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ABSTRACT With the increasing demand for intelligent memory, the conventional memory system is more
and more equipped with computational logic to support simple arithmetic and Boolean operations required by
many real-world applications. Such a trend, called ‘Process-In-Memory’ architecture, tries to utilize most
of the memory candidates ranging from the conventional charge-based memory such as SRAM, DRAM,
and Flash to the emerging memory devices such as RRAM, PRAM and MRAM. From the application
perspective, many researchers are putting efforts to develop efficient memory peripherals with CMOS
circuits to support one of two operations: 1) Boolean function, and 2) simple arithmetic operations such
as multiplication and accumulation (addition), which is typically referred to as MAC operation. However,
there are not many previous works that support both operations in a single system. In this article, we propose a
2T1C DRAM-based PIM architecture that supports dual-mode operation with minimal additional hardware.
The proposed architecture has been fabricated using a commercial 65nm CMOS technology and successfully
proves that the target operations are performed with a reasonably good accuracy.

INDEX TERMS Processing-in-memory (PIM), DRAM, DRAM compute-in-memory, DNN accelerator,

dual mode operation, Boolean function, multiplication-and-accumulation.

I. INTRODUCTION

Recently, there has been an increased interest in emerging
applications such as artificial intelligence and machine
learning. These areas of research naturally require massive
amounts of data to train the network for better performance,
and this trend becomes more pronounced as the application
becomes sophisticated and performs more complex tasks.
This increased data demand results in a higher volume of data
being shuttled between the CPU and memory. However, the
traditional von Neumann computer architecture maintains a
separation between memory and CPU. When this architecture
is used to process large amounts of data, a ‘memory wall’
bottleneck occurs due to the performance gap between the
CPU and memory. To resolve this problem, the Process-
In-Memory (PIM) Architecture is being continuously
researched to handle the increased data transfer between CPU
and memory. Unlike the von Neumann architecture, the PIM
architecture integrates additional computation units inside the
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memory chip to execute simple arithmetic operations and/or
Boolean functions, which are frequently utilized in Al-driven
data processing. This enables efficient data processing
and thus performance improvement by minimizing data
movement between CPU and memory.

PIM architecture can be divided into several groups
depending on 1) the type of memory used and 2) the targeted
applications and the required operations. In particular, the
detailed operation of a specific PIM architecture is largely
affected by the type of the memory device incorporated.
Among the candidate of memory devices, SRAM-based
PIM is the most representative architecture. Typically, the
SRAM cell is used as cache memory in today’s processors
due to its process compatibility with logic devices and
ability to transfer data at high speed. The SRAM-based PIM
architecture can also take advantage of these characteristics.
In terms of operation, the SRAM-based PIM systems can be
categorized into analog and digital architecture. In the case
of SRAM-based digital PIM, much research has been done
to perform Boolean logic functions such as AND, NAND,
NOR and XOR. Especially, XNOR gate is used for more
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complex tasks, such as compute bit-wise products [1], [2],
[3], [4]. Meanwhile, various analog circuit techniques are
used to perform arithmetic operations for the analog SRAM
PIM system [5], [6], [7]. Nevertheless, an SRAM cell has a
larger cell size (typically more than 6 transistors for a single
cell) than other memory types, which hinders efficient area
utilization and power consumption.

Among the candidate memory devices for PIM architec-
tures, DRAM cells present an attractive alternative due to
their more compact layout footprint compared to SRAM
cells. Although DRAM is generally slower than SRAM,
recent advancements in device engineering have focused
on significantly reducing cell leakage current, thereby
minimizing the need for a large storage capacitor. These
technological developments make DRAM cells increasingly
suitable for compute-centric memory architectures. However,
the conventional embedded DRAM cell structure, such as
the 1TIC cell, does not feature a separate read and write
path. As a result, charge stored in the capacitor can be lost
during read operations, which poses challenges in terms of
data retention and computational accuracy—particularly in
PIM architectures where frequent in-memory computation
is required. To address this issue, this work adopts a 2T1C
DRAM cell structure with separated read and write paths.
This approach enhances both data retention characteristics
and memory utilization efficiency, making it more suitable
for reliable PIM operations.

Similar to SRAM-based PIM, DRAM-based PIM architec-
tures can also be categorized into digital-based and analog-
based systems. Several studies have explored digital PIM
implementations using DRAM [8], [9], [10], [11], while
others have proposed analog DRAM PIM architectures
[12], [13]. Digital PIM architectures offer advantages such
as high precision and robustness against noise; however, they
suffer from low energy efficiency due to frequent memory
access and limited parallelism. On the other hand, analog
PIM architectures provide high energy efficiency and enable
large-scale parallel computation, but they face challenges
such as low precision and vulnerability to noise caused by
device mismatch, process variation, and charge injection.
Moreover, most of these previous studies have primarily
focused on a single type of operation—either Boolean
logic functions (digital) or multiplication-and-accumulation
(MAC) operations (analog)—resulting in inherent limitations
in terms of system flexibility and overall efficiency.

