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Abstract—Modern data-intensive applications demand mem-
ory solutions that deliver high-density, low-power, and integrated
computational capabilities to reduce data movement overhead.
This paper presents the use of Gain-Cell embedded DRAM (GC-
eDRAM)—a compelling alternative to traditional SRAM and
eDRAM—for stateful, in-memory logic. We propose a circuit
design that exploits GC-eDRAM’s dual-port architecture and
nondestructive read operation to perform logic functions directly
within the GC-eDRAM memory array. Our simulation results
demonstrate a Sus retention time coupled with a 99.5% success
rate for computing the logic gates. By incorporating processing-
in-memory (PIM) functionality into GC-eDRAM, our approach
enhances memory and compute densities, lowers power con-
sumption, and improves overall performance for data-intensive
applications.

Index Terms—stateful-logic, processing-in-memory, eDRAM,
GC-eDRAM

I. INTRODUCTION

S modern applications grow increasingly complex and

data-intensive, embedded memories occupy a growing
fraction of the silicon area in system-on-chips (SoCs). Six-
transistor (6T) static random-access memory (SRAM) technol-
ogy is often the preferred choice for embedded memory due
to its robustness and speed. Yet, its large size and high static
power consumption often dominate both the area and power
budgets of SoCs [1]. Although traditional 1T-1C embedded
DRAM (eDRAM) offers a higher-density alternative, the ad-
ditional process steps required to fabricate the capacitor, cou-
pled with reliability concerns in deeply-scaled process nodes,
have limited its widespread use. Gain-cell (GC) eDRAM has
emerged as a promising alternative, offering higher density and
lower leakage power consumption than SRAM, while retaining
compatibility with standard CMOS processes [2]-[7]. By
decoupling the read and write paths, GC-eDRAM inherently
supports dual-port operation, which enables faster access times
compared to 1T-1C DRAM. Additionally, nondestructive reads
eliminate the need for frequent data rewrites, further reducing
operational overhead.

Traditionally, scaling up on-chip memory has been the
principal strategy for boosting the performance of data-centric
applications. However, the associated increase in data move-
ment between memory and processors introduces high energy
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Fig. 1: Different types of GC-eDRAM memory bitcells:
(a) 2T NMOS GC, (b) 3T NMOS GC, (c) 3T PMOS GC

consumption, latency and bandwidth constraints, ultimately
limiting overall system performance. Processing-in-memory
(PIM) has emerged as a powerful approach to overcome these
bottlenecks by moving computational tasks directly into the
memory fabric, thereby decreasing data transfers, reducing
energy costs, and relieving pressure on the memory hierar-
chy [8]-[10]. PIM has been extensively studied for opera-
tions such as Multiply-Accumulate (MAC) operations [11],
Boolean logic [12], and content-addressable memory (CAM)
operations [13].

In this paper, we extend the functionality of GC-eDRAM
by introducing PIM functionality through stateful logic, a
concept previously demonstrated in memristors [14]-[18].
Stateful logic enables in-memory execution of Boolean logic
operations, facilitating parallelism and local computations—
both of which significantly speed up tasks and improve overall
system throughput. By adopting GC-eDRAM with our pro-
posed method in place of traditional SRAM or DRAM for
data-intensive applications, designers can achieve increased
memory and compute densities, reduced power consumption,
and effective PIM capabilities. We specifically propose a 3T
NMOS GC array capable of executing stateful NOR and NOT
logic gates in memory. Using Monte Carlo simulations, we
verify the robustness of these operations in the presence of
process variation and device mismatch, achieving a 99.5%
success rate.
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Fig. 2: GC-eDRAM stateful logic in-memory implementation: (a) RBL to WBL connection using a transistor, (b) Stateful
in-memory NOT logic operation, (c) Stateful in-memory NOR logic operation.

II. EMBEDDED DRAM GAIN-CELL MEMORY

Each memory cell in gain-cell eDRAM is composed of
multiple transistors. The transistor capacitance replaces the
capacitor used in the 1T-1C cells in traditional DRAM. Sense
amplifiers are employed to amplify the stored signal during
read operations, while additional peripheral circuits manage
key functions such as address decoding, timing control, and
power management. Several topologies for GC-eDRAM bit-
cells have been proposed, ranging from two to four transistor
circuits [4]. Each topology generally includes three main
components:

1) A write port utilizing a write word line (WWL) to enable
data input, driving the write bit line (WBL) into the
memory cell.

2) A storage node (SN), storing data through the parasitic
capacitance of surrounding transistors and interconnect.

