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ABSTRACT

The rapid growth of data-intensive computing has increased the performance pressure on memory
systems. In conventional processor—-memory organizations, a significant fraction of energy
and latency is consumed in transferring data between memory and logic units, even when the
required operation is simple. Static random-access memory (SRAM) remains a key on-chip
memory technology because of its high access speed, compatibility with standard CMOS
processes, and widespread use in cache memories, register files, embedded buffers, and local
storage blocks. However, SRAM design becomes increasingly difficult under supply-voltage
scaling, process-induced variation, bit-line loading, sensing delay, and energy constraints.
These challenges become even more important when SRAM is extended from conventional
storage to SRAM-based in-memory computing (SRAM-IMC), where the memory array is also
used to perform local computation. SRAM-IMC offers a promising route to reduce repeated
data movement by allowing selected logic operations to be performed within, or close to, the
SRAM array. In this context, throughput enhancement cannot be treated as only a cell-level
or macro-level problem. It requires coordinated design of the sensing path, bit-cell, compute
macro, and array organization. The present research work therefore focuses on SRAM design
for throughput enhancement using a circuit-to-array design approach.

This thesis presents a unified SRAM design framework across four linked technical levels:
sense amplifier, SRAM bit-cell, SRAM-IMC macro, and reconfigurable SRAM-IMC array. The
sense amplifier is studied first because reliable and fast sensing is essential for both conventional
SRAM readout and SRAM-IMC output generation. The SRAM bit-cell is then investigated
because storage stability, write ability, half-select immunity, and low-voltage robustness originate
at the cell level. The scope of the work is further extended to SRAM-IMC macro-level Boolean
logic, where stored operands are used directly in the memory structure to reduce data movement.
Finally, a reconfigurable SRAM-IMC array is developed to evaluate whether the proposed
memory-compute approach remains useful when operated in both memory and compute modes
under array scaling. Thus, the thesis treats SRAM throughput enhancement as a co-design
problem involving sensing margin, bit-cell robustness, local Boolean computation, and array-level
scalability.

First, two modified decoupled sense amplifier structures, namely the modified decoupled
sense amplifier (MDSA) and the modified decoupled sense amplifier with NMOS foot-switch
(MDSANF), are proposed for low-voltage differential SRAM sensing. In both topologies, the
regenerative latch is decoupled from the bit-lines during the precharge phase and is enabled
only after sufficient input differential has developed. This operation reduces direct bit-line
disturbance and improves read decision speed. At Vpp = 0.8 V and Cg, = 50 fF, the MDSA
achieves read-delay reductions of 28.6%, 41.79%, 37.74%, and 30.94% compared with MCSA,
DTSA, MHSA, and LSA, respectively. The MDSANF provides comparable delay reductions
of 26.13%, 39.78%, 35.58%, and 28.55% with respect to the same reference topologies, while

v
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the NMOS foot-switch provides additional leakage and evaluation-window control. Monte
Carlo analysis confirms improved variation tolerance under threshold-voltage mismatch, and
layout evaluation shows practical column-level area overheads of 0.297 ym? for MDSA and
0.5192 um? for MDSANF. The technology-porting study further shows that moving the MDSA
from 22 nm FinFET to 32 nm planar CMOS causes only about a 4.5% increase in mean read
delay at Vpp = 1 V, while reducing the coefficient of variation from 6.12% to 4.96% and
narrowing the delay range by approximately 25%. These results demonstrate that the proposed
decoupled sensing approach provides a faster and more variation-tolerant sensing foundation for
SRAM and SRAM-IMC designs.

Second, SRAM bit-cell structures are investigated for improved stability, write ability, energy
efficiency, and robustness under array access conditions. A half-select-free single-ended 8T
SRAM bit-cell, referred to as 8TS, is proposed to improve data retention and prevent unintended
flipping in selected, half-selected, and unselected cells. At Vpp = 0.8 V, the proposed 8TS cell
achieves a static noise margin of approximately 0.232 V, a write margin WM1 = 0.515 V, and a
read power of 0.186 W, while limiting layout overhead to 4.86% relative to the 7T reference.
Monte Carlo and process-corner analyses confirm that the cell maintains stable write margin and
delay behavior under threshold-voltage variation, supply fluctuation, and temperature variation.
In addition, a differential 8T SRAM cell, referred to as 8TD, is analyzed and compared with
the single-ended 8TS cell. At Vpp = 0.6 V, the 8TD cell gives a mean SNM of approximately
0.1932 V with a standard deviation of 0.0056 V, whereas the 8TS cell gives a lower mean SNM
of approximately 0.1525 V with a higher standard deviation of 0.0152 V. This confirms that the
differential cell provides stronger low-voltage stability and tighter mismatch spread. The results
indicate that 8TS is suitable for half-select-free and energy-aware storage, while 8TD is suitable
for robust differential sensing and low-voltage SRAM-IMC operation.