Recently, a number of hybrid PIM architectures have
been proposed that combine analog and digital computations,
primarily targeting energy-efficient Al edge devices [14],
[15], [16], [17], [18], [19], [20]. These architectures typically
aim to enhance energy efficiency or compensate for the
limited precision of analog computation by integrating digital
computation logic. A representative example of such a
hybrid approach is the DYAMOND architecture [20], which
employs a 1TIC DRAM-based design. It performs analog
current accumulation along the bit line and utilizes digital
circuits, such as bit-column addition, in the backend to
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generate normalized outputs. This strategy enables improved
accuracy and energy efficiency for MAC operations through
a hybrid analog—digital scheme. In contrast, the architecture
proposed in this work adopts a fundamentally different
approach. Rather than using digital logic merely as an
auxiliary component to enhance analog accuracy, our design
integrates two inherently distinct operations—Boolean logic
and MAC computation—as independent functional units
within a single chip-level PIM system.

As previously discussed, this work proposes a prototype
architecture that supports dual-mode operation, integrating
both Boolean and MAC operations within a single system.
This dual-mode structure is particularly well-suited for hier-
archical processing schemes, where the Boolean logic block
can act as a low-power event filter and activate the MAC block
only when necessary. For example, in smart surveillance
systems, the Boolean logic can continuously monitor simple
events such as frame differences or sensor triggers. When
such an event is detected, the CNN-based MAC unit is
selectively activated to perform detailed image recognition.
Similarly, in industrial IoT or wearable health monitoring
devices, real-time Boolean evaluations can serve as condi-
tions to trigger complex neural inference only when needed.
This selective activation strategy significantly reduces energy
consumption while maintaining real-time responsiveness,
making the proposed architecture highly compatible with the
stringent requirements of next-generation edge Al systems.

Based on this concept, we implemented a prototype
dual-mode PIM chip using a 2T1C DRAM cell array.
The chip successfully performs both Boolean and MAC
operations within a unified system, demonstrating minimal
hardware overhead and validating the feasibility of future Al
edge devices.

This paper presents the following key contributions:

o Dual-Mode Support in DRAM-based PIM: We pro-
pose a novel 2T1C DRAM-based PIM architecture
that supports both analog MAC and digital Boolean
operations within a unified system, enabling flexi-
ble computation modes without requiring additional
memory structures.

o Prototyped and Measured Dual-Mode Operation:
We fabricated a prototype chip implementing the
proposed architecture and validated its dual-mode
functionality on real silicon, demonstrating accurate
Boolean logic and high-linearity MAC performance
with minimal hardware overhead.

« Edge-AI-Oriented Processing Efficiency: The dual-
mode operation enables energy-efficient, event-driven
hierarchical processing schemes suitable for edge Al
systems, allowing low-power Boolean pre-processing
and selective MAC activation, leading to significant
reductions in unnecessary computation and power
consumption.

The remaining sections are summarized as follows.

In Section II, we describe the basic operation of the 2T1C
DRAM cell and the basic concept of dual-mode operation
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FIGURE 1. Schematic of (a) 2T1C eDRAM cell, (b) 2T1C eDRAM array.
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FIGURE 2. Conceptual illustration of in-memory computing operations
using the proposed 2T1C DRAM cell: (a) Boolean function,
(b) Multiplication-and-Accumulation.

based on the given cell structure. The details of the circuit
implementation to enable dual-mode operation are described
also in Section II. Section III summarizes the overall
architecture of the proposed system, and Section IV presents
the measurement results. Section V presents Limitation and
Fixes of Architectural Scaling, which discusses additional
studies conducted to evaluate the scalability of the proposed
architecture. Section VI provides a comparison with prior
PIM systems using a performance benchmarking table.
Finally, Section VII concludes the paper.

Il. PROPOSED 2T1C EMBEDDED DRAM-PIM MACRO

A. 2T1C EMBEDDED DRAM CELL AND BASIC RD/WR
OPERATIONS

The dual-mode PIM architecture proposed in this article uses
a conventional 2-transistor and 1-capacitor (2T1C) eDRAM
cell configuration as shown in Fig. 1. In order to reconcile
the performance requirements of 1) the basic read and
write (RD/WR) operations as a conventional DRAM cell
and 2) dual-mode operation including Multiplication-and-
ACcumulation (MAC) and Boolean operation as a Process-
In-Memory (PIM) cell, nMOS write access transistor (Q1)
and pMOS read access transistor (Q>) have been selected in
the proposed cell design. In the case of write access transistor,
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n-type provides fast write speed and efficient data transfer in
voltage level that ranging from O to Vpp. On the other hand,
p-type read access transistor helps the read-out mechanism
of the proposed PIM architecture that charges the Read Bit-
Line (RBL) by providing the current from the Read Word-
Line (RWL) with a higher potential. Note that thick oxide
transistors have been used for both RD/WR access transistors
to achieve the required data retention time of the DRAM cell
in a typical CMOS process, by leveraging their inherently low
leakage current characteristics.

During the write operation, the voltage level to be stored is
presented to the Write Bit-Line (WBL) and is stored to the
storage capacitor (C) via the write access transistor when
the Write Word-Line (WWL) is driven by the Vpp level.
The voltage stored level depends on the operating mode. For
instance, the minimum (0V) or maximum (Vpp) level of the
voltage is used for normal memory and Boolean operations,
whereas the predefined multi-level analog voltage is used for
MAC operation.

