23— 18 RBL L9 & 3 T4 o

TR A6 5% —Rtst > & T3 RBL sampling ¥ 4-— {8 RBL 8§ &3k 4aF > KM% — 7
BT A B B (transmission gate, TG) 8 K/ » st A E R RME TR GBI BI 55 THT [1] R
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2.1.2 ~ Read-bitline RC balence and optimization
(a) Tuning switch size
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FARR] o A2 A AR i 60 E A F 455 B RS MAC 43 A T AR AR > 582 &t CIM &
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(b) Tuning compensation capacitor

#EMRRMERFF > TRRFGERZEARRAATFEG ABRFETSF > AEIMEL
$T# A% RBL BRI E 248 - SR NAE B4R 244 o & R M —4% RWL > H input=1
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(¢) Optimize switch placement and switch number
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2.1.3 ~ Comparison

FEAEBE I > R ZAA5AR 5 FIETE R TATHE o 5 —8,Z Power > BlE 7 ik & B
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FEALFT A ADC FBr s OEAE 6948 o 3 % —28 & Regression intercept > & M=:i8 &€ H &R &
70 8985 % > i E RBL A€ A TR TS » B MAC=0 85638 ERJEA | R4 - ATAE
SRR A IEARTEL 1 0 AT E R LRGN TR o

HEBBRERTARL  RIHAMEE AEERFHARF & B TRAAMGE > L+
S VAFFHAR & 2 An ek 8 B M B 09 77 ik T o {224 Power KA > AR MM EFET
ALBIHRBATE EZTF S ORMBER > LAR DG e > WINC LA CFERAIERIEL 189
T o R LTI > RIMEBZ ARG MK EMARE ST R > ARFALWGESB AL - RGEHE
FE ORI > dLE 8T 8% 89 Power o

No RC balence | RC balence by | RC balence by tuning | Optimize switch
tuning switch size | compensation caps placement
Power 1.83E-0.5 1.61E-05 2.05E-5 1.69E-05
W)
Coefficient of 0.9947 0.9958 0.9965 0.9961
determination
Regression 0.9722 0.9752 0.9805 0.9853
intercept
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2.2 ~ Bitline-Transpose CIM

& 4 09 B4 & 42 3 RTL simulation > Synthesis simulation » ¥A & Gate simulation /3 & &
B R o Jb R AP KA Verilog BHA LEX > 34238 KRG BGRARE VU ATEAE 6T Area
#2 Timing & HA, o
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Sparsity Optimization & T 188] input 2 & & 0 > &AFH 2504 6454749 data source > R H 48
# R 69 module 1%k % X G EEN CIM ZH > €52 Input R 5 0 B 4 €% 2| bitline - &
AR5 Input % 0> A4 geki@izaER > BT —4 Input 8925 > & 4 T —18 block
cycle 893 Faf r o

sm b data source # #) @A & 176376.0041 (um?) - $ A Az R Ao Sparsity Optimization
8 EHIG T 8.3% > 12 data source 1F A4k G A A2 IEM A & it 1 B2 BLT-CIM - 4 2
sparsity 894240 B £ A 1b 49 register o f& clock cycle & 6ns #9454 T > slack & 1.86 > &
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2.3 ~ Comparison

B T Hu# Analog CIM #= Digital CIM &9 £ F » &5 7% T Digital CIM(with Sparsity
Optimization) #7& %% > 3% 2.2 49 BLT-CIM & specification #= 2.1 & R % 9 Analog 8T-SRAM
CIM —% > 4.3t 2 bit input #7 4x4 &) SRAM cell > i T R4 89 Energy Efficiency o

Energy Efficiency &AM AL T AKX :

operations

Energy Efficiency(TOPS/W) = o = o
1 W

(1)

£ clock cycle & 10ns > 385 3|3 —#52 = 40 input RAwE 94T > K A8 LT 3]
AT ER

48 cylce # | Operations | Power(W) | Energy Efficiency(TOPs/W)

Analog 8T-SRAM CIM 4 (4+3)x3 | 456x10°° 1.15

Digital BLT-CIM 13 (4+3)x3 | 1.54x 107 1.05

4 2. Analog CIM $z Digital CIM &) rtix

# E R KA V4K ] Analog # 8T-SRAM CIM Z_ Energy Efficiency # Digital CIM 4%
£ o Accuracy B & Digital €& 100% no loss #93k 8% > ATVAg 2 Digital 4 BLT-CIM & A4F4% >
H Digital 8 CIM AL A #4778 FoA8 /7 > fe 4T3 input FAER 4 AEATER o



II1. Improved implementation and results

3.1 ~ Circuit Design

#3#% Analog CIM #= Digital CIM #4 % VEA2 #8518 > AL & AEH > mEAMA L4
oo RE g RERA LIFG KRR o £ K2 Analog CIM #9 Energy efficiency # »
A7+ £ 4 A Analog-CIM & 8T-SRAM CIM $ charge sharing 42 #4882 4778 % » IZ &
B B ReACRY B B 3 B 845 a9 M o FlEF % @404 Digital CIM ¥ #) Sparsity Optimization #
H it 1E F AR R o

(a) 8T SRAM array with RWL pulse generator

Bitline-Transpose CIM # 4% & 5542 1& sparsity #E1b1& > §1%:% 4 {8 2-bit input &L
9 8T-SRAM CIM M 7] > 3333 & input /£ —18 clock cycle A #4418 RWL L&) pulse
He A RNELFILERER o

