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Abstract

The performance bottleneck arising from the speed disparity between the CPU and DRAM
highlights the inherent limitations of the von Neumann architecture. To address this issue,
we propose a PIM architecture based on a 2T DRAM structure. The proposed PIM design
performs Boolean operations directly within the 2T DRAM array, thereby minimizing data
movement between the CPU and DRAM and effectively alleviating the bottleneck. The 2T
DRAM array was implemented using the mixed-mode simulation capability of SILVACO
TCAD, and its read, write, and hold operations were successfully verified. Building on this
foundation, OR and AND logic operations were realized by modulating the gate voltages
of MOSFETs within the 2T DRAM array. To enable XNOR functionality, an auxiliary circuit
consisting of three additional MOSFETs was integrated. Furthermore, as the ultimate goal
of PIM is to enable memory to perform computational tasks, support for MAC operations
becomes essential. To facilitate this, we designed a refresh circuit capable of maintaining
multi-state data, which is critical for MAC operations. This circuit, also composed of three
MOSFETs, functions as a key component for multi-state data retention within the 2T DRAM
array. In summary, we demonstrate the implementation of Boolean logic operations using
the 2T DRAM array and a three-MOSFET auxiliary circuit and propose a compact refresh
circuit to support MAC operations, advancing the potential of PIM architectures.

Keywords: two transistor dynamic random-access memory (2T DRAM); processing-in-
memory; (PIM); refresh circuit; Boolean logic operations

1. Introduction
The rapid advancement of artificial intelligence (AI), high-performance computing,

the Internet of Things (IoT), and big data—collectively regarded as hallmarks of the Fourth
Industrial Revolution—has accelerated the demand for efficient data processing and analy-
sis. In particular, AI and big data applications necessitate exceptionally high computational
throughput. To address these requirements, dynamic random-access memory (DRAM),
which serves as the primary system memory, has been scaled toward higher densities and
improved operating speeds. Nevertheless, DRAM continues to lag behind central process-
ing units (CPUs) in terms of access latency. Whereas CPU operations are executed on the
order of a few nanoseconds, DRAM access typically requires several tens of nanoseconds.
This latency disparity gives rise to the well-known memory wall problem, whereby the CPU
is forced to idle while awaiting data transfers from main memory, ultimately degrading

Electronics 2025, 14, 4483 https://doi.org/10.3390/electronics14224483

https://doi.org/10.3390/electronics14224483
https://doi.org/10.3390/electronics14224483
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://doi.org/10.3390/electronics14224483
https://www.mdpi.com/article/10.3390/electronics14224483?type=check_update&version=1


Electronics 2025, 14, 4483 2 of 12

overall system performance (Figure 1) [1–6]. To mitigate this bottleneck, techniques such
as cache memory and high-bandwidth memory (HBM) have been introduced. However,
these solutions remain constrained by the von Neumann architecture, in which the physical
separation of computation and memory inherently necessitates frequent data transfers.
Consequently, recent research has shifted toward non–von Neumann paradigms, most
notably processing-in-memory (PIM), which aims to reduce data movement by embedding
computation within memory structures.

Figure 1. Memory wall problem diagram. Bottlenecks appear due to differences in operating speed
when exchanging data between CPU and memory.

