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Abstract—This work presents a SRAM compute-in-

memory macro with a dual-dataflow architecture that enables 

both uninterrupted static and dynamic-input matrix 

multiplication and accumulation (MAC) for the first time. This 

uniquely eliminates the traditionally heavy inter-bank load-

store overhead of dynamic MACs in all prior SRAM art, where 

one of the two operands is required to statically reside into the 

array. The dual-dataflow architecture efficiently supports both 

CNNs and (multi-modal) transformers. 

Unified and efficient static and dynamic MACs are enabled 

by the proposed 1) reset-less in-bitcell Boolean computations, 

2) hybrid-domain accumulator, 3) concurrent write/compute. 

A 28-nm 160-kb SRAM testchip shows a competitive energy 

efficiency of up to 138.2 (30.5) TOPS/W for 8-bit integer S-

MAC (D-MAC) at full output precision. 

Keywords—AI, compute-in-memory, transformer models. 

I. INTRODUCTION 

SRAM compute-in-memory (CIM) enables sizeable 
energy efficiency improvements in AI systems, thanks to 
superior data locality enforcement [1]. However, even in 
SRAM macros the latter is not preserved under workloads 
requiring frequent data updates and inter-bank load/store. 
Indeed, workloads in CNNs and attention vector/matrix 
computation in transformers are naturally supported by static 
MACs (S-MAC, Fig. 1) with weights being statically stored. 
Conversely, attention score computation in transformers 
involves dynamic MACs (D-MAC) where both inputs need 
to change at every new computation. 

Prior SRAM compute-in-memory macros perform only 
S-MACs, negating true data locality in D-MACs and full 
bank utilization for computations due to the need for   
  

 

STATIC-MAC (S-MAC) OPERATIONS IN 
CNNs AND TRANSFORMERs

DYNAMIC-MAC (D-MAC) OPERATIONS IN 
TRANSFORMERs (ATTENTION SCORE)

weight data are pre-
loaded and reused.

e.g., matrix multiplications in convolutional layers, 
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Fig. 1. Motivation for compute-in-memory designs with dual-dataflow 
architecture to efficiently support both static MAC (S-MAC) and dynamic 
MAC (D-MAC) operations in CNNs and transformers. 
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Fig. 2. Limitations in prior SRAM compute-in-memory architectures, 

innovation and advances enabled by the proposed SRAM CIM architecture. 

 

preliminary load (i.e., static storage) of 1) one input into the 
array performing the computation, 2) the other input on 
another bank [2]. Though transposable buffer/CIM can 
partially mitigate such overhead [2], recent SRAM designs 
still execute D-MACs by repurposing S-MAC schemes, 
inevitably introducing extra interruptions and energy 
overheads (generally not included in prior energy efficiency 
evaluations) due to reloads [3], [4]. In key models such as 
multi-modal transformers, both S- and D-MACs 
substantially contribute to system energy and throughput, in 
view of their comparable number of operations (e.g., 30% D-
MAC in [5]) and dominant memory accesses (e.g., 83% 
memory accesses in attention score [5]). This motivates the 
introduction of a dual-dataflow architecture that efficiently 
supports both S- and D-MACs, posing three challenges: 1) 
mitigate energy in data update/read/transfer, 2) reduce area 
overhead of S- and D-MAC unification, 3) reduce system 
interruption cycles. 

This work introduces an input-versatile CIM with dual-
dataflow architecture (Fig. 2), as enabled by: 1) in-bitcell 1-
bit Boolean computations to support D-MAC, while 
suppressing the energy cost and the interruption cycles of 
conventional reset, 2) unified S- and D-MAC support for 
efficient and flexible workload execution, 3) analog-digital 
hybrid computation with competitive energy, 4) time-
interleaved D-MAC for concurrent write/compute. 

II. PROPOSED ARCHITECTURE AND CIRCUIT TECHNIQUES 

In the proposed architecture (Fig. 3), each CIM bank  

*Equally credited authors. 
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Fig. 3. Proposed dual-dataflow CIM architecture with input-versatile 

computing arrays (left), bitcell/circuit arrangement in a compute cell C-

CELL (top-right), and local read port connections (bottom-right). 

 

comprises an input-versatile computing array (IVCA), read 
and write channels with 2:1 and 1:1 column multiplexers, 16 
hybrid accumulators (H-ACC), and a timing generator (TIM-
GEN). The IVCA consists of 16 integer MAC computing 
sub-arrays (C-SA), each with 8 computing slices (C-SLICE). 
Each C-SLICE consists of 4 compute cells (C-CELL), each 
housing 16 bitcells and a local accumulation unit (LAU) 
containing 4 local read ports (LRP) for current accumulation. 