B — A 5|09 K] > Input $2 clock RIF G AR RWL Pulse o & A1E M H AL E 2
%@ A g clock AFEEE delay cell & —k > Aiest &A% 69 clock AILE#E AND Gate >
WA E &0 G AL clock F B HE 4269 pulse » RAVEILAIEE pulsel o m—K cycle
AEME 2R % =18 (input=2 ’ b1l ) R E &4 pulse > AT WA pulsel § LR — X Fo Ry
R > B pulse2 F= pulse3 AIE o 2-bit input § % € =18 enable 34944 (EN1=Input<I>|In-
put<0> > EN2=Input<1> > EN3=Input<1>&Input<0>) > iz =& enable 3% H K= %] pulsel
pulse2 ~ pulse3 &£ &iE A RWL o

(b) Sparsity optimization

T A MRS 1.3.2(a) KEARF] > {4 presicion SR o /2188 2] 2-bit input & 0
B > CIM g 9kifiz 403% > B 45358 CIM 3£ T —4 input 3% o Block Diagram 4o T :

q0.0_0[1:0] a_0.0[1:0]
q0_1_0[1:0] a_1.0[1:0]
q_0_0[1:0] in_0_0
0_2_0[1:0 3_2.0[1:0]
q.1.0[1:0] 0 q0_2_0[1:0]
in 1
0_3.0[1:0 a_3.0[1:0
q.2.0[1:0] q0_3_0[1:0] 3.0 [1:0]
in_1_0
q.3.0[1:0] q0_0_1[1:0] a_0.1[1:0]
.0.1[1:0] n 1t q0.1.1[1:0] a.1.1[1:0]
1.1 [1:0] in2.0 q0.2.1[1:0] a.2.1[1:0]
o
q.2.1 [1:0] S q0.3.1[1:0] | check sparsity .31 [1:0]
in_3_0
q.3.1[1:0] data_source —— Analog CIM
in 31 q0_0_2 [1:0] a_02[1:0]
q.02[1:0] q0_1_2[1:0] a_1_2 [1:0]
a.1.2[1:0] q0.2 2 [1:0] 222[10]
—9.2201:0] | q0.3.2[1:0] 2.3.2 [1:0]
q.3.2[1:0]
enable_0
clk
enable_1
rst_n
enable_2

5. &5t E 49 Block Diagram



3.2 ~ Experimental results

SR T RER 4T & 3> w#ME A Sparsity Optimization > &A1 A ki 4 & input
By > w7 —& input 89E F o 48 cycle $a9 T4 E H ik & Bk > FlB¥ Energy Effi-
ciency LA 46% 894% 5 o

48 cylce # | Operations | Power(W) | Energy Efficiency(TOPS/W)
Previous 4 4+3)x3 | 456x 1074 1.15
This work 3 (4+3)x3 |414x 10" 1.69

% 3. Analog 8T-SRAM CIM 44 Sparsity Optimization aJ ~ & 9 ru

IV. Conclusion

1. £F 3y B TET - RMEE 3] Analog 89 8T-SRAM CIM # # 4% 89 energy
efficiency » & Bz B AL B A ik 6 b R R A 45 09 B #E o @ Digital 49 BLT-CIM
HIEFAF ey B > BB spatial mapping #& 77 o Fr kX 9) > Sparsity Optimization 4.
T B etk CIM 89 1E F ik E o

2. &7k B #% 89 Analog 8T SRAM CIM $2 Sparsity Optimization #&4% - T AR 2| CIM
493 F ik B ek - FlBF 4 Energy Efficiency A 46% #9427+



V. Reference

[1] Qing Dong, Mahmut E. Sinangil, Burak Erbagci, Dar Sun, Win-San Khwa, Hung-Jen Liao,
Yih Wang, Jonathan Chang, “ A 351TOPS/W and 372.4GOPS Compute-in-Memory SRAM
Macro in 7nm FinFET CMOS for Machine-Learning Applications ” , ISSCC2020.

[2] F. Tu et al., ”A 28nm 15.59uJ/Token Full-Digital Bitline-Transpose CIM-Based Sparse
Transformer Accelerator with Pipeline/Parallel Reconfigurable Modes,” 2022 IEEE Interna-
tional Solid-State Circuits Conference (ISSCC)

[3] Mahmut E. Sinangil, Burak Erbagci, Rawan Naous, Kerem Akarvardar, Dar Sun, Win-San
Khwa, Hung-Jen Liao, Yih Wang, Jonathan Chang, “ A 7-nm Compute-in-Memory SRAM
Macro Supporting Multi-Bit Input, Weight and Output and Achieving 351 TOPS/W and 372.4
GOPS ”, JSSC, VOL. 56, NO. 1, pp. 188-198, JANUARY 2021.

VI. Review and Reflection

el —HF ey I P o K M4BT CAD TOOL #94k % ~ TR A M F B B AR sk B
Rk PHGGBRET(ERET ZF LG MATIEN G5 > L HHAETROBREEEZRE -

PIERARAYS > RV T B/ ~ FRA R 7 & > AR A2 Fark 5 45 4838 F 2L
R e B R R o LTI R E > R AR R AT P A RERIE TR SaFMBRM ) -
ZREEBELSRNBRBGIER  UARRBETITH LS » REBRREHOHBEE > BRFEFTHE
o AAREAHBEY > BMAE—RRERPRERE 123 THELQRBAE » LIS
¥ code » #2 % 4z E 549 performance > KEBRDESTREERL > RILET L o

H P BAH R M0 18 B2 R4 o HAEEMILE TR L A= A &R A6 B RE o AR LR & RF
MG AR T 5~ TR A @ > L& TRMF 5 T LG TR RMEIGER - FIBF > FF R
Hok BB BAL P T RAVF S 88 > RERM S X ZHFIRAA > AR TRER AR -
iR ETE T > RSB R S o b > AR EFRGBAR P > KMeigs T
R %R iz Bt A BER AR RMARB AT ARZR > EIMHFARRKELIEL $655
!



	摘要

