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Abstract—The growing demand for high-efficiency artificial
intelligence (AI) hardware has intensified interest in computing-
in-memory (CIM) architectures capable of overcoming the von
Neumann bottleneck. This work presents a 16-kb single-ended
(S.E.) 6T SRAM–based CIM designed in TSMC 28-nm CMOS
(TN28HPCplus) process, featuring with integrated addition and
multiplication logic, automatic write-back, and built-in self-
test (BIST). The proposed design supports 8-bit input and 8-
bit weight operations and achieves significant improvements in
energy and area efficiency. Post-layout results demonstrate an
energy efficiency of 43.34 TOPS/W, a bitwise energy efficiency
of 2774 (TOPS/W)×bit2, an area efficiency of 148.2 GOPS/mm2,
and a bitwise area efficiency of 9.48 (TOPS/mm2)×bit2. These
results highlight the potential of the proposed CIM architecture
for compact and energy-efficient edge-AI computing.

Index Terms—single-ended SRAM, CIM, 28-nm, area effi-
ciency, automatic write back, TOPS, edge-AI

I. INTRODUCTION

Traditional AI and neural-network hardware architectures

are predominantly based on the von Neumann computing

model, where memory and computational units such as the

arithmetic logic unit (ALU) are physically separated. This

separation leads to the well-known von Neumann bottleneck,

where frequent data movement between memory and the

ALU increases latency and degrades throughput and power

efficiency. To address these limitations, researchers have in-

creasingly focused on computing-in-memory (CIM) architec-

tures, e.g., [1], [2]. By performing operations directly within

memory arrays, CIM systems significantly reduce data-transfer

overhead. In these architectures, data storage, retrieval, and

computation are integrated within the same memory structure,
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supported by peripheral circuits that manage logic operations

and coordinate functional transitions. Furthermore, advance-

ments in peripheral circuits, such as I/O buffers, play a crucial

role in enhancing the efficiency of CIM systems. For instance,

an I/O buffer has been developed using 16-nm FinFET CMOS

process, addressing process variations and ensuring reliable

high-speed data transfer [3]. Such innovations complement

CIM architectures by improving overall throughput and energy

efficiency in AI applications.

Among memory technologies used in CIMs, SRAM is com-

monly favored over DRAM because of its lower access latency

and suitability for bitwise logic operations [1], [2]. However,

standard SRAM cells consume more power and occupy larger

area, motivating alternative designs such as the 4T load-less

SRAM [4]. CIM implementations based on conventional 6T

SRAM have demonstrated basic logic-in-memory capabilities

[5], while single-ended (S.E.) 6T SRAM structures with

disturb-free operation have enabled Boolean and arithmetic

functions [6]. For AI and convolution-based processing, it

is essential to handle both positive and negative data values

during parallel operations such as addition and multiplication.

Prior CIM work using 40-nm CMOS technology incorporated

a ripple-carry adder and multiplier within a disturb-free S.E.

7T 1-kb SRAM array, implemented using a full swing gate-

diffusion-input (FS-GDI) technique [7], [8]. Though this ap-

proach reduced area and power while preserving full-swing

operation, its energy and area efficiencies were limited to 7.66

TOPS/W and 27 GOPS/mm2, respectively. To improve these

metrics, the key circuit blocks of the CIM architecture have

been redesigned in TSMC 28-nm CMOS process. The updated

design incorporates a 16-kb S.E. SRAM array supporting 8-

bit input and 8-bit weight processing, achieving substantial

improvements in computational density and power efficiency.
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Fig. 1. (a) Architecture of the proposed CIM; (b) 6T S.E. SRAM Cell architecture; (c) Operational modes of the SRAM Cell; (d) W/L values of the SRAM
cell

II. PROPOSED CIM ARCHITECTURE

Fig. 1(a) illustrates the architecture diagram of the proposed

CIM system. Building upon our previous design, the proposed

CIM circuit design incorporates a Built-In Self-Test (BIST)

circuit, and an Addition & Multiplication Logic Circuit (AML

Circuit) [8]. Our novel contributions for this proposed design

includes a 16-kb 6T-S.E. SRAM with 2T-Switch, a SRAM

Control circuit, a CIM Control circuit and an automatic write-

back circuit (Auto Write Back circuit). The Output Buffer

follows the design principles of our prior works [9]–[11]. The

primary purpose of BIST circuit is to generate random address

signals to verify the basic read and write functionality of the

memory in the absence of external address and data signals.