In D-MACs (Fig. 4), each bank performs 8-bit unsigned 
integer multiplication/accumulation for two dynamic input 
streams. In phase 1, currently active C-CELLs in an IVCA 

compute in bitcell and store 1688 1-bit multiplications 
(equivalent to 16 8-bit multiplications, see below) of a row- 
(wordline) and a column-wise (bitline) input. The above 1-bit 
in-bitcell multiplications are based on 8T dual-port bitcells 
(e.g., [6]), which uniquely process two dynamic 1-bit inputs 
without pre-load/reset (Fig. 5). Reset-less Boolean operation 
is evidenced in Fig. 5, as the output depends only on the 
current inputs. The Boolean function (e.g., AND) is 
straightforwardly configured via simple bitline digital 
setting, eliminating extra routing and in-array e.g., gates [2]) 
or off-array extra resources (e.g., multipliers [7]). Since 
computation takes inputs directly from bitlines and  
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Fig. 4. Dual-dataflow operation: D-MACs (left) and S-MACs (right) are 

unified into the same macro. Reloads in conventional S-MACs repurposed 

for D-MACs are here eliminated (left). 
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Fig. 5. Proposed in-bitcell Boolean computations, bitline digital 

conditioning in CIM mode (center-left), multiplication via in-bitcell AND 

(bottom-left), truth tables for in-bitcell computations (right). 

 

wordlines, it suppresses inter-bank data transfers and array 
reloads, in contrast to prior CIMs (e.g., [2]-[4]). As opposed 
to prior in-bitcell Boolean operations [8], [9], the proposed 
reset-less operation avoids any interruption cycle, and 
drastically reduces bitcell bit-flips (i.e., energy), inducing 
high sparsity (e.g., 98% at 90% input sparsity for adopted 
AND). In phase 2, the 8 partial results from all 4 C-CELLs 
within 128 C-SLICEs are accumulated by the LAUs in the 
form of cumulative compute-bitline current (CBL) for 128×8 
simultaneous accumulations/bank of partial results. In phase 
3, the CIM currents are digitized in H-ACCs and then  
systolically aggregated into 23-bit MACs at full output 
precisions (Fig. 6). 
 In S-MACs (Fig. 4), each bank performs 8-bit unsigned 
integer MAC for one dynamic input stream with stationary 
weights. In phase 1, each C-CELL is conventionally pre-
loaded with partial 1-bit stationary inputs. In phase 2, all C-
CELLs perform two multiplications between two row-wise 
1-bit partial dynamic inputs and two stationary 1-bit partial 
static inputs. Accumulated output currents are converted and 
aggregated in Phase 3. 
 In the array periphery, the efficient hybrid scheme in Fig. 
6 suppresses ADC activity per MAC by 1.8× over [7] by 
 

ICIM,iVDD

SUM
<i>3

ZERO<i>

P1

P2
×7

Vbias8

zero-gating ADC (ZGA) 

full MAC 
utilization is 

achieved
1.9×

ANALOG-DIGITAL HYBRID CIM SCHEME

Hybrid Accumulator
(current-to-digital conversion, 

digital accumulation)

H
-A

C
C

<
0

>

Input-Versatile Computing Array
(bitwise Boolean, current-domain sum)

...

ZGA<0>

ICIM,0

3

ZERO
<0>

SUM
<0>

ZGA<1>

ICIM,1

3

ZERO
<1>

SUM
<1>

ZGA<7>

ICIM,7

3

ZERO
<7>

SUM
<7>

...

...

H
-A

C
C

<
1

:1
5
>

ICIM,8-127

23-bit digital systolic accumulator

3 3 3...

...