The scope of the work is further extended to the design and analysis of an SRAM-IMC macro
for bitwise logic implementation. The proposed 8TD SRAM-IMC macro connects two 8TD
SRAM cells in a column-wise arrangement to store operands A and B, and uses the shared
bit-line behavior together with modified sensing to implement NAND/NOR and XOR/XNOR
logic. In this approach, Boolean computation is performed inside or near the SRAM structure
without transferring the operands to an external logic unit. Functional simulations verify correct
operation for all input combinations, AB = 00,01, 10, and 11. For NAND/NOR operation, 6000
Monte Carlo simulations are performed at Vpp = 0.8 V, T = 300.15 K, and AVtyg = 50 mV.
The output levels remain clearly separated for all operand combinations, the worst-case mean
delay remains close to 0.4 ns, and the coefficient of variation remains below approximately 2.5%.
For XOR/XNOR operation, 2000 Monte Carlo simulations give mean delays of 0.55425 ns
and 0.55450 ns, respectively, with standard deviations close to 0.0165 ns. The very small
difference between the complementary XOR/XNOR mean delays confirms that the logic paths
are well balanced under mismatch. Comparative SRAM-IMC cell analysis further shows that the
8TE structure is more suitable for speed-oriented operation, achieving 381.097 ps latency and
2.624 GOPS throughput at Vpp = 0.8 V. The 8TC cell provides the lowest energy per bit, but
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with higher latency. The proposed 8TD cell provides energy reduction of about 60%—70% at
Vpp = 0.5-0.7 V, about 30%—40% near nominal supply, and about 15%—-25% at higher supply
voltages with respect to the 6T, 8TB, and 8TE high-speed baselines. These results clarify the
speed—energy trade-off among the evaluated SRAM-IMC cells.

Finally, a dual-mode reconfigurable SRAM-IMC array is proposed for both memory and
compute operations. The architecture integrates the proposed 8TD SRAM cell, modified sensing
strategy, and Boolean compute path into a common array framework. In memory mode, the
array performs conventional SRAM readout, where the selected bit-cell develops a differential
BL/BLB response that is amplified by the sense amplifier. In compute mode, the same bit-line
and sensing infrastructure is reused to generate NAND, NOR, XOR, and XNOR logic outputs.
The proposed array is evaluated from 2 X 2 to 32 X 32 across Vpp = 0.6-1.2 V. In memory mode,
the static noise margin remains nearly invariant with array size, with relative SNM variation
within approximately £0.6 mV, confirming that storage stability is preserved under the evaluated
array scaling. In compute mode, NAND-evaluation latency decreases from approximately
493-517 ps at 0.6 V to approximately 380-388 ps at 1.2 V. Over the same supply range,
throughput increases from approximately 2.1-2.3 GOPS to approximately 2.75-2.85 GOPS.
These results show that speed and throughput scale favorably with supply voltage and remain
relatively stable across the evaluated array sizes. However, the average compute energy per bit
increases strongly with both array size and supply voltage. The 32 x 32 array is roughly 10?
times more energy-consuming than the 2 X 2 array, and its energy increases by about 25x-30x
from 0.6 V to 1.2 V. This establishes that switched bit-line capacitance, interconnect loading,
precharge activity, and peripheral capacitance are the dominant array-level scaling costs.

Overall, this thesis establishes SRAM throughput enhancement as a co-design problem
involving bit-cell stability, bit-line development, sense-amplifier timing, local Boolean logic, and
array-level energy scaling. The MDSA and MDSANF provide the sensing foundation for fast and
variation-tolerant differential SRAM readout. The 8TS cell is preferable for energy-aware and
half-select-resilient storage. The 8TD cell is suitable for robust differential SRAM-IMC operation.
The 8TE structure is suitable for speed- and throughput-oriented SRAM-IMC. The proposed 8TD
cell provides a stronger energy-oriented SRAM-IMC option. The reconfigurable SRAM-IMC
array demonstrates that the same memory infrastructure can support both conventional read
operation and local Boolean computation. At the same time, the array-level results identify
compute energy growth under scaling as the main direction for future optimization. Thus,
the present research work provides a circuit-to-array SRAM-IMC framework for low-voltage,

energy-aware, and throughput-oriented memory-centric computing.
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CHAPTER-1

INTRODUCTION AND LITERATURE REVIEW

1.1 OVERVIEW OF THE CHAPTER

Modern computing systems are increasingly limited by the cost of moving data between memory
and logic units. This limitation becomes more critical in data-intensive workloads, where large
volumes of operands must be repeatedly fetched, processed, and written back. Although SRAM
is already widely used for high-speed on-chip storage because of its low access latency and
CMOS compatibility, conventional SRAM still functions mainly as a passive storage block.
As supply voltage scales and array dimensions increase, SRAM operation is further affected
by reduced sensing margin, bit-line loading, process-induced variation, leakage, and stability
degradation. These issues motivate the need for SRAM design strategies that improve throughput
without sacrificing reliability and energy efficiency. In this context, SRAM-based in-memory
computing has emerged as an important direction because it allows selected logic operations to
be performed inside or near the memory array, thereby reducing unnecessary data movement.