The proposed 6T-S.E. SRAM Cell to implement a 128×128

(16-kB) memory array is shown in Fig. 1(b). The corre-

sponding operational modes of the SRAM Cell are presented

in Fig. 1(c), and the transistors dimensions are provided in

Fig. 1(d). Fig. 2 presents an example of in-memory operations

using a 2×2 memory matrix. The user specifies operand

locations and desired operations through the CIM Control

Circuit. The operation begins by using the PMOS transistors

driven by the preC[x] signal to charge the operation lines

CB[x], CAND[x], and CNOR[x] to a high potential. Subse-

quently, different control signals (C[x] and S[x]) are applied to

complete logic operations via the 2T-Switches connected to Q

and QB points on either side of the memory cells. Based on the

data stored in the memory, three primary operation results are

generated: CB, CAND (Logical AND operation), and CNOR

(Logical NOR operation). These results are then processed

further through the AML circuit to perform logical operations,

generating outputs such as carry (cout), sum (sum), sign (sign),

and product (prod). Finally, the computed operation results are

written back into the memory for subsequent operations.

A. SRAM Control Circuit

The SRAM Control Circuit in Fig. 1(a) consists of two of

two major sub-modules: the SRAM Input Selection Circuit

and the SRAM Execution Unit, as shown in Fig. 3 and Fig. 4,

respectively. The main role of the SRAM Input Selection

Circuit is to select appropriate input signals based on the

operation requirements. It then passes the selection and de-

coding results to the SRAM execution Unit, which executes

the necessary operations for writing data into or reading data

from the SRAM cells.

B. CIM Control circuit

Fig. 5 shows the architecture of the CIM Control Circuit as

referenced in Fig. 1(a), comprising the CIM Timing Control

Circuit and the CIM Address Control Circuit. Its main function

is to generate the operation control signals and addresses

required for the intended operations. The main function of the
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CIM Timing Control Circuit is to perform frequency division

and phase adjustment based on the clk and DFFWR signals,

and to generate DDFFWRB, CIM_Datasel and WRsel signals.

These signals will be provided to the Auto Write Back circuit

to ensure its functioning normally.

The CIM Address Control Circuit generates control sig-

nals based on user-defined parameters to enable precise in-

memory operations. This circuit generates the precharge signal

preC[x] and C[x] by using the user-defined operand addresses

X_addr[6:0] and Y_addr[6:0], which are provided to the 2T-

Switch circuit to implement CNOR[x] and CAND[x] opera-

tions. Additionally, this circuit generates the carry bit address

selection signal S[x] based on the user-defined addresses

cout/sign_addr[6:0].

C. Auto Write Back circuit

The write-back mechanism is essential for arithmetic op-

erations such as addition (ADD) and multiplication (MUL).

It ensures that the resulting sum or product is stored at the

specified address. Fig. 6 illustrates the architecture of the Auto

Write Back circuit, composed of a Bit Address Auto-generate

Circuit, a Word Address Auto-generate Circuit and a CIM

NAND

NAND

NAND

NAND

NAND

INV

INV

INV

INV

OR

OR

pD

SA

WL

SLONAND

DFFWR

DFFWRB

w[127:0]

b[127:0]

WR_EN

WR_ENB

Data_in

Data_inB

Fig. 4. SRAM Execution Unit Circuit

DFF

D Q

reset

DFF

D

reset

DFF

D

reset

DFF

D

reset

Q

Q

Q

X_addr[6:0]