23

MAC
<0>

P1
P2

systolic accumulator

ZERO
<i>

0 SUM<i>

+
X

<i-1>
X<i>

X<7> connects to a 
shift-add accumulator

this work adder tree this work

3-bit ADC activities

1.8×

[7]

1.4× 1.9×

accumulator efficiency

TIME-INTERLEAVED D-MAC

(PING-PONG)

MAC

cycle
bank A
bank B

0 1 2 3 4 5 6 7

- - - - - - - -

IDLE

in-bitcell 
Boolean

hybrid 
accumulation -

cycle
bank A
bank B

8 9 10 11 12 13 14 15

cycle
bank A
bank B

16 17 18 19 20 21 22 23

cycle
bank A
bank B

24 25 26 27 28 29 30 31

system throughput

this workbaseline  
Fig. 6. Hybrid analog-digital accumulation (top-left), time-interleaved D-

MACs via ping-pong scheduling (top-right), and comparison with prior 

baseline designs (conventional adder tree, no time interleaving, bottom). 



accumulating 8 (instead of 1) partial multiplication results 

residing in same bit position. Periphery is pitch-matched to 

the minimum poly pitch of the bitcell. The 23-bit digital 

systolic accumulator (Fig. 6) improves area and energy 

efficiency by 1.9× and 1.4× compared with adder trees. 

Concurrent write/compute in D-MACs is enabled via ping-

pong scheduling [10], improving throughput by 1.9×. 

III. MEASUREMENT RESULTS 

A testchip containing a 28-nm 20-bank SRAM macro 
with 160-Kb total capacity (Figs. 7-8) exhibits a compute 
(read) access time of 5 ns (2 ns) at VDD=1.05 V for 8-bit 
integer S- and D-MACs with 128 accumulations into 23-bit 
full output precision, as shown in Fig. 9. 

In S-MACs, state-of-the-art peak energy efficiency of 
138.2 TOPS/W is achieved, improving prior art by 1.2-2.0× 
[4], [7], [11], [13], [14]. In D-MACs, peak energy efficiency 
is 30.5 TOPS/W at typical 90% input sparsity. Fair 
comparison with prior CIM executing transformers [4] 
shows an energy efficiency improvement by 1.4×. At the 
same time, the FoM used in [7] is improved by 1.3-2.0× 
compared to [2], [4], [12], [14], which simply repurpose S-
MACs due to D-MAC unavailability, while not reporting the 
additional load-store energy required. When accounting for 
the latter one (not needed in proposed dual-dataflow  
 

CHIP SUMMARY 

technology 28nm CMOS 

macro memory capacity 160Kb 

supply voltage (V) 0.6 – 1.05 

read (write) energy (pJ) 1 9.23 (9.55) 

read (compute) access 

time (ns) 

2 2 – 13.5 3  

(5 2 – 33 3) 

input precision (bit) 8 

weight precision (bit) 8 

number of accumulations 128 

output precision (bit) 23 

output ratio 1 

unified MAC operations S-MAC D-MAC 

average energy efficiency 

(TOPS/W) 4 

11.6 6 – 

35.5 7 

8.3 6 – 

25.9 7 

peak energy efficiency 

(TOPS/W) 5 

47.2 6 – 

138.2 7 

9.7 6 – 

30.5 7 

area efficiency 

(GOPS/mm2) 

22.1 – 305.8 

inference accuracy loss 8  
(ResNet50@ImageNet1K) 

0.6% 

inference accuracy loss 9  
(ViT-Base@ImageNet1K) 1.1% 

 

1 
Measured at 500MHz, 1.05V, 25°C.

2 

Measured at 1.05V, 25°C.
3 
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at 0.60V, 25°C.
4 

Measured with 

average case under 50% input/weight 

sparsity.
5 

Measured with average 

case under 90% input/weight sparsity.
6 

Measured under 0.6V at 30MHz, 

25°C.
7 

Measured under 1.05V at 

200MHz, 25°C.
8 

Using ResNet50 

model and the software baseline 

(FP32) was 76.1%. 
9 

Using ViT-Base 

model and the software baseline 

(FP32) was 81.0%.
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Fig. 7. Chip micrograph in 28nm (top-left), and chip summary table (right). 
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Fig. 8. Testing setup and testing flowchart for testchip functionality 

validation, and performance measurement. 

0.6 0.7 0.8 0.9 1.0
0

10

20

30

40

0.6 0.7 0.8 0.9 1.0
0

50

100

150

200

250

300

350

e
n
e

rg
y
 e

ff
ic

ie
n
c
y
 [
T

O
P

S
/W

]

VDD [V]

 

 

a
re

a
 e

ff
ic

ie
n
c
y
 [
T

O
P

S
/m

m
2
]

VDD [V]

5 10 15 20 25 30 35

0.55

0.65

0.75

0.85

0.95

1.05

V
D

D
 [
V

]

access time (compute) [ns]
2.5 5.5 8.5 11.5 14.5

0.55

0.65

0.75

0.85

V
D

D
 [
V

]

access time (read) [ns]

S-MAC operations

D-MAC operations

1.11.1

PASS

FAIL

5 ns

1.05 V

33 ns

0.60 V

PASS

FAIL

2 ns

1.05 V0.95

1.05

13.5 ns

0.60 V

 

Fig. 9. Measured compute and read access time in SRAM and CIM mode 

(top), average energy and area efficiency at different VDD (bottom). 

 
architecture), the actual improvement of the proposed SRAM 
macro is even more pronounced. 