Once the data is stored in the storage node Q, the amount
of current flowing through the read access transistor during
the read operation would be adjusted as the transconductance
of the Q> transistor is controlled by the stored voltage level.
It is worth noting here that the RWL is driven to be high
for the predefined time step, with the time duration changing
adaptively based on the mode of operation.

B. DUAL-MODE OPERATION USING 2T1C DRAM ARRAY
Apart from the basic RD/WR operations as the conventional
DRAM, the proposed PIM array provides two distinct
operations for the multipurpose use: 1) Boolean operation
and 2) MAC operation. The basic operation principle of both
operations is illustrated in Fig. 2.

For Boolean operation, two bit cells connected to the same
RBL are activated simultaneously during the read operation
which eventually mimics the 2-input logic gates (NAND and
NOR functions). The data stored in the bit cells have either
data ‘0’ (OV) or data ‘1’ (Vpp) value during this operation.
Data ‘0’ allows the read current to flow to the RBL (by
enabling the maximum transconductance of the pMOS access
transistor), while the data ‘1’ prevents current conduction by
turning off the pMOS read access transistor.

By exploiting these simple observations, the different
combinations of data stored in two bit cells cause different
currents to flow during the read operation, which ultimately
causes different voltage levels to develop across the RBL
capacitor. For example, the data combination ‘00’ makes the
maximum possible current to flow along the corresponding
RBL and the voltage level at the end of the read operation
becomes higher than the other combinations (‘01°, ‘10°,
and ‘11°).

Compared to the relatively simple operating principle of
the Boolean function, the MAC operation requires a more
complex multiplication function. To perform an approximate
arithmetic multiplication using the proposed PIM array,
we first map the multiplier to the time duration of the
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FIGURE 3. (a) Boolean output logic with Skewed inverter, (b) Timing
diagram and expected waveform, (c) Expected output table.

write enable time and the multiplicand is assigned to the
voltage level of the stored data. Note that the stored voltage
level linearly controls the transconductance of the read
access transistor. Then, the adjustable write enable time
determines the duration of the current flow through the RBL.
By combining these two linear factors, the output of the
multiplication is represented by the voltage level across the
RBL capacitor.

Note that, the above multiplication operation can be
performed by several bit cells connected to the same RBL,
where the accumulation operation between the multiplication
outputs is naturally handled by Kirchhoff’s Current Law
(KCL) at the same node.

C. COLUMN LOGIC FOR BOOLEAN FUNCTION

The detailed column logic and the corresponding operation
timing diagram for Boolean operations are shown in Fig. 3.
Note that the Boolean operations supported in the proposed
PIM architecture are NAND and NOR functions with two
inputs. This means that two rows connected to the same
column are activated simultaneously during the Boolean
operation, and the amount of the read current (/,5;) varies
depending on the different combinations of the stored input
data as explained in the previous section. When the I,y
is presented to the Boolean column logic in Fig. 3(a),
the current charges two capacitors (C; and C3) and raises
the voltage level of the Vyanp and Vypgr nodes, whose
level is eventually developed to the logic high or logic
low through two series inverters. It is worth noting that
the voltage levels of Vyanp and Vypr nodes are first
discharged to OV via NANDgst, NORgst signals, and then
are charged via /,5; for predetermined time window dictated
by NANDgsw, NORsw signals. The input and output of the
2-input NAND/NOR function here follows the truth table in
Fig. 3(b). The input combination of ‘00’ (‘11’) corresponds
to the maximum (minimum, almost zero) current flow during
the read operation, so the Vaanp/Vnor nodes touch the Vpp
(GND) during the Boolean operation. However, due to the
different Boolean NAND/NOR outputs expected for the ‘01’
and ‘10’ input binary combinations, the pulse width of the
NANDgwy and NORgy signals is controlled to be different,
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FIGURE 4. (a) MAC output logic with 4bit-Flash ADC, (b) Conceptual
expected waveform of 1cycle MAC operation.

with the enable time of the NANDgw signal being longer than
that of the NORgw signal.

In this way, the output of the ‘01’ and ‘10’ input combina-
tions becomes the logic high level from the NANDoyr node
(blue dotted line in Fig. 3(b)), whereas NORpyr becomes
the logic low level due to the insufficient voltage level
developed during a shorter charge time (Fig. 3 (b)). Note
that, to avoid false triggering from the NOR inverter chain
due to the intermediate voltage level with ‘10° and ‘01’
input combinations, a skewed inverter with adjustable logic
threshold voltage (V;) has been adopted (bottom of Fig. 3(a)).
From the simulation study, the V; level of the skewed inverter
can be Vpp/2 £15%, allowing an adaptive threshold function
for robust operation. This level of variation in Vy, turns out
to be sufficient to ensure stable operation of the proposed
Boolean logic even under combinations of five extreme
process corners (TT, FF, SS, SE, and FS), £10% of VDD
variations, and three different temperatures.

Furthermore, even though this system only supports
NAND and NOR gate operations, these two gates are
universal gates and can be utilized to create other Boolean
logic combinations. In addition, the XOR function can also be
implemented by utilizing additional simple logic gates and an
inverter with adjustable threshold voltage (Not shown in the
figure). In particular, the XNOR gate is used as a multiplier
in many PIM papers ([21], [22], [23]). These facts show
the scalability of this system and its potential to be used to
implement more complex systems.