To address this need, the chapter builds a circuit-to-array viewpoint for SRAM-based in-
memory computing. The discussion first introduces the basic operation of SRAM arrays,
conventional SRAM bit-cells, bit-line sensing, and SRAM-IMC macro-level logic operation. It
then develops the literature background by reviewing representative sense amplifier architectures,
SRAM bit-cell designs, SRAM-IMC macros, and SRAM-IMC array organizations. The purpose
is to identify the limitations that remain when SRAM is expected to support both memory and
compute operations. These limitations include sense-amplifier offset and timing sensitivity,
bit-cell stability and half-select concerns, macro-level peripheral overhead, and array-level scaling
effects such as increased bit-line capacitance, sensing-margin degradation, and energy growth.
The solution direction adopted in this thesis is therefore based on coordinated optimization
of sensing, bit-cell robustness, SRAM-IMC macro operation, and reconfigurable array-level
integration.

The chapter is organized as follows. Section 1.2 introduces the fundamentals of SRAM and
SRAM-based in-memory computing, including SRAM array organization, bit-cell operation,
sensing, macro-level logic, and array-level reconfigurability. Section 1.3 discusses the background
and motivation of the work in relation to the memory-wall problem. Section 1.4 reviews prior
work on SRAM sense amplifiers, SRAM bit-cells, SRAM-IMC macros, and SRAM-IMC
array architectures. Based on this review, Section 1.5 identifies the research gaps, Section 1.6
presents the problem statement, Sections 1.7 and 1.8 present the objectives and methodology,

and Section 1.9 gives the thesis organization.
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1.2 FUNDAMENTALS OF SRAM AND SRAM-BASED IN-MEMORY COMPUTING

Static random-access memory, commonly referred to as SRAM, is one of the most important
memory structures used in digital integrated circuits. It is called static because the stored data
remain available as long as the supply voltage is maintained. Unlike dynamic random-access
memory, SRAM does not require periodic refresh. This makes it suitable for memory blocks that
must be accessed frequently and quickly, such as cache memories, register files, local buffers,
and embedded memory arrays. In modern processors and system-on-chip architectures, SRAM
is usually not the largest memory in the system, but it is often the fastest memory available to
the computing core. For this reason, improvements in SRAM speed, energy, and reliability can
strongly affect the overall behavior of the system [1].

The fundamentals of SRAM and SRAM-based in-memory computing may be understood
through four closely related design levels: the SRAM bit-cell, the read and sensing path, the
SRAM-IMC macro, and the reconfigurable SRAM-IMC array. These levels also define the
technical progression of this thesis. The following subsections introduce each level in an

elementary manner before the detailed state-of-the-art review is presented.

1.2.1 SRAM ARRAY ORGANIZATION AND CONVENTIONAL MEMORY ACCESS

An SRAM array is made by arranging many SRAM bit-cells in rows and columns. The cells
store the data, while the surrounding peripheral circuits allow the required data to be accessed.
The main peripheral blocks are the row decoder, column selection circuitry, precharge circuit,
write driver, sense amplifier, and timing-control logic. The row decoder selects the required
row through a word line, while the bit-lines associated with each column carry the data during
read and write operations. The complete SRAM therefore cannot be understood only by looking
at the bit-cell. The cell, bit-lines, word lines, precharge circuit, and sense amplifier all work
together during memory access.

Figure 1.1 shows the basic organization of an SRAM array. The memory cells are placed
at the intersections of word lines and bit-line pairs. A selected word line activates all cells in
one row, while the corresponding bit-line pairs carry the information stored in each selected
cell. During write operation, the column drivers force the bit-lines to the required data values.
During read operation, the bit-lines are first precharged and then allowed to develop a small
differential voltage according to the stored data. This small differential is finally resolved by the
sense amplifier. Therefore, even a simple SRAM access involves a coordinated sequence of row
selection, bit-line preparation, cell access, and sensing.

1.2.2 SRAM BIT-CELL OPERATION AND STABILITY METRICS

The smallest storage element in SRAM is the bit-cell. The most common SRAM cell is
the conventional 6T cell, where “6T” denotes six transistors. Four of these transistors form
two cross-coupled inverters, and the remaining two transistors act as access devices. The
cross-coupled inverters store the data. One internal node stores the true value Q, while the
other stores the complementary value 0. IfQ is high, Q is low; if Q is low, Q is high. This
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Figure 1.1: Basic organization of an SRAM array showing the bitcell matrix, wordline selection through
the address decoder, differential bitline pairs, column drivers, precharge circuit, and sense-amplifier

readout path.

complementary state is maintained by the feedback action of the two inverters. Thus, a bit in
SRAM is stored as the stable state of a latch rather than as charge on a capacitor.