The characterization of the periphery and the ADCs is 
shown in Fig. 10, where digital output value readouts are 
shown to be correctly disoverlapped and hence distinguished 

from each other at 6, down to lowest 0.6-V supply voltage 

( found from Monte Carlo simulations). 
From layer-level analysis (Fig. 11), the S-MAC (D-

MAC) average energy efficiency in ViT transformer is 35.5 
TOPS/W (25.9 TOPS/W), and 138.2 TOPS/W in ResNet-50. 
Compared with prior SRAM CIM designs (Table I), the 
proposed architecture uniquely enables S- and D-MAC 
unification with no interruption cycle, no load-store in other 
banks, and no re-training as opposed to [2]-[4], [12], [14]. 

IV. CONCLUSION 

A SRAM CIM macro uniquely featuring a dual-dataflow 
architecture is presented, addressing key limitations of prior  
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Fig. 10. Measured compute bitline accumulation currents at different 

supply voltages (top-left). The ADC transfer function shows correctly 

disoverlapped at ±6σ bands even at the lowest VDD (top-right). Macro- and 

array-level area breakdown in the proposed architecture (bottom). 



TABLE I. COMPARISON WITH STATE-OF-THE-ART SRAM CIMS 

 this work 
ISSCC'24 

[3] 
ISSCC’24 

[4] 
ISSCC’22 

[2] 
ISSCC’24 

[7] 
ISSCC’24 

[11] 
ISSCC’25 

[12] 
ISSCC’25 

[13] 
ISSCC’25 

[14] 

technology 28 nm 22 nm 65 nm 28 nm 28 nm 16 nm 28 nm 28 nm 28 nm 

supply voltage 

(V) 
0.6 – 1.05 0.6 – 0.9 0.6 – 1.1 0.6 – 1.0 0.7 – 0.95 0.4 – 0.8 0.55 – 0.9 0.55 – 0.9 0.6 – 0.9 

bitcell reuse 
(no modification) 

YES YES NO NO YES NO YES YES YES 

CNNs and 

transformers 
YES YES YES NO NO NO YES NO YES 

unified S-MACs 
and D-MACs a 

YES NO NO NO NO NO NO NO NO 

compute domain hybrid hybrid analog digital hybrid digital digital digital hybrid 

full output 
precision 

YES YES NO YES YES YES YES YES YES 

average energy 

efficiency 
(TOPS/W) b 

S-MAC S-MAC 

11.59 – 35.51 15 c  – 46 c – 12.5 – 20.5 22.7 – 50.5 43.2 – 58.1 25.4 17.5 – 50 – 

D-MAC D-MAC 

8.25 – 25.85 – – – – – – – – 

peak energy 

efficiency 

(TOPS/W) b 

S-MAC S-MAC 

47.2 – 138.2  108  50.1 – 111.1 74.1 – 96.3 90.1 36.5 – 104 21 – 67.8 

D-MAC D-MAC 

9.7 – 30.5 – 21 d – – – – – – 

concurrent 

write/compute 
YES NO NO NO NO YES NO NO NO 

a  Support of both S-MAC and D-MAC operations without extra data loading/interruptions     b Chip performance normalized to 28nm (scaling factors 
from public foundry announcements), 8-bit integer MAC     c Approximate   d  Transformer operations executed by inefficient repurposing of S-MAC 
(necessary load-store energy also omitted) 

CIMs via unification of static/dynamic MAC operations in 
CNNs and multi-modal transformers. Reset-less in-bitcell 
Boolean, analog-digital hybrid accumulation, and concurrent 
write/compute demonstrate state-of-the-art peak energy 
efficiency in both S-MACs and D-MACs for highly efficient 
and uninterrupted resource-constrained edge AI systems. 
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Fig. 11. Measured layer-level energy efficiency in ResNet-50 and ViT (top 

and bottom-right), average (peak) energy breakdown in S-MAC and D-

MAC operations under 50% (90%) input/weight sparsity (bottom-right).  
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