D. COLUMN LOGIC FOR MULTIPLICATION AND
ACCUMULATION FUNCTION
The MAC operation of the proposed dual-mode PIM
architecture can support a 3-bit multiplication between the
input and weight values at each 2T1C memory cell, the output
of which is converted into the RBL current (/gpr) along the
column. The basic idea of performing the MAC operation
and the required circuit diagrams, along with the expected
waveforms, are shown in Fig. 4(a) and (b), respectively.

For the multiplication, the input signal (multiplicand) is
mapped to the read enable time (RWL pulse width) by
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the Pulse-Width-Modulation (PWM) unit, where the pulse
duration ranges from Ins to 8ns with Ins increments for
fine granularity. The weight (multiplier) stored in the cell
capacitor through the multi-level voltage step, which controls
the conductivity of the read PMOS transistor. The discrete
voltage level ranges from 460mV ~ 110mV at linear step,
where the higher (lower) voltage level stored, more (less)
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current flows during the read operation. This is because
the conductivity of the read access transistor is inversely
proportional to the stored voltage level, which modulates the
Vse value of the PMOS transistor during MAC operation.
The resulting read current flows through the current mirror
where the current level is reduced by a factor of 4 and then
charges the RBL capacitor ( Cgrpr). Here the benefits of
using a current mirror to reduce the current level are twofold.
Firstly, the size of the Cgrpy, can be minimized, resulting in
an area efficient PIM architecture. Second, by decoupling the
original RBL source node (D)) from the storage node (@),
the non-linearity induced by the MAC current flow can be
mitigated. This nonlinearity becomes severe as the voltage
level on the RBL storage node increases, which reduces
the drain-source voltage of the read access transistor. This
situation is exacerbated by large currents flowing during read
events, which would occur in the absence of a current mirror.
Note that the read current of each cell connected to a single
bit line is accumulated in the Cgrpy, according to Kirchhoff’s
Current Law (KCL), which completes the accumulation part
of the MAC operation.

Fig. 4(b) illustrates all the possible MAC operation
scenarios based on the proposed PIM architecture. The first
column of the upper waveform shows the variation of the read
enable time from Ins to 8ns, which represent the changes
in the input data, and the middle waveform shows the fixed
weight value, which leads to the minimum conductance of
the read access transistor. The multiplication between these
two factors (varying pulse width and fixed voltage level)
results in the staircase waveform at the bottom which shows
the increase in the final read-out voltage across the Crpr.
As the weighting value in the middle of graph changes along
the x-axis from maximum to minimum voltage level, the
multiplication results change accordingly.

The voltage generated at Crpy as a result of the MAC
operation is converted to digital code by the ADC. The
4-bit Flash ADC used in this design was custom-designed
to ensure reliable digital conversion of the MAC output. The
ADC achieves a sampling rate of approximately 66.64MSPS
and consumes only 8.35u'W per MAC operation, as measured
from post-layout simulations. The physical layout area of the
ADC is approximately 8,192,m?. To minimize offset-related
errors, the internal comparator was custom-designed based on
the method described in [24], without applying separate offset
calibration. Post-layout simulation results confirmed that the
static comparator offset is negligible relative to the full 4-bit
LSB range, and thus does not introduce meaningful distortion
in the digitized MAC output. These characteristics ensure that
the quantization process faithfully preserves the linearity and
accuracy of the proposed MAC architecture.

E. RETENTION TIME ANALYSIS AND ITS IMPACT ON MAIN
FUNCTIONS

Since the proposed system uses DRAM cells for data storage,
data loss due to leakage current over time in the data hold
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state cannot be avoided. In commercial DRAM processes,
periodic refresh operation is essential to solve this problem,
but PIM architectures that utilize various cell structures may
have a different perspective. In this case, the critical factor
is whether the retention time is sufficiently long compared
to the time required to perform the MAC operation. From
this perspective, to further validate the robustness of the
MAC operation, we conducted a comprehensive analysis of
retention behavior and output linearity under various PVT
conditions. As shown in Fig. 5 and 6, the multi-level analog
voltages stored in the cell capacitors demonstrate sufficient
retention over 4.5ms, maintaining distinguishable voltage
levels across all 8 quantization steps even under worst-case
PVT corners. Moreover, Fig. 7 presents the MAC output
linearity results based on 500 Monte-Carlo simulations across
five process corners (TT,SS,SE,FF,FS) and three temperatures
(0°C, 25°C, and 100°C). The proposed architecture con-
sistently exhibits well-separated output voltage levels with
low standard deviation (0<8.7mV), confirming stable MAC
behavior under real-world variations.

F. REMAINING COLUMN SUB-UNITS

This section describes the detailed transistor-level implemen-
tation of the sub-units of column logic. As mentioned in the
previous section, the current mirror is basically adopted to
reduce the charging current of Cgpy for the 1) expand-ability
(considering more cells connected to a single column) and
2) MAC linearity of the proposed system.

Figure 8(a) shows the current mirror with high impedance
output resistance used in the design. In order to ensure the
operation region of the internal transistors in saturation mode
under the different test conditions, the bias-level (PCM BIAS,
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NCM BIAS) of the N/P mirror is externally controlled. Once
the resultant current from the MAC/Boolean computation
is presented to the current mirror, a series of N-mirror
and P-mirror reduces the amount of current by a factor
of 4. The reduced current then charges the Cgp; array,
where the capacitors are divided into two groups: one for
MAC operation and the other for Boolean operation. The
capacitance for Boolean operation is adjustable via a test
signal (300 fF £ 100 fF) to ensure the correct operation in the
presence of various unwanted noise sources and/or process
variations.