The conventional 6T SRAM bit-cell is shown in Fig. 1.2. The two access transistors connect
the internal storage nodes to the complementary bit-lines BL and BLB when the word line is
activated. In the hold condition, the word line remains inactive and the cross-coupled inverters
retain the stored state. In this mode, the storage nodes are isolated from the bit-lines and the cell
behaves as a bistable latch. This hold condition is the basic reason SRAM can retain data as
long as the supply voltage is maintained.

The write operation is used to change the stored state of the cell. To write data, the write
driver first forces the two bit-lines to complementary values. For example, to write a logic 1
at node Q, BL is driven high and BLB is driven low. To write a logic 0, BL is driven low and
BLB is driven high. After the bit-lines are prepared, the word line is activated. This turns on the
access transistors and connects the storage nodes to the bit-lines. If the bit-line drivers are strong
enough to overcome the previous state of the cross-coupled inverters, the cell flips to the new
value. The ease with which the cell can be overwritten is described by its write ability or write

margin.
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Figure 1.2: Conventional 6T SRAM bit-cell showing the storage nodes and differential bit-line access.

The read operation is more delicate because the stored value must be sensed without
unintentionally changing it. Before a read operation, both bit-lines are usually precharged to
Vpp. When the word line is activated, the cell connects its internal storage nodes to the bit-lines.
One of the bit-lines begins to discharge through the pull-down path associated with the node
storing logic 0, while the other bit-line remains close to the precharged level. This creates a small
voltage difference between BL and BLB. The read operation is therefore based on detecting a
small differential signal, not on fully discharging one of the bit-lines.

Several basic quantities are used to describe SRAM behavior. Static noise margin (SNM)
measures how strongly the cell can retain its stored state in the presence of noise. Write margin
describes how easily the stored value can be changed during a write operation. Read delay is the
time required to access the stored data and produce a valid output. Read and write power measure
the energy cost of active memory operation. Leakage power measures the power consumed even
when the cell is not actively switching. These quantities are affected by supply voltage, transistor
strength, mismatch, temperature, and array loading. In scaled technologies, reduced supply
voltage and process-induced variation make these metrics harder to satisfy simultaneously [1, 2].

A useful first-order expression for dynamic switching energy is
Edyn ~ aCSWV]%D’ (1.1)

where Ci,, is the effective switched capacitance and « is the switching activity factor. This
expression explains why reducing Vpp is attractive for low-power operation. However, SRAM
cannot be scaled in voltage without limit. A lower supply voltage reduces dynamic energy, but it
also weakens the access devices, slows bit-line development, reduces sensing margin, degrades
write ability, and increases sensitivity to threshold-voltage mismatch. Practical SRAM design is

therefore a balance between energy efficiency and reliable operation.
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Figure 1.3: Typical SRAM read sequence showing precharge, word-line activation, bit-line differential

development, sense-amplifier enable, and full-swing output regeneration.

1.2.3 SENSE-AMPLIFIER OPERATION IN SRAM READOUT

A full bit-line discharge would be slow and energy expensive because bit-lines are long, heavily
loaded wires shared by many cells in a column. Therefore, practical SRAM read operation allows
only a small voltage difference to develop on BL and BLB before sensing begins. This small
voltage difference is then amplified by the sense amplifier. The sense amplifier is a high-gain
regenerative circuit that converts the small bit-line differential into a full-swing digital output.
In this way, the sense amplifier reduces read delay and energy by avoiding the need for a large
bit-line swing.

Figure 1.3 illustrates the typical timing sequence of an SRAM read operation. During the
precharge phase, the bit-lines are initialized to a known high voltage level. After precharge is
released, the word line is activated and the selected bit-cell begins to create a small voltage
difference between BL and BLB. The sense amplifier is then enabled only after sufficient bit-line
differential has developed. Once enabled, the regenerative action of the sense amplifier pulls its
outputs to full-swing complementary voltage levels. This sequence ensures that the cell is not
required to fully discharge the bit-line, while the final output is still restored to a valid digital
level.

The sense amplifier is one of the most important peripheral circuits in SRAM. Its task
is simple to state but difficult to perform reliably: it must make a fast and correct decision
from a very small input difference. A commonly used sense amplifier structure is based on a
cross-coupled latch. When the sense amplifier is enabled, positive feedback amplifies the small
imbalance at its inputs until one output is pulled high and the other is pulled low. The speed
of this decision depends on the available bit-line differential, the capacitance at the sensing
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nodes, transistor mismatch, and the strength of the regenerative latch. If the sense amplifier is
enabled too early, the bit-line difference may be too small and the read operation may become
slow or incorrect. If it is enabled too late, read delay increases because unnecessary time is
spent developing a larger bit-line swing. Thus, sense-amplifier timing is a critical part of SRAM
design.