3) A read port that amplifies the voltage stored on the SN
and drives it as current through the read bit line (RBL)
when the read word line (RWL) is activated.

The simplest topology is the 2T GC (Fig. 1a), consisting of
a write transistor (MW) and a read/storage transistor (MS).
Adding another read transistor (MR) and turning the storage
transistor (MS) to a dedicated device, the 3T GC (Fig. 1b-c)
improves robustness, speed, and retention time. However, this
enhancement comes at the cost of increased area and the need

for each bitcell to connect to either GND in the NMOS version
or Vpp in the PMOS version.

III. STATEFUL LoGIC FOR GC-EDRAM
A. Proposed Technique

To enable stateful logic in GC-eDRAM, we introduce a
single transistor for each bitline of the array, allowing optional
connection of the RBL to the WBL, as depicted in Fig. 2a.

The logic operation is performed in-memory using a two-
step write pulse process:

1) The WBL, LOGIC line, and WWL of the output are
raised to Vpp, charging the SN of the output bitcell and
initializing it to logical ’1°.

2) While the WWL and LOGIC lines remain high, the WBL
driver is gated, and the input is selected by driving one
or more RWL of input rows.

The final state of the output SN is determined by the states of
the input bitcells, effectively computing the result of the logic
operation.

This technique constructs concurrent n-bit logic operations
across all columns, using inputs from the selected rows to gen-
erate an output in the target row. More complex logic functions
can be realized by performing sequential logic operations,
where the output bitcell of one gate serves as the input to
the next. Such bulk bit-wise processing can accelerate various
computational workloads, as shown in earlier studies [17],
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Fig. 3: 3T NMOS GC-eDRAM bitcell layout in GF 28nm
technology.

[18]. In the following subsections, we detail the design of
two fundamental logic gates: NOT and NOR. Together, they
form a functionally complete set, allowing synthesis tools to
determine the required sequence of operations for any desired
logic function [16]. Although our examples use a 3T NMOS
GC topology, the same approach can be applied to other GC-
eDRAM bitcell configurations (such as 2T and 3T PMOS),
potentially yielding different logic gates (e.g., NAND, OR,
AND) depending on the structure.

B. NOT gate

The NOT logic operation inverts a single input, as shown in
Fig. 2b. The operation begins by initializing to logical ’1’. If
the input stores a ’1’, MR becomes active, and when the RWL
of the input is driven high, a discharge current flows through
the WBL and the MW of the output, discharging its SN. If
the input stores a ’0’, MR remains inactive, preventing any
discharge. In both cases, the resulting state stored in the output
SN is the inversion of the input state, successfully completing
the NOT operation.

C. NOR gate

The NOR gate is implemented by extending the NOT gate
to include an additional input, and it outputs "1’ only when all
inputs are '0’. The NOR gate in the 3T GC-eDRAM structure
is shown in Fig. 2c. To perform the NOR operation, the output
is first initialized to *1’, and the same voltage signals used in
the NOT gate are applied, with an additional input row also
active. If any of the input SNs store ’1°, a discharge current
will flow, causing the output SN to switch to *0’. If all input
SNs store ’0’, no discharge occurs, and the output remains at
’1’, completing the NOR operation.

IV. ARCHITECTURE AND IMPLEMENTATION
A. 3T NMOS gain-cell array

A 3T NMOS GC-eDRAM cell was implemented in Global-
Foundries (GF) 28nm technology. It employs multi-threshold
voltage (V;) devices for optimized performance. The WWL
selector (MW) utilizes a high-threshold voltage (HVT) transis-
tor to minimize leakage current, while the read port (MR) and
storage node (MS) use low-threshold voltage (LVT) transistors
to reduce access latency. The bitcell is measured at 0.63um x
0.348um, featuring WWL and RWL lines routed horizontally
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Fig. 4: Hierarchial GC-eDRAM memory architecture with in-
memory stateful logic support.

in polysilicon, and the RBL and WBL lines routed in M2, as
depicted in Fig. 3.

B. Memory Architecture

A hierarchical eDRAM array architecture [3], is employed,
consisting of 64x64 sub-arrays, as depicted in Fig. 4. Each
sub-array has its own dedicated set of WWL/RWL drivers,
while the row selection for read/write/logic is managed by
global decoders. The use of sub-arrays with a relatively low
number of rows simplifies operation and enhances the per-
formance of logic operations by maintaining a short discharge
path. This hierarchical memory structure also promotes greater
parallelism, as each sub-array can execute logic operations
in its own row, with all sub-arrays operating in parallel and
sharing common control logic.