Among memory technologies for PIM implementation, static random-access memory
(SRAM) and DRAM are regarded as the most practical options due to their high operating
speed and compatibility with large-scale manufacturing. Compared with SRAM, DRAM
offers greater potential for reducing PIM cell area and achieving low-power operation
(Table 1). Current state-of-the-art neuromorphic processors, such as IBM’s TrueNorth and
Intel’s Loihi, are based on SRAM. However, realizing PIM architectures with broad versatil-
ity and specialized functionality through multiply–accumulate (MAC) operations requires
both high data-processing capability and reduced hardware lightweight. Consequently,
the development of DRAM-based PIM technology—combining high speed, low power
consumption, and strong scalability—has become increasingly important. In 2015 and
2016, Carnegie Mellon University introduced a method to enable basic logic operations
in DRAM arrays by modifying conventional driving schemes. This work demonstrated
that operations such as NOT, AND, and OR could be executed directly within DRAM,
underscoring its potential for PIM. Nonetheless, this approach suffered from inevitable
data corruption caused by simultaneous reads from multiple cells. Providing a dedicated
PIM region within the DRAM array has been proposed as a solution, but such an approach
compromises integration density. The subsequent introduction of one-transistor dynamic
random-access memory (1T-DRAM), a capacitor-less structure, improved integration den-
sity but exhibited poor retention characteristics, limiting its practicality for logic-in-memory
operations. To address this issue, 2T-DRAM has emerged as a promising alternative. By em-
ploying separate read and write transistors, 2T-DRAM prevents data corruption, enhances
retention characteristics, and enables more reliable PIM functionality. Moreover, because
read operations rely solely on the read transistor, the access speed is comparable to that of
SRAM, rendering 2T-DRAM particularly well suited for high-speed PIM applications.

In this study, we propose PIM, two-transistor dynamic random-access memory
(2T DRAM)-based architecture designed to alleviate the von Neumann bottleneck. This
work focused on developing and verifying methods for implementing read and computa-
tional operations in the 2T DRAM array. The proposed scheme embeds simple logic circuits
directly within DRAM, utilizing a minimal number of MOSFETs to support in-memory
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XOR operations. Furthermore, recognizing that MAC operations are indispensable for
replacing conventional processor functions—the ultimate objective of PIM—we introduce
a multi-state refresh circuit capable of enabling efficient MAC computations [7–11]. To
validate the proposed architecture, we first conducted functional simulations to confirm
the feasibility of 2T DRAM as a main memory component. A 2T DRAM array was then
implemented to perform fundamental AND and OR operations, followed by the design of
an XOR circuit employing only three MOSFETs. Finally, we realized a multi-state refresh cir-
cuit, also constructed with three MOSFETs, as a critical building block for MAC execution.

Table 1. Performance Comparison of highly applicable PIM RAM.

SRAM 2T-DRAM 1T-DRAM

Retention While powered >64 ms Possibility of data loss after read

Cell size (F2) 80–120 <6 <4

Access speed Ultra-Fast Fast Fast

Power consumption High Medium Low

In summary, this work presents a 2T DRAM-based PIM framework that mitigates
the inherent limitations of the von Neumann architecture by reducing the frequency of
CPU–memory data exchanges. Moreover, by introducing a compact multi-state refresh
circuit, we demonstrate the feasibility of processor-level functionality within memory,
thereby underscoring the potential of PIM as an enabling technology for next-generation
computing architectures.

2. 2T DRAM Investigation
Conventional DRAM cells employ a 1T1C architecture, consisting of a single MOSFET

and a storage capacitor [12–15]. Data is stored in the capacitor as electric charge, which
serves as the storage element. In contrast, 2T DRAM eliminates the capacitor by adopting a
two-transistor (2T) architecture. In this design, the node that would conventionally connect
to the capacitor in 1T1C DRAM is instead connected to the gate of a MOSFET. This gate-
connected node functions as the charge storage element and is referred to as the storage
node (SN) (Figure 2a) [16–22]. Data storage in the SN of a 2T DRAM cell is facilitated by the
write transistor (Write Tr), which directs charges to the SN. Concurrently, the connection
between the SN and the gate of the read transistor (Read Tr) allows charge accumulation
on the gate capacitance, supporting data retention. Data is written and retained in 2T
DRAM by accumulating or releasing charge within the SN. The 2T DRAM cell can also be
organized into an array structure analogous to conventional DRAM. As shown in Figure 2b,
each cell connects two word lines (WLs) and two bit lines (BLs). Specifically, the write word
line (WWL) and write bit line (WBL) facilitate data storage, while the read word line (RWL)
and read bit line (RBL) enable data retrieval. This configuration allows the 2T DRAM array
to perform both write and read operations without relying on a discrete capacitor, thereby
simplifying the cell structure while maintaining memory functionality.