Bit-line capacitance strongly affects both SRAM delay and energy. In a large array, many
cells are attached to the same column bit-lines. As the number of rows increases, the effective
bit-line capacitance also increases. A larger capacitance takes more time to charge or discharge
and consumes more dynamic energy. Therefore, the read performance of SRAM is not only
determined by the strength of the selected bit-cell; it is also governed by the total bit-line loading
and the ability of the sense amplifier to resolve small voltage differences quickly. This is why
SRAM read path design is usually treated as a combined problem involving the cell, the bit-line,
and the sense amplifier.

1.2.4 SRAM-IMC MACRO-LEVEL LOGIC OPERATION

In a conventional computing system, SRAM stores data and separate logic circuits perform
computation. During an operation, operands are read from memory, transferred to the processing
unit, processed, and then written back. This organization is general and flexible, but it can
be inefficient for workloads that repeatedly access large amounts of data. In such cases, the
energy and delay associated with data movement may become comparable to, or even larger
than, the energy and delay of the computation itself. This observation motivates near-memory
computing and in-memory computing, where the goal is to reduce the distance and frequency of
data movement [3, 4].

In-memory computing goes beyond simply placing logic near memory. It attempts to use
the memory structure itself as part of the computing mechanism. In SRAM-based in-memory
computing, selected operations are performed within, or immediately around, the SRAM array
by exploiting word-line activation, bit-line voltage development, charge sharing, or sensing
behavior. The memory array is still used to store data, but under specific control conditions it
also participates in computation. This makes SRAM-IMC attractive because it can reuse the
high internal bandwidth and column-level parallelism of the memory array.

A simple way to understand SRAM-IMC is to consider what happens when more than one
stored value influences a shared bit-line. In a normal read operation, one selected cell produces a
bit-line response corresponding to one stored bit. In a compute operation, two or more selected
cells can interact through the same bit-line structure. The resulting bit-line voltage may then
represent a function of the stored data rather than the value of a single cell. With suitable control
and sensing, this behavior can be used to implement Boolean operations such as NAND, NOR,
XOR, and XNOR [5, 6].

At the macro level, SRAM-IMC combines a memory cell array with compute-aware peripheral
circuits. A macro is larger than an isolated bit-cell but smaller than a complete processor or

memory subsystem. It is the block where the memory cells, word-line drivers, bit-lines, precharge
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devices, sense amplifiers, and compute logic are brought together to perform a specific function.
In Boolean SRAM-IMC, the operands are stored inside SRAM cells. The compute operation
is performed by activating the relevant control signals and interpreting the resulting bit-line
response through the sensing path.

The distinction between memory mode and compute mode is important. In memory mode, the
SRAM array behaves like a conventional memory. One row is selected, the stored bit develops a
signal on the bit-lines, and the sense amplifier produces the data output. In compute mode, the
same physical structure is used differently. The word-line activation pattern, bit-line interaction,
or sensing interpretation is modified so that the output corresponds to a logic function of stored
operands. Thus, the same array can act as a memory in one mode and as a simple computing
fabric in another mode.

SRAM-IMC can be implemented in digital, analog, or mixed-signal forms. Digital SRAM-
IMC preserves discrete logic interpretation and is commonly used for Boolean logic, bitwise
operations, search, and low-precision digital computation. Analog or mixed-signal SRAM-IMC
uses current summation, voltage accumulation, capacitive charge sharing, or other analog
effects to perform operations such as dot products and multiply—accumulate functions. Digital
SRAM-IMC is generally easier to verify and more robust against small analog errors, whereas
mixed-signal SRAM-IMC can exploit stronger parallelism but is more sensitive to noise,
mismatch, reference generation, and conversion overhead [4, 7].

Throughput in SRAM-IMC depends on both speed and parallelism. A simple expression is

Throughput = , (1.2)
where N, is the number of operations completed during one evaluation and 7,y is the evaluation
time. In a conventional logic unit, parallelism is limited by the number of available processing
lanes. In SRAM-IMC, many columns of the array can potentially operate in parallel, allowing
multiple bit-level operations to be evaluated together. Therefore, SRAM-IMC can improve
effective throughput by reducing data movement and by exploiting the natural parallel structure

of the memory array.

1.2.5 ARRAY-LEVEL SRAM-IMC OPERATION AND RECONFIGURABILITY

SRAM-IMC introduces design challenges that become more severe as the computation is moved
from a small macro to a larger array. If multiple cells are activated together, the internal storage
nodes may be disturbed, especially in cells where the read and write paths are not separated.
The bit-line voltage levels may also become closer together, making the sensing decision more
difficult. Additional compute circuitry may increase area and energy overhead. In analog or
mixed-signal IMC, the output may depend strongly on device matching, reference voltages, and
peripheral conversion accuracy. Thus, a useful SRAM-IMC design must not only compute
correctly; it must also preserve the normal memory function and remain robust under variation.