To perform the MAC operation, two multiplication factors
are mapped to 1) 3-bit analog voltage level stored in the bit
cell and 2) RWL pulse width with 8 different durations to
control the read enable time. These two control signals are
generated by the WBL control unit and RWL control unit
in Fig. 8 (b) and (c), respectively. First, the bit cell voltage
during the MAC operation exploits a resistor ladder with
8 intermediate levels and a unit gain buffer that buffers the
selected reference level via an 8-to-1-line selector. Next, the
RWL pulse width is controlled by the digital logic and 8:1
MUX as shown in Fig. 8(c). Here the 8 FFs inside the shift
register are operating based on the same clock signal to shift
the logic ‘1’ level when a new clock edge comes in. The final
output pulses (CK1 ~ CK8) with different widths are then
generated using an XOR gate (XOR,,), where the upper input
of each XOR gate is fixed to the first FF output, but the lower
input uses the FF outputs of the shift register in sequential
order.

Ill. OVERALL ARCHITECTURE

The proposed PIM architecture for dual-mode operation
based on a 2T1C DRAM cell array is shown in Fig. 9.
The memory array has a size of 8§ x 8 and the WWL
enables the column-wise write operation while the RWL
enables the row-wise read operation. When the selected
WWL becomes high from address decoding, depending on
the type of operation supported by the system, data ‘0’ or ‘1’
will be stored in the bit cell for Boolean operation, or analog
voltage level will be stored for MAC operation, both through
the WBL.

The output of the operation is then converted into the
current flow during the read operation, where the resulting
current is presented to the column logic, which consists
of current mirror, mode switches, and capacitors, as explained
in the previous subsection.

Note that the result of the calculation is represented by the
amount of current, which is finally converted to the voltage
level by charging the RBL capacitor. The voltage level is then
used to determine 1) the Boolean logic (2-input NAND/NOR)
output for the Boolean operation or 2) 4-bit digital code from
the ADC for the MAC operation, in each output logic.

Note that, in the proposed system, the switching between
MAC and Boolean operations is done by selecting one of the
two switches that exist after the Current-mirror, as shown in
Fig. 8(a). This means that the proposed system does not focus
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FIGURE 9. Overall PIM architecture with 8 x 8 eDRAM cell array for
Dualmode operation.

on performing two operations simultaneously on a single
array, but rather, as mentioned in the introduction, it focuses
on applications that perform different operations sequentially.
Importantly, this mode-switching approach allows for very
efficient hardware with the minimal additional area or power
consumption required for dual-mode operation.

It is worth note here that there is an additional column on
the far right in Fig. 9. Here the ‘Dummy Column’ has exactly
the same bit cell structure as the previous 8 columns.

This dummy column shares identical array-level layout,
bit-cell circuitry, and analog readout path with the main
computation columns, ensuring that the measurement reflects
actual system behavior under the same parasitic and loading
conditions. However, instead of the full column logic at the
bottom for the normal column, the dummy column only has
a current mirror followed by an I-V converter inside the
‘Dummy Logic’. This converts the amount of read current
from the MAC calculation results into an analog voltage level
that can be monitored by off-chip measurement.

IV. MEASUREMENT RESULTS

The proposed dual-mode PIM architecture is fabricated using
acommercial 65nm CMOS process. A micrograph of the chip
is shown in Fig. 10(a), which includes an 8 x 8§ memory array,
row/column logic, timing control circuit, and ADC. The chip
measurement environment is shown in Fig. 10(b), where the
FPGA and PC are used to provide multiple input signals such
as address, command, and data with the exact timing. This
macro achieves 1.74TOPs/W when performing the 3b X 3b
MAC operation, as shown in Fig. 10(c).

Figure 11 shows the breakdowns of the power and area
of the chip, where it is observed that the power consumption
of the array and WBL driver occupies much of the total power.
The WBL driver is adopted to each row, and a unit gain buffer
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Technology 65nm GP
Supply Voltage 1.1V
Cell Type 2T1C
Area 2mm x Imm
Input Precision 1-3bit
Weight Precision 1-3bit
Output Precision 1/4bit
Energy Efficiency 1.74
(TOPS/W) 49.40"

** Optimized Energy efficiency after array sizing (64x64).
(c)

FIGURE 10. (a) Chip die photo, (b) Test setup, (c) Summary table.
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FIGURE 11. (a) Power breakdown, (b) Area breakdown.

is located at the output to drive all the cells connected to a
single row to a specific voltage level. This results in the power
consumption of the buffer being large enough to account for
more than half of the total power consumption. In terms of
area, the input/output interface circuits, namely the ADC and
the timing controller, occupy a significant portion of the total
area, primarily because the array size is relatively small in this
prototype design.