In 2T DRAM, binary data is written by modulating the charge stored in the storage
node (SN) through controlled operation of the write transistor. For a logical “1”, a high
voltage is applied simultaneously to the WWL and the WBL, thereby turning on the write
transistor. This allows charge to accumulate at the SN, raising its potential and representing
a stored “1.” The corresponding voltage conditions and the resulting SN behavior are
illustrated in Figure 3a. For a logical “0”, the WWL is driven high to activate the write
transistor, while the WBL is maintained at a low voltage. Under these conditions, the
previously stored charge in the SN is discharged through the WBL, lowering the node
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potential and encoding a “0.” Figure 3b depicts the applied voltages and the associated
charge dissipation process.

Figure 2. (a) 2T DRAM cell diagram. Two MOSFETs are connected without a capacitor to implement
SN and serve as memory. Data storage in 2T DRAM is achieved by utilizing the gate capacitance of
the Read Tr. (b) 2T DRAM array diagram. Two WLs and two BLs are connected to one cell to perform
the basic operation of memory.

Figure 3. (a) Diagram in the process of writing data 1. High voltage is applied to the WBL and WWL
to store the charge in the SN. (b) Diagram in the process of writing data 0. High voltage is applied to
the WWL and low voltage to the WBL to discharge the charge from the SN.

3. 2T DRAM Cell Simulation Results
The 2T DRAM cell was implemented in SILVACO mixed-mode simulation using

two MOSFETs, as shown in Figure 4a. The model was applied to the 2T DRAM cell transis-
tor, implemented based on the standard BSIM4 model in PSPICE. Table 2 summarizes the
MOSFET model parameters employed for the 2T DRAM cell. Based on these parameters,
two MOSFETs were integrated to construct a 2T DRAM cell using mixed-mode simula-
tion. Additionally, the MOSFET bitline (MBL) is connected to the gate of the transistor
associated with the read bit line (RBL), while the MOSFET wordline (MWL) is connected
to the gate of the transistor associated with the read word line (RWL). Accordingly, the
MBL and MWL control the operation of the RBL and RWL, respectively. Core memory
functionalities—including write, read, and hold operations—were verified through this
implementation. To ensure physical accuracy, the simulations incorporated the Lombardi
mobility model, Shockley–Read–Hall (SRH) recombination, and band-to-band tunneling
(BTBT) mechanisms. Figure 4b illustrates the timing diagram of the operating voltages
applied during write, precharge, and read operations. The diagram depicts the voltage
conditions required to store and retrieve a logical “1.” Writing a logical “0” follows the
same procedure, except that the WBL is held at a low voltage during the write phase.
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Figure 4. (a) Implemented 2T DRAM cell diagram. The 2T DRAM cell was implemented by
connecting two MOSFETs into one using Mixed mode. (b) 2T DRAM Operation voltage timing
diagram. The voltage conditions required for executing the write and read operations of the memory
are illustrated. The operating voltage conditions required for the precharge phase prior to data
readout are presented.

Table 2. Conditions of MOSFET Model.

Parameter Value Parameter Value

Channel length 1 Drain diffusion
junction area 0

Channel width 1 Source diffusion
junction area 0

Drain diffusion
junction perimeter 0

Temperature Room temperature
Source diffusion

junction perimeter 0

The verification results are summarized in Figure 5. As shown in Figure 5a, when a
logical “1” is written, the SN voltage rises and stabilizes at approximately 1 V, confirming
successful charge storage and data retention. We measured the retention time of the SN
at room temperature (300 K), and the result indicated a retention time of 2.59 s. Figure 5b
presents the read operation, in which the SN potential modulates the RBL through the
activated read transistor. Specifically, when the RWL is asserted, the RBL voltage decreases
in proportion to the SN voltage, thereby enabling accurate data sensing. These results
validate the correct functionality of the 2T DRAM cell and confirm its capability to perform
fundamental memory operations within the mixed-mode simulation environment.