The SRAM bit-cell plays a central role in this trade-off. A conventional 6T cell is compact
and fast, but because it uses the same access path for read and write, it is more vulnerable to read
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disturbance during multi-row or compute-style activation. Read-decoupled cells, differential
cells, and multi-transistor cells can reduce this risk by separating the storage nodes from the read
or compute path. Such cells may improve robustness and sensing margin, but they also add area
and control complexity. Therefore, the bit-cell selected for SRAM-IMC must be judged not only
by its standalone SNM or write margin, but also by how safely it supports compute-mode access.

The sense amplifier is equally important in SRAM-IMC. In a normal read operation, the sense
amplifier decides whether the selected cell stores O or 1. In compute mode, the sense amplifier
may need to distinguish among bit-line responses produced by different operand combinations.
For example, the responses for AB = 00, 01, 10, and 11 may have to be separated reliably. If
the sense amplifier has large offset, poor timing control, or insufficient sensitivity, the compute
output may become incorrect even if the cell operation is otherwise valid. Thus, in SRAM-IMC,
sensing correctness becomes computation correctness.

At the array level, the problem becomes broader. A small SRAM-IMC macro may demonstrate
correct logic operation, but a larger array introduces longer bit-lines, higher capacitance,
larger interconnect loading, more complex precharge requirements, and stronger variation
sensitivity [7, 8]. These effects influence normal memory operation as well as compute operation.
In memory mode, they affect SNM, write margin, read delay, and read power. In compute mode,
they affect logic-evaluation latency, average energy per bit, throughput, and output separability.
Hence, array-level evaluation is necessary before a proposed SRAM-IMC technique can be
considered scalable.

A reconfigurable SRAM-IMC array is designed to operate in both memory and compute
modes. In memory mode, it behaves like a conventional SRAM array and supports normal data
storage and readout. In compute mode, it reuses the stored data, bit-lines, and sensing path to
perform selected logic operations. The benefit of such an array is that the same physical memory
can serve two roles. The challenge is that the compute mode must be added without seriously
degrading the memory mode. If the additional compute circuitry causes large area, power, or

reliability penalties, the advantage of in-memory computing is reduced.

1.2.6 SRAM-TO-IMC DESIGN HIERARCHY

For this reason, SRAM-IMC design is best understood as a hierarchy. At the lowest level,
the bit-cell must store data reliably. At the read-path level, the bit-lines and sense amplifier
must convert the stored information into a valid output. At the macro level, selected cells and
peripheral circuits must be arranged so that stored operands can participate in logic evaluation.
At the array level, the same idea must remain stable, energy efficient, and scalable across many
rows and columns. Each level affects the next. A weak bit-cell limits the macro. A poor sense
amplifier limits both read and compute correctness. A compute macro that works only for a
small number of cells may not scale to a useful array.

This thesis follows this hierarchy. The sense amplifier is first studied because fast and reliable
sensing is essential for both SRAM read and SRAM-IMC output generation. The SRAM bit-cell
is then studied because storage stability, write ability, and disturbance immunity originate at the
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cell level. The SRAM-IMC macro is then examined to show how the bit-cell and sensing strategy
can be combined to perform Boolean logic inside the memory structure. Finally, the work is
extended to an SRAM-IMC array to evaluate whether the proposed memory-compute approach
remains useful when operated in both memory and compute modes under array scaling.

The purpose of this section has been to establish the basic working principles required for the
rest of the chapter. Conventional SRAM operation depends on the coordinated interaction among
the bit-cell, bit-lines, precharge circuit, decoder, and sense amplifier. SRAM-IMC modifies this
interaction so that the memory array can participate in computation as well as storage. With this
foundation, the next sections review prior work on SRAM sense amplifiers, SRAM bit-cells,
SRAM-IMC macros, and SRAM-IMC arrays, and then identify the research gaps addressed in
this thesis.

1.3 BACKGROUND AND MOTIVATION

Modern signal- and data-processing workloads impose stringent latency and energy constraints,
particularly in Al-driven applications deployed across cloud and edge systems. CNN and DNN
inference pipelines repeatedly move activations and weights between memory and compute units,
and this movement often dominates overall energy and latency more than arithmetic operations
themselves. Recent CNN-focused accelerator studies have reinforced this trend [9]. For deep
neural network deployment in broader settings, software-hardware co-design analyses similarly
identify data movement as a primary bottleneck [10, 11]. As model complexity, precision
requirements, and deployment scale continue to increase, this imbalance becomes a first-order
e system bottleneck, commonly referred to as the memory wall or von Neumann bottleneck.