Y_addr[6:0]

cout/sign_addr[6:0]

sum/product_addr[6:0]

clk

clk

clk

clk

Decoder

Decoder

Decoder

RESET

7 7

7 7

7

7 7

OR

7

128

128

W0

W2

CIM cell

x128

x128

DFF

D

reset

Q

OP

DDFFWRB QB

Buffer

DFF

D

reset

Q

OP

DFFWR QB

Buffer WRsel

CIM_Datasel

DFF

D

reset

Q

QB

Buffer

DFFWR

clk

DDFFWRB

7

s_addr[6:0]

INV

INV

DFF

D

reset

Q

OP

INVclk Counter
7-to-16

Decoder
7

Pre-Charge
Circuit

OP

INVDFFWR

pcc

sc

bit_addr

16

bit[7:0]

preC[127:0]

S[127:0]

C[127:0]

S

C

preC

CIM Timing Control Circuit

CIM Address Control Circuit

c_addr[6:0]

RESET

RESET

RESET

RESET

Fig. 5. CIM Control circuit architecture diagram

WRsel

DDFFWRB

INV

DFF

DFF

D

D

Q

Q

COUNT[6:0]

MUL_COUNT[5:0]

sum[127:0] MUX 128

cout[127:0] MUX 128

prod[63:0] MUX 64

sign[63:0] MUX 64

ADD

M
U

X

MUL

M
U

X

AND

AND

cim_data

D Q

QB

reset

OP

DDFFWRB

CIM_Datasel
BUFFER

M
U

X

OP en

c_addr[6:0]

s_addr[6:0]

Bit Address Auto-generate Circuit

CIM Data Selection Circuit

Word Address Auto-generate Circuit

reset

OP

reset

OP

7

7

64

64

128

128

Selector BL_auto[6:0]

ADD MUL

OR

counter

counter

DFF

WL_auto[6:0]

Fig. 6. Auto Write Back circuit architecture diagram



179.06 µm

4
5

9
.1

2
 µ

m

4-kb 
 6T S.E.

SRAM With 
2T-Switch

4-kb 
 6T S.E.

SRAM With 
2T-Switch

SRAM 
Control O

u
tp

u
t

b
u

ff
e

r Auto
Write
Back

CIM
Control

4-kb 
 6T S.E.

SRAM With 
2T-Switch

4-kb 
 6T S.E.

SRAM With 
2T-Switch

AML Circuit AML Circuit

AML Circuit AML Circuit

BIST O
u
tp

u
t

b
u

ffe
r

(b) (d)(c)

1.23 µm

3
.5

9
 µ

m

(a)
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Data Selection Circuit. The Bit Address Auto-generate Circuit

utilizes the clk signal, WRsel and DDFFWRB, generated by

the CIM Control circuit as its input basis. These signals are

fed into a counters, which produces outputs COUNT[6:0] and

MUL_COUNT[5:0]. Depending on the logic state of the ADD

or MUL signal, a selector chooses either COUNT[6:0] or

MUL_COUNT[5:0] as the automatically generated bit address

(BL_auto[6:0]), thereby enabling efficient automatic control

of the bit address. The Word Address Auto-generate Circuit

utilizes DDFFWRB, c_addr[6:0] and s_addr[6:0] signals gen-

erated by the CIM Control circuit as its input basis. These

signals are processed through a multiplexer which alternates

the automatic write-back word address (WL_auto[6:0]) under

the control of the OP and CIM_Datasel signals, ensuring that

the operation results are stored in memory at the specified

addresses. The CIM Data Selection Circuit processes the

final result of logic operations by utilizing multiplexers to

selectively output either the sum and cout from an addition

operation or the product and sign from a multiplication op-

eration, based on the CIM_Datasel signals. It integrates these

operation results to generate the output data for the in-memory

operation (cim_data).

III. IMPLEMENTATION AND VERIFICATION

The proposed 16-kb SRAM-based CIM was designed us-

ing the TSMC 28-nm CMOS Logic (TN28HPCplu) process.