Figure 5. (a) SN voltage graph after write operation. The voltage variation occurs in proportion to
the potentials of the SN and the WBL. (b) Voltage graph of RWL and RBL during read operation. RBL
voltage decreases under the influence of SN potential and the RWL, enabling data readout.
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4. 2T DRAM Array with Boolean Operation
4.1. Fundamental Boolean Operation

The 2T DRAM cell implemented in mixed mode was extended to an array architecture,
as illustrated in Figure 6. To enable selective access, additional MOSFETs were incorporated
into the RBL and RWL. Functional verification was performed by addressing individual
cells and executing write, read, and hold operations. The results confirmed that the array
cells exhibited consistent behavior with the single-cell simulations shown in Figures 4 and 5,
thereby demonstrating correct array-level operation.

Figure 6. Implemented 2T DRAM array diagram. The 2T DRAM cell array was implemented in mixed-
mode simulation, with additional MOSFETs incorporated to enable cell selection for read operation.

To evaluate in-memory computing capability, Boolean logic operations were imple-
mented within the 2T DRAM array. Test cases were configured by writing binary states
into two adjacent cells with input combinations [0,0], [1,0] and [1,1]. Simultaneous read op-
erations were then performed, and the Boolean outputs were determined from the voltage
response of the RBL. The RBL is precharged to 1 V prior to the execution of the Boolean
operation. Logic functionality was achieved by modulating the gate voltage of the MBL
interfaced with the RBL. When a high voltage was applied to the MBL gate (PMOSFET),
the circuit performed an OR operation. As shown in Figure 7a, the RBL voltage remained
unchanged only in the [0,0] case, while it decreased for [1,0] and [1,1], consistent with OR
logic. Conversely, an AND operation was achieved by applying a low voltage to the MBL
gate. Figure 7b demonstrates that the RBL voltage is maintained in all input states except
[1,1], thereby confirming the AND logic function. Following the AND operation, the volt-
age of 0.4 V in the [0,0] state is lower than that in the [1,0] state, enabling clear distinction
between [1,0] and [0,0]. A sense amplifier is required to unambiguously distinguish the
results of the AND operation. With the sensing threshold set to 0.5 V, the output for data
[1,1] should be driven from 0.4 V to 0 V, while maintaining clear differentiation of the RBL
voltages for [1,0] and [0,0].

These results demonstrate that both OR and AND operations can be executed directly
within the 2T DRAM array by simple gate voltage modulation. The absence of additional
circuitry for Boolean operations also enhances the density of 2T DRAM. In particular, OR
and AND operations can be selected directly through the gate voltage of the MBL, without
the need for prior configuration. This capability highlights the potential of the proposed
2T DRAM architecture to perform PIM, thereby reducing data movement overhead and
extending memory functionality beyond conventional storage.
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Figure 7. (a) RBL voltage variation after OR operation. When a high voltage was applied to the
MBL, the RBL voltage decreased for all input states except [0,0] (b) RBL voltage variation after AND
operation. When a low voltage was applied to the MBL, the RBL voltage increased for all input states
except [1,1].

4.2. XOR Boolean Operation Circuit

To enhance the logical functionality of the 2T DRAM array, an additional XOR circuit
was introduced, as shown in Figure 8a. The proposed design employs two NMOSFETs and
one PMOSFET, with the gates of the transistors coupled to the RBL. In this configuration,
the operation state of each device is determined by the RBL voltage. A high bias is applied
to the drains of the two transistors connected to the RBL, while the remaining NMOSFET
is driven by a high gate voltage with its drain grounded. To ensure that the output
is predominantly influenced by the RBL-connected devices, their channel widths were
designed to be twice that of the single NMOSFET.

Figure 8. (a) Peri circuit diagram for XOR operation. The channel widths of the three MOSFETs were
intentionally varied to ensure differentiated influence on the XOR circuit output. (b) Vout graph after
XOR operation according to four data states. After the XOR operation, the difference in Vout between
[1,1] and [1,0] is 0.4 V.