This architectural progression can be understood in three stages. In the conventional von

(a) (b) (c)

e Figure 1.4: Memory bottleneck dilemma and architectural alternatives: (a) conventional von Neumann

organization, (b) near-memory computing, (c) in-memory computing.
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Neumann organization, computation and memory remain physically separated, forcing continuous
round-trip data movement through shared interfaces and creating a bandwidth-energy bottleneck.
Near-memory computing places compute logic closer to memory, reducing transfer distance and
interface overhead while still preserving a partial boundary between storage and computation.
In-memory computing goes a step further by moving selected operations directly into the memory
fabric, thereby minimizing data movement further and enabling higher parallelism for memory-
bound kernels. Together, these architectural directions show why memory-compute co-design is
now central to improving end-to-end throughput and efficiency in modern Al-oriented systems.

SRAM remains central to high-speed on-chip storage because it provides very low access
latency and, unlike DRAM, does not require periodic refresh, making it inherently better suited to
latency-critical memory functions within active computing systems [12]. In modern processors,
cache memory plays a decisive role in reducing effective data access time by retaining frequently
used data close to the CPU, and conventional caches continue to rely on SRAM because of its
fast response characteristics [13]. Beyond speed alone, SRAM has remained highly relevant due
to its technological maturity, robust operation, and compatibility with advanced CMOS logic
processes, all of which make it attractive for seamless integration into mainstream computing
platforms and embedded memory hierarchies [4]. This continued reliance is also evident from
ongoing state-of-the-art process development, where dedicated SRAM demonstrations at leading
nodes such as 2 nm still receive major design focus for achieving high density and energy-efficient
compute support [14]. Therefore, SRAM is not merely a legacy storage element in the memory
hierarchy; rather, it continues to serve as the practical and architectural foundation for fast
on-chip storage, while simultaneously providing a natural substrate for emerging SRAM-based
in-memory computing paradigms that aim to reduce data movement without departing radically
from standard processor-memory organizations [4, 12].

SRAM-based in-memory computing (SRAM-IMC) has gained significant attention as a
practical means of alleviating the data-transfer burden inherent to conventional processor-memory
organizations. In standard computing systems, even relatively simple operations may require
operands to be repeatedly fetched from memory, processed in separate logic units, and then
written back, causing substantial overhead in time and energy. SRAM-IMC seeks to relax this
dependence on external data movement by allowing selected computations to be executed within,
or immediately around, the SRAM array itself. Such computation is commonly enabled through
controlled word-line activation, bit-line voltage evolution, charge sharing, and lightweight
peripheral circuits that reinterpret memory access events as computational primitives [3, 4].
As aresult, SRAM-IMC offers the possibility of reducing memory traffic, shortening effective
execution latency, and improving energy efficiency, particularly for workloads dominated by
repeated vector operations, bitwise manipulation, and multiply—accumulate patterns. Its appeal
is further strengthened by the fact that SRAM is already deeply embedded in modern on-chip
memory hierarchies, making SRAM-IMC more compatible with existing digital systems than
many alternative in-memory platforms. Recent 2026 works also suggest that SRAM-IMC

is progressing beyond conceptual demonstrations toward more specialized and configurable

10
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realizations, including fully digital compute-in-memory macros for hybrid SNN-CNN edge
workloads, ternary and Boolean SRAM-CIM macros, multimode segmented-charge-sharing
MAC:-oriented designs, and compact high-precision 10T SRAM-CIM implementations [15-18].

Although SRAM-IMC has shown strong potential, the problem is still far from fully solved in
practice. Existing SRAM-IMC realizations continue to face important limitations in sensing
reliability, read/write stability, and robustness of analog or mixed-signal computation, especially
when precision requirements increase and operating conditions become more constrained [7, 19].
These difficulties are closely tied to narrow bitline-voltage margins, charge-sharing instability,
process-sensitive behavior, and the non-ideal effects introduced by multirow activation and
peripheral support circuits, all of which can degrade computational accuracy and restrict reliable
large-scale deployment [7, 19]. In addition, practical macro-level designs must still balance
stability, energy, area efficiency, and variation tolerance at the array level, where read/write
margin degradation and Monte Carlo variability remain significant concerns even in improved
10T SRAM-IMC structures [20].

Taken together, the above discussion shows that meaningful gains in SRAM-IMC cannot
be achieved through isolated optimization of a single circuit block. Instead, robust throughput
improvement requires coordinated attention to sensing behavior, bitcell stability, macro orga-
nization, and array-level scalability under realistic operating and variation constraints. This
systems-to-circuit viewpoint defines the central thesis direction and motivates the detailed

technical review that follows.