A. BOOLEAN OPERATION WITH CONTROL LOGIC

We first verify the Boolean operation of the proposed PIM
architecture. To check the outputs of NAND/NOR functions
with all possible 2-input cases (‘00°, ‘01’, ‘10’, and ‘117)
at the same time, each input combination is stored in the
2 bit cells along the same column, and then 2 rows are
activated simultaneously. Then, the results of 4 cases could be
check at the same time at the column logic (Fig. 12(a)). The
main control signals for the Boolean operation are depicted
in Fig. 12(b), where the upper waveform shows the reset
signal to discharge the RBL capacitor. After the reset period,
the charge time for the NAND/NOR operation is controlled
by the NANDsw and NORgswy signal, where the NORgw
period should have a shorter pulse for proper functionality.
Based on the simulation setup described in Fig. 12, the
output waveforms from the post-layout simulation are shown
in Fig. 13. Here, the top two figures show the intermedi-
ate voltage level changes during the Boolean operations,
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FIGURE 12. (a) Truth table of NAND and NOR, (b) Main control signal
waveform for Boolean operation.
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FIGURE 13. Post-layout simulation data of Boolean operation: (a) Node
voltages Vyanp and Vyop before being processed by the final Boolean
output logic, (b) Final output result of NAND and NOR function.

NAND Measurement result NOR Measurement result

a-=8 — a-=8 —

i o> 9 5 o 0> 9

{ f

01 1

! 10 ! 01

f11 f11
: High(1) : High(1)
: Low(0) : Low(0)

(a) (b)

FIGURE 14. Measurement data of Boolean function: (a) NAND logic
function, (b) NOR logic function.

while the bottom figure shows the final outputs of the
NAND/NOR functions. Compared to the voltage level of
Vnanp (top left) (~780 mV) with 01/10 input combinations,
the Vyorlevel (top right) is lower (~490 mV), which makes
the final output of the NOR operation low after passing
through the skewed inverter chain. The chip measurement
results in Fig. 14 also show the outputs of each logic
operation, where the NAND output (left) only shows ‘0’,
when both inputs are ‘1°, while the NOR output (right) only
shows ‘0’ when both inputs are ‘0’.
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FIGURE 15. Post-layout simulation and measurement result of MAC
operation: (a) Linearity of MAC output compared to the ideal line, (b) INL
and DNL of MAC output obtained from post-layout simulation,

(c) Measured 4-bit ADC output codes for all 512 MAC cases, (d) Averaged
4-bit ADC output codes measured from each of the 8 cells in a single
column.

B. MULTIPLICATION AND ACCUMULATION WITH OUTPUT
LOGIC

The linearity of the MAC operation using the proposed PIM
architecture was verified by both the post-layout simulations
and the actual measurement results. First, Fig. 15(a) shows
the post-layout simulation results of the MAC operation
using all eight cells connected to a single column. Since
each cell supports 3-bit x 3-bit multiplication (resulting in
64 levels), the proposed system achieves a total of 512 output
voltage levels per column. The simulation results show
that the overall linearity of all cells is reasonably good
when compared with the ideal line. Fig 15(b) compares the
INL and DNL values between the ideal MAC operation
data and the MAC operation data obtained from the post-
layout simulation, based on the graph in Fig 15(a). The
simulation results show that as the output voltage increases,
some nonlinear curvature appears due to the nonlinear
I-V characteristics of the MOS transistor. Nevertheless,
the linearity of the MAC operation using the proposed
architecture still demonstrates reasonably good linearity
(< 1.2LSB).

The linearity measurement results of the MAC operation
in a single column are illustrated in Figures 15(c) and (d)
using 4-bit ADC output codes. The first graph represents the
ADC codes for all 512-level cases that can be measured in
the single column, while the second graph shows the average
ADC codes for each of the 8 cells. The actual measurement
results reveal that the ADC output codes increase linearly
with the expected MAC output voltage, covering a total of
16 output code levels in the graph. Note that the measurement
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TABLE 1. Accuracy comparison of QAT-based MLP inference on MNIST
and CIFAR-10 datasets with and without hardware-aware MAC modeling
in 8 x 8 array system.

TABLE 2. Accuracy comparison of QAT-based MLP inference on MNIST
and CIFAR-10 datasets with and without hardware-aware MAC modeling
in 64 x 64 array system.

Data set MNIST CIFAR-10 Data set MNIST CIFAR-10
Model 784333'10 RESNET-18 Model 784,'\:33'10 RESNET-18
3::; N:}\'Ll\i.lr?e‘ar Linear Nonlinear Sr:\:a: N(:::\I.I\i.lr:ar Linear Nonlinear
Type Ll MAC curve | MAC Curve S/W | MACcurve | MAC Curve RES il MAC curve | MAC Curve S/W | MACcurve | MAC Curve
(8x8 Array) (8x8 Array) (64x64 Array) | (64x64 Array)
(8x8 Array) (8x8 Array) (64x64 Array) | (64x64 Array)
Accuracy( 97.83 97.76 94.39 94.21 Accuracy( 97.83 97.57 94.06 94.02
% | %% (Co1m | (025 %% (o9 (0.27) % | B0 (o1g | osa |81 (om) (0.46)
into the MLP model. Based on this, the classification
accuracy on the MNIST dataset was evaluated. As shown
Row 64X64 in Table 1, the accuracy decreased by 0.18% before
Logic Cell Array incorporating the MAC nonlinearity, and by 0.25% after
incorporating it. These results demonstrate that, despite the
limitations in bit precision and the nonlinearity observed in
MAC operations, the hardware architecture designed in this
Jg study successfully maintains high inference accuracy.
- In addition to MNIST, inference was also conducted on
o a more complex dataset, CIFAR-10, using a ResNet-18
64cell MAC linearity graph INL & DNL
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Voltage (mV)
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FIGURE 16. (a) 64 x 64 Array PIM system layout,(b) MAC linearity graph
of 64 x 64 Array PIM system, (c) INL, DNL of graph.

results also reflect the nonlinear I-V characteristics of the
MOS transistor, however, the overall characteristic of the
designed hardware remains linear.