The output characteristics of the XOR circuit under different data states are presented
in Figure 8b. For the input combinations 0,0 and 1,1, the circuit produces high-level
outputs, whereas for 1,0 and 0,1, the outputs remain at low voltage levels. A voltage
margin exceeding 0.4 V was obtained between the high and low states, validating the
stable operation of the XOR function. In addition, the latency of the proposed XOR circuit
during Boolean operation was measured to be 30 ns, defined as the time between the
initiation of the XOR operation and the stabilization of the RBL voltage. Nonetheless, direct
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current flow from VDD to GND, which is intrinsic to three-state logic operations, poses a
potential source of increased power consumption. Accordingly, it is critical to minimize
both the current flow and the stabilization time required for the voltage to settle after
logical operations. The proposed XOR circuit accomplishes this with a minimal transistor
count, thereby preserving the density advantage of the 2T DRAM array. These findings
confirm that integrating the XOR circuit with the 2T DRAM array enables direct in-memory
execution of Boolean operations, further enhancing the promise of this architecture for
PIM applications.

5. Refresh Circuit for Multi-Bit
To enable this functionality, we propose a multi-bit refresh circuit composed of three

MOSFETs (Figure 9). The gates of the MOSFETs are connected to the RBL, and their
conduction states are determined by the RBL voltage. The output of the circuit is fed back
to the WBL of the 2T DRAM array to restore the SN charge. To differentiate device behavior,
threshold voltages (Vth) were tuned, and transistor dimensions were scaled: MOSFET B
was designed with twice the width of MOSFET A, while MOSFET C was assigned a width
more than four times that of A. This sizing strategy ensures that each MOSFET contributes
unequally to the output, enabling multi-level refresh functionality.

Figure 9. Multi-bit refresh circuit diagram. The refresh circuit was implemented with three MOSFETs,
and the refresh circuit was operated as the voltage of the RBL was affected by the voltage of the SN.

The operation of the refresh circuit proceeds in three stages. First, the SN voltage
modulates the resistance of the read transistor, which in turn influences the RBL voltage.
Second, the resulting RBL voltage determines the switching state of each MOSFET in the
refresh circuit. Finally, the circuit output is generated according to the MOSFET states and
applied back to the SN, completing the refresh process. Figure 10a illustrates the SN voltage
following refresh as a function of RBL voltage. The circuit maintains a stable output over a
defined RBL range, demonstrating tolerance to voltage drift.

Because the SN voltage in 2T DRAM degrades with time, the refresh circuit must
provide consistent restoration even under gradual RBL variation. Circuit design was
validated for an initial SN offset of 0.2 V, ensuring that the refresh operation recovers the
original SN voltage despite temporal decay. Specifically, data 1 is stored in the SN of the
2T DRAM cell through a write operation. The storage of data 1 causes an increase in the
voltage of the SN to 1 V. Since 2T DRAM is a volatile memory, data loss occurs over time,
and in an actual cell, the voltage drops of 1 V stored in the SN gradually occurs. If the
voltage of the SN decreases from 1 V to 0.8 V, the voltage of the SN must be recharged to
1 V again through the refresh operation. We intend to implement this operation through
the multi-bit refresh circuit we proposed. While the voltage of the SN decreases from 1 V
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to 0.8 V, the channel resistance of the Read Tr also changes, and the voltage of the RBL
connected to the Read Tr also changes. We paid attention to this phenomenon to determine
the operating conditions of the multi-bit refresh circuit. When the voltage of SN is 1 V, the
voltage of the RBL is 0.292 V, and when the voltage of the SN drops to 0.8 V, the voltage
of the RBL rises to 0.343 V. The characteristic of the refresh circuit we proposed is to keep
the output of the circuit at 1 V while the RBL gradually changes from 0.292 V to 0.343 V.
The implementation of these characteristics constitutes a circuit by adjusting the Vth and
width of the MOSFET constituting the multi-bit refresh circuit. Therefore, the operating
voltage of the MOSFET is adjusted through Vth adjustment and the output influence of the
multi-bit refresh circuit is different according to the width of the MOSFET to distinguish
the output state of the refresh circuit. Consequently, the operating state of the MOSFETs in
the multi-bit refresh circuit is dictated by the SN data state. Furthermore, although multiple
MOSFETs may be simultaneously activated depending on the RBL voltage, variation in
transistor width modulates the circuit response, thereby enabling reliable multi-bit refresh
functionality. Figure 10b presents the refresh results for SN states of 1.0 V, 0.6 V, 0.3 V,
and 0 V, confirming reliable multi-level restoration. These results demonstrate that the
proposed multi-bit refresh circuit is a critical enabler of MAC operations in 2T DRAM,
thereby advancing its applicability for PIM architectures.