14 LITERATURE REVIEW

The literature on SRAM and SRAM-based in-memory computing spans several closely connected
design layers. Improvements at one layer often influence the behavior of the remaining layers; for
example, a faster sense amplifier can improve read delay but may still be limited by insufficient
bitline differential, while a robust bitcell may lose its advantage if array-level loading or peripheral
overhead becomes dominant. For this reason, the review cannot be restricted to only SRAM-IMC
macro architectures. It must also consider the supporting SRAM blocks that determine whether
in-memory computation can be performed reliably and efficiently. The present review therefore
begins with SRAM sense amplifiers, since sensing speed, offset tolerance, and low-voltage
decision capability directly affect both memory and compute outputs. It then reviews SRAM
bitcell architectures, with emphasis on stability, writability, half-select immunity, leakage, and
variation tolerance. The discussion is further extended to SRAM-IMC macros, where the
interaction between stored data, wordline control, bitline behavior, and sensing circuitry is used
to perform logic or arithmetic functions. Finally, SRAM-IMC array architectures are reviewed
to examine how macro-level ideas scale when array capacitance, peripheral sharing, precision
requirements, and reconfigurability are considered. This organization provides the basis for
identifying the research gaps addressed in the thesis.

11
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1.4.1 SENSE AMPLIFIER ARCHITECTURES

The sense amplifier (SA) is one of the most critical peripheral circuits in SRAM because it
determines how rapidly and reliably the small differential signal developed on the complementary
bit-lines can be converted into a full-swing digital read output. During a read operation, the
storage cell produces only a limited voltage or current difference between the bit-lines, while the
large bit-line capacitance, reduced supply voltage, and process-induced device mismatch make
this signal increasingly difficult to detect with high speed and accuracy. As a result, the SA has a
direct impact on read delay, energy consumption, read yield, and low-voltage robustness of the
overall memory system. With technology scaling, these challenges become more pronounced
due to smaller sensing margins and greater threshold-voltage variation, making the design
of an efficient and variation-tolerant SA a key requirement in modern SRAM architectures.
Accordingly, a wide range of SRAM SA topologies have been developed to improve sensing
speed, reduce power, enhance stability, and maintain reliable operation under low-voltage and
parameter-variation conditions.

Beyond the conventional voltage-mode and current-mode families, SRAM sense amplifier
design has progressively moved toward assisted, variation-aware, and application-specific
architectures intended to sustain reliable operation under scaled supply voltages and technology-
induced mismatch. In these designs, the primary emphasis shifts from only improving raw
sensing speed to also mitigating offset, enhancing read yield, improving low-voltage robustness,
and in some cases enabling more flexible read/compute functionality. Representative examples
include redundancy-based sensing, reference-assisted operation, capacitive or delay-aware offset
correction, body-bias based offset mitigation, reconfigurable sensing paths, and more recent
supply-boosted or ultra-low-swing latch-based schemes [21-28]. To place these developments in
a broader historical and architectural context, Table 1.1 summarizes representative SRAM sense
amplifier architectures reported over time along with their key design techniques and associated

trade-offs.

Table 1.1: Representative sense amplifier architectures and key trade-offs in design.

Year | Ref. Technique Observations

1976 | Heller et al. [29] Charge-Transfer SA | * Foundational charge-transfer sensing
* Fast response with reduced input offset
* Less dependence on large bitline swing

* Requires intermediate precharge/bias conditions

1991 | Blalock & Jaeger Clamped Bitline SA | « Current-mode sensing with reduced bitline swing
[30] * Dedicated clamp transistors on bitlines

* Improved stability for small signals

¢ Area and power overhead from clamps

1992 | Chee et al. [31] Hybrid Current SA |  Current-mode architecture with latch
* Additional current conveyor stage
* Reduced bitline noise coupling

* Increased device count and biasing

12
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Year | Ref. Technique Observations
1993 | Kobayashi et al. [32] | Current-Controlled |  Voltage-mode latch-based sensing
Latch SA * High input impedance from bitlines
 Simple and compact architecture
* Sensitive to mismatch and offset
2001 | Khellah & Flmasry | Modified Clamped | ¢ Current-mode sensing with precharge
[33] SA * Extra precharge and equalization devices
e Improved bitline symmetry
* Added area and power overhead
2004 | Wicht et al. [34] Decoupled Latch * Voltage-mode latch with input decoupling
SA * Reduced kickback noise
* Faster sensing operation
* Offset tolerance not addressed
2007 | Schinkel et al. [35] Double-Tail SA * Two-stage voltage-mode sensing
* Separate tail devices for isolation
* Improved speed—power trade-off
* Higher transistor count
2007 | Doetal. [36] Modified Hybrid * Hybrid sensing using conveyor and latch
SA * Additional BL-DL coupling devices
* Improved sensing reliability
* Increased control and biasing
2007 | Verma & Chan- Sense-Amplifier * Parallel redundant sensing paths
drakasan [37] Redundancy * Improves sub-threshold read robustness
* Reduces mismatch-induced failures
¢ Area overhead from duplicated SAs
2010 | Kawasumi et al. [38] | HCI-Trimmed SA * Offset reduction using