Each column in the sub-array includes a WBL driver, a pass
gate, a precharge PMOS for the read operations, and an NMOS
to connect the RBL and WBL during logic operations. The
area overhead for the additional NMOS per bitline is 0.5%.
For data reading, an inverter and latch-based sense amplifier
(SA) is connected to the RBL of each column. The timing for
the read pulse is set at 3ns, and the write pulse is set at 1ns. The
time-after-write is the time passed since the write operation.
The data retention time (DRT) is defined as 15us using these
read/write pulse timings, by finding the maximum time-after-
write, where in the following read operation, the read value
remains correct. The logic pulse time is set as 3ns, with the
first 1ns used to drive the output SN to ’1’ via the WBL,
followed by 2ns, where the RWL of the inputs is asserted
high to evaluate the logic function.

V. RESULTS

To evaluate and demonstrate stateful logic operations for
GC-eDRAM, we designed the memory sub-array in GF 28nm
using Cadence Virtuoso and simulated the NOR and NOT
operations within the array.
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Fig. 6: Waveforms extracted from simulation, demonstrating
the stateful NOR logic operation using a two-step write pulse
process.

The NOT logic operation was simulated for both input
cases, while varying the time elapsed after writing the input,
as depicted in Fig. 5. The results indicate correct logic output
based on the output SN voltage corresponding to each input
state. The voltage representing a logical 1’ increases as a func-
tion of time-after-write for the input. However, the operation
does not achieve full voltage swing. When the input is 1’ and
the output SN discharges after initialization, the final voltage
depends on the discharge of the input SN, which weakens the
driving strength of the input MS transistor over time. To ensure
high success rate for the logic operation, the DRT is reduced
to Sus, which is comparable to other works that use similar
technology nodes [19], [20]. With this reduced DRT, refreshing
an entire 64-row sub-array takes 256ns, maintaining memory
availability at a relatively high rate of 95%. The DRT can
be further improved by implementing the GC memory with
mixed-type transistors [19], [21].

The NOR operation waveforms, extracted from simulations,
are depicted in Fig. 6. The figure shows the two stages of the
logic pulse: first, both WWL and LOGIC are raised, allowing
the RBL and WBL to charge. Then, the RWL of the inputs
is activated while WWL and LOGIC remain high. The RBL

TABLE I: NOT Monte Carlo Results
] IN \ OouT \ Success Rate

‘0 ‘1 100%

‘T ‘0 99.5%

TABLE II: NOR Monte Carlo Results
[ IN1 [ INO | OUT | Success Rate

‘0 ‘0 ‘T 100%
‘0 ‘T ‘0 99.5%
‘r ‘0 ‘0 99.5%
‘1 ‘r ‘0 100%

initially charges, then discharges or remains high depending
on the inputs. The output SN voltage correctly reflects the
logic result, staying high only when both inputs are ’0’, as
required from a NOR operation.

The energy consumption of the proposed stateful in-memory
NOT and NOR operations was measured through simulation,
yielding 13.4 fJ and 13.5 fJ, respectively. For reference, the
energy consumption for standard read and write operations was
measured at 13.3 fJ and 5.7 fJ, respectively. In a traditional
flow without PIM, executing a logic function necessitates
separate read, compute, and write-back steps, incurring the
combined energy of all three. By contrast, the stateful logic
approach integrates the write-back step into the logic operation
itself, eliminating any additional energy cost. Furthermore,
sensing two cells simultaneously consumes 13.34 {J, providing
a benchmark for sensing-based logic schemes that interpret
the SA’s output as the logic result. While sensing-based logic
requires a write-back operation, as in traditional flow without
PIM.

To assess the robustness of the logic operations under
process and device variations, we conducted 1K Monte Carlo
simulations for each input combination of both gates, at room
temperature with Vpp = 0.9V. As shown in Tables LII, the
success rate was consistently high, with 99.5% success rate for
the worst-case scenario, where only one input stores logical
’1’. In these cases, the failures are caused by a faster input
SN discharge combined with a higher threshold voltage of the
SA.

VI. CONCLUSION

In this paper, we presented a novel in-memory stateful
logic approach using GC-eDRAM. We began by describing
the necessary modifications to the array structure that enable
stateful logic, followed by the design and implementation of a
3T NMOS-based GC array to validate our method. Our results
demonstrated successful in-memory NOT and NOR gate op-
erations, emphasizing the importance of limiting the number
of rows in the array and reduceing effective data retention
times to ensure high success rates. Moving forward, we plan
to extend this work by exploring additional computational
workloads that can benefit from GC-eDRAM stateful logic,
further leveraging its potential for high-density and energy-
efficient processing.
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