Figure 10. (a) Graph of change in output of refresh circuit according to RBL. Even if the voltage of the
RBL changes between certain sections, the output of the refresh circuit is maintained. (b) Operation
flow of multi-bit refresh circuit. The voltage state of the SN gradually varies over time, thereby
influencing the RBL voltage. Nevertheless, the refresh circuit maintains a stable output regardless of
these RBL voltage fluctuations.

6. Conclusions
To enable logical operations within the array, which are essential for PIM functionality,

we demonstrated OR and AND operations. These were achieved by modulating the gate
voltage of the MOSFET bit line (MBL) connected to the read bit line (RBL), with the RBL
voltage varying according to the data states of [0,0], [1,0] and [1,1]. Furthermore, XOR
operation was realized by incorporating an auxiliary circuit consisting of three MOSFETs
with different channel widths, thereby controlling the relative influence of each device on
the circuit output. Through the combination of the 2T DRAM array and the additional
MOSFET circuitry, we confirmed the feasibility of performing OR, AND, and XOR opera-
tions (Table 3). The proposed 2T DRAM-based PIM structure was compared with other
memory-based PIM architectures in terms of latency (Table 4). The latency observed during
logical operations in the 2T DRAM-based PIM is lower than that of 1T1C DRAM- and Flash
memory-based PIM structures. Although its latency is higher than that of RRAM- and
FeFET-based PIM structures, the 2T DRAM-based PIM remains a suitable choice due to its
superior endurance compared to RRAM and FeFET.
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Table 3. Boolean operation results.

Operation
Condition Logic Operation Results

Logic operation High: 1 V
Low: Ground [0,0] [1,0] [0,1] [1,1]

OR

VMBL: High
VMWL1: High
VMWL2: High

VMBL3~n: LOW

1 V 0 V 0 V 0 V

AND

VMBL: 0.2 V
VMWL1: High
VMWL2: High

VMBL3~n: LOW

1 V 0.8 V 0.8 V 0.4 V

XOR Vdd: High
Vg: High 0.8 V 0.2 V 0.2 V 0.6 V

Table 4. Latency Comparison of Boolean Operations Across Various Memory Technologies.

Based DRAM [23] Based Flash Memory [24] Based RRAM [25] Based FeFET [26] This work

latency >100 ns >10 us 1.3 ns 550 ps 30 ns

As MAC operations are indispensable for replacing conventional processors, and
multi-bit storage is essential for enabling MAC functionality, we propose a multi-bit refresh
circuit specifically optimized for 2T DRAM. The proposed refresh circuit comprises three
MOSFETs with distinct threshold voltages and channel widths. This design ensures that
the operating state of each MOSFET is determined by the RBL voltage, while their varying
dimensions yield different contributions to the circuit output. We demonstrated that four
distinct data states could be stored in the storage node (SN) and that the proposed refresh
circuit reliably maintained these states despite temporal voltage degradation. This validates
the potential of 2T DRAM to serve as a memory element in PIM architecture.

Future work will employ Monte Carlo simulations to incorporate variations in tran-
sistor Vth during Boolean operations, as well as the influence of parasitic and contact
resistances. These simulations are expected to yield practical process guidelines by pre-
dicting device- and resistance-related variations arising from process distributions, which
represent key challenges in fabricating 2T DRAM arrays. Monte Carlo analysis will also
enable parameter optimization to enhance logical operation performance and secure addi-
tional sensing margin. In parallel, efforts will focus on increasing the density of 2T DRAM
to improve storage capacity, a prerequisite for replacing conventional processors. While
cell scaling remains a conventional strategy, this study proposes expanding the number
of multi-bit states storable within 2T DRAM. As the number of storable states increases,
the refresh circuitry must be extended to accommodate additional output levels. Thus, the
development of scalable refresh circuits with minimal MOSFET overhead will constitute
the primary direction of future research.
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