Fig. 7(a) illustrates the layout of a 6T single-ended SRAM

cell, which occupies an area of 1.23 × 3.59 µm2. Fig. 7(b)

shows the floorplan of the complete CIM architecture, while

Fig. 7(c) presents the full-chip layout, with a total chip area

size of 1507.6 × 1912.6 µm2, and a core circuit area of 859.12

× 1435.405 µm2.
A delay-matched clock-tree layout strategy is employed to

minimize timing skew across the memory array. The 16-kb
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Fig. 8. Post-layout simulation results of the addition operation for user defined
inputs

SRAM is partitioned into four 4-kb blocks located near the

4 corners of the chip, while the CIM control and peripheral

logic are placed at the center. This arrangement reduces

the propagation delay of control signals and ensures proper

synchronization during in-memory operations. An enlarged

view of a 4-kb SRAM at top-right corner of the chip is shown

in Fig. 7(d).

The proposed S.E. SRAM Cell is verified across all PVT

corners through post-layout simulations. The minimum Static

Noise Margin (SNM) value for the SRAM Cell is 202 mV,

observed at the [FS, 0.81V(VDD-10%), 100°C] PVT corner.

The worst-case power consumption of the SRAM Cell during

read ‘0’, read ‘1’, write ‘0’, write ‘1’ operations is 1.21 µW,

543.5 nW, 16.57 µW, and 22.55 µW respectively.

The proposed 16-kb CIM circuit implements 8-bit input

and 8-bit weight multiplication and addition operations in

the memory array, and can automatically write back the

calculation results. The worst case power consumption of the

proposed 16-kb CIM during the computations is 12.653 mW



TABLE I
PERFORMANCE COMPARISON

[8] [12] [13] Ours
Technology (nm) 40 28 28 28

Supply Voltage (V) 0.9 0.85-1.0 0.9 0.9
SRAM Cell 7T 6T 6T 6T

SRAM Array Size (kb) 1 64 64 16
Weight Bits 4 8 2 4
Input Bits 8 8 8 8

SRAM area (mm2) 0.2072 NA 1.39 0.328

CIM Core area (mm2) 0.2208 NA NA 1.233

Chip area (mm2) 0.729 NA NA 2.88
GOPS 5.59 NA 85.3 48.6

Energy efficiency
7.66 7.6 42.1 43.34

(TOPS/W)
Bitwise energy efficiency

122.6 486.4 673.6 2774
(TOPS/W)×bit2

Area efficiency
27 NA 61.337 148.2

(GOPS/mm2)
Bitwise area efficiency

0.432 NA 0.981 9.48
(TOPS/mm2)×bit2
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Fig. 9. Post-layout simulation results of the multiplication operation for user
defined inputs

(128×128 SRAM Array: 7 mW, Output buffer: 4.531 mW,

Remaining core: 1.122 mW), when the voltage supply (VDD)

is 0.9 V and the system clock is set to 100 MHz. The presented

CIM is incapable of executing multiplication and addition in

parallel. The post-layout simulation results of the complete

CIM circuit for addition and multiplication, performed under

simulation conditions of a system voltage VDD = 0.9 V, the

corner of the TT process and a temperature of 25 °C, are

shown in Fig. 8 and Fig. 9, respectively. Table I presents

a comparison of recent SRAM-based CIM designs with our

proposed work.

IV. CONCLUSION

This work presents a 16-kb single-ended SRAM-based CIM

implemented in TSMC 28-nm CMOS, integrating arithmetic

logic, automatic write-back, and BIST to enable efficient in-

memory addition and multiplication. By redesigning the mem-

ory cell, peripheral circuits, and CIM control architecture, the

proposed system achieves significantly enhanced performance

compared with prior SRAM-based CIM designs. Post-layout

simulation results demonstrate an an energy efficiency of 43.34

TOPS/W, a bitwise energy efficiency of 2774 (TOPS/W)×bit2,

an area efficiency of 148.2 GOPS/mm2, and a bitwise area

efficiency of 9.48 (TOPS/mm2)×bit2. These results indicate

that the proposed CIM architecture offers a compact, high-

throughput, and energy-efficient solution suitable for next-

generation edge-AI and embedded computing applications.
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