C. EVALUATION OF NEURAL NETWORK ACCELERATION
PERFORMANCE

In this section, we evaluate the performance of the proposed
hardware by performing inference tasks on the MNIST
dataset at the software level. For performance evaluation,
we utilized the Brevitas QAT framework and the 784-300-10
MLP model, incorporating the hardware characteristics listed
below into the framework.

The input, weight, and output bit precisions were quantized
to 3 b, 3 b, and 4 b, respectively. Subsequently, a transfer
curve characterizing the nonlinearity observed in the actual
MAC measurement results was formulated and integrated
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model. In this experiment, the same quantization scheme
(3b input, 3b weight, and 4b output) was applied at the
software level to reflect the hardware constraints. Without
modeling MAC nonlinearity, the accuracy degradation was
only 0.09%, and with the nonlinear transfer characteristics
included, the degradation slightly increased to 0.27%. These
results further confirm that the proposed MAC design
preserves inference reliability even under deeper network
architectures and more complex datasets.

Achieving high inference accuracy despite hardware
non-idealities was made possible by a combination of
circuit-level and algorithmic optimization strategies, some of
the highlights of which are summarized below:

« High Linearity (1.2LSB INL/DNL): The MAC unit
was carefully designed to achieve high linearity, with
1.2LSB-level Integral Nonlinearity (INL) and Differen-
tial Nonlinearity (DNL), as demonstrated in the 8§ x 8
prototype results shown in Fig. 15(b).

o Operation in the Triode Region: The MAC transistors
were configured to operate entirely within the triode
region, ensuring a linear I-V response. The DAC voltage
range was carefully selected to utilize only the most
linear portion of the DRAM cell’s I-V characteristics,
and current mirrors were employed to stabilize current
accumulation.

o Quantization-Aware Training (QAT): At the algo-
rithmic level, the Brevitas-based QAT framework was
adopted. This allowed the model to adapt during training
to both quantization effects and hardware-induced
nonlinearities, thereby preserving inference accuracy
under constrained precision.
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TABLE 3. Comparison table of the proposed dual-mode PIM system with prior works.

TCASI'19[25] |ACCESS’21[26]| TVLSI'24[27] | TCASI'21[28] | TCASIF22[29] | ISCAS’24[30] | TVLSI'25[31] | TCASIF23[32] | This work

Process 65 nm 180 nm 28nm 65 nm 28nm 65 nm 65 nm 180nm 65 nm

Supply v 1.8V 0.9V v 0.9V 1.2v 1.2v 1.8V 1.0v
voltage

Dual-split 8T 4T2C 2T1C 1T1C 2T1C 3T2R 2T1C
Memory type [ o1 spam 10TSRAM SRAM eDRAM eDRAM eDRAM eDRAM ReRAM eDRAM
Array Size 64x64 128x16 16KB 128x128 2.25KB 16x 16 128x128 400KB 8x8
IN/W/OuT 1-1.32/1.6-

e 1/1/1 4/4/8 5/1/4 1/2/4 4/4/- 4-8/4-8/6 1/1/1 3/3/4
bit width /1/ /4] /1/: 2.81/1-5 /12/: /4] /4-8/ /1/ /3/:
Operation Single Single Single Single Single Single Single Single Dual

mode Boolean MAC MAC MAC MAC MAC MAC MACV Boolean / MAC

Throughput 5.3

(GOPs)@ 278.2 1.2 410 6.4 200 341.0°

Energy
Efficienc 30.49-55.8 24.2 59.1 17.8-552.25 81.5 120.96 55.8 51.3 1.74

Y 4.90*** 10.96*** 15.12%** 393.4*** 49.40™
(TOPs/W)
Area
Efficiency 33.13 169.90 309 2.3 1.42"""
(TOPs/mm?)
Target MNIST MNIST MNIST
MNIST MNIST MNIST CIFAR-10 MNIST MNIST
Dataset CIFAR-10 CIFAR-10 CIFAR-10
96.5% 95.6% 97.70%
Accuracy 96.1% 97.5% 96.8% 91.52% 97.0% 97.4%
91.4% 86.2% 94.21%

V. LIMITATION AND FIXES OF ARCHITECTURAL SCALING
While the results based on the 8 x 8 array prototype
validate the core functionality, they are not sufficient to fully
capture practical issues that may arise during architectural
scaling, such as RC delay, parasitic capacitance from inter-
connects, and signal distortion. To address these potential
limitations, we conducted an additional study involving
a scaled-up layout implementation of the entire system
with a 64 x 64 memory array. Based on this extended
design, we performed post-layout simulations including full
parasitic extraction (PEX) to evaluate the actual operating
characteristics.

The expanded design includes not only the memory
array but also peripheral circuits such as wordline drivers,
sense amplifiers, and ADCs. The full layout of the system
is presented in Fig. 16(a). Furthermore, the MAC opera-
tion results from the post-layout simulation are shown in
Fig. 16(b), which visually compares the accumulation output
with the ideal linear response to assess nonlinearity across all
64 accumulation cases.

According to the results, the MAC output voltage closely
follows an ideal linear response with negligible deviation
compared to the 8 x 8 implementation. This confirms that
the proposed architecture maintains high linearity even after
system scaling, despite the presence of parasitic components
that could introduce delay and signal degradation. The accu-
mulation results continue to exhibit high accuracy, thereby
experimentally validating the reliability and scalability of the
proposed circuit structure.

In addition, Fig. 16(c) presents the quantitative nonlin-
earity analysis of the 64 x 64 system in terms of Integral
Nonlinearity (INL) and Differential Nonlinearity (DNL). The
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INL and DNL values were measured to be within +=1.16LSB,
respectively, indicating that the MAC operation retains high
linearity across the entire accumulation range. This further
supports the feasibility of maintaining accurate computation
even in large-scale implementations.

Based on the characteristics of the system with a
64 x 64 array as described above, we performed inference
simulations using the MNIST and CIFAR-10 datasets. The
results show only a minimal accuracy drop of 0.44%
for MNIST and 0.46% for CIFAR-10 compared to the
software baseline, confirming that the extended architecture
retains high inference reliability. The accuracy results are
summarized in Table 2, and these outcomes are also shown
to be competitive in comparison with recent reference works,
as presented in Table 3.

The improvement in throughput and energy efficiency
stems from both array scaling and a parallel computing
strategy that reduces power overhead. This enables the
proposed system to achieve accurate inference with low
power, demonstrating its scalability and practicality for
large-scale PIM applications.

VI. COMPARISON WITH PRIOR PIM SYSTEMS
Table 3 shows a performance comparison between the
proposed PIM system and other reference works targeting
similar applications. Although the referenced papers differ in
aspects such as memory type, array size, and input/output bit
resolutions, they all report recognition accuracy and energy
efficiency on the same MNIST dataset.

A key observation is that, unlike the other works that
support only a single operation (either MAC or Boolean),
the proposed system is capable of performing both types of
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operations within a single architecture. Furthermore, despite
incorporating hardware-level non-linearity into the MAC
operation, our system demonstrates superior accuracy on the
MNIST dataset compared to the other works.

However, the proposed system shows relatively lower
throughput and energy efficiency compared to its counter-
parts. This is because the prototype chip was designed with
a small array size, focusing on validating the feasibility
of dual-mode functionality. If the array size is scaled
up to 64 x 64 while maintaining the same architectural
structure, the throughput and energy efficiency are expected
to improve significantly—up to 341 GOPS and 49.40 TOPS/
W—reaching or surpassing the levels reported in the other
studies.

The area efficiency values reported in Table 3, like
the energy efficiency values, are based on the scaled-up
64 x 64 array configuration rather than the fabricated 8 x 8
prototype. To support this scaling without excessive area
overhead, several architectural optimizations were applied,
including (1) redesigning the 2T1C cell using a fringe-
capacitance-based layout, (2) Optimizing the overdesigned
unit-gain buffer in the DAC in terms of power consumption,
and (3) adopting a column-sharing scheme for the ADC.
These improvements significantly reduced both per-cell and
peripheral circuit area, leading to a 7 x enhancement in area
efficiency, reaching 1.4217 TOPS/mm?”. Such architectural
scaling and design strategies not only improve throughput
significantly but also limit power overhead, thereby con-
tributing to the overall enhancement in energy efficiency.
This comprehensive metric with respect to area enables
competitive spatial efficiency in a variety of PIM systems.
In particular, our proposed approach opens up the possibility
of highly dense multi-level storage based on conventional
charge-based memories (i.e., DRAM and SRAM), even
though it requires somewhat burdensome input hardware -
which can be improved upon.

VIi. CONCLUSION
In this work, 2T1C DRAM cell-based Process-In-Memory
architecture for dual mode operation - Boolean and MAC
operations is proposed. To validate the target functionality,
a prototype chip was designed with a small-scale 8§ x §
memory array, along with the required row/column circuit
and computation logics. The prototype chip was fabricated
using TSMC 65nm CMOS technology, operating at a 1V
supply voltage and a 1GHz external clock input. The
active area of the core occupies 0.482 x 0.382 mm?2, and
the measurement results verify the high linearity of MAC
operations and the accuracy of Boolean operations.
Furthermore, by evaluating the MLP model incorporating
the hardware characteristics of the proposed system on
the MNIST dataset, we observed only a 0.25% drop
in MNIST classification accuracy and a 0.27% drop in
CIFAR-10 classification accuracy compared to the software-
level baseline, demonstrating the system’s robustness against
non-idealities and its suitability for real-world Al workloads.
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Although the small array size results in relatively low
throughput and energy efficiency, our analysis confirms
that both metrics can be significantly improved by scaling
up the array size while maintaining the same peripheral
circuitry. The proposed dual-mode system architecture is
well-suited for energy-efficient edge Al applications that
require hierarchical processing, where Boolean logic blocks
act as always-on event filters and MAC units are selectively
activated for complex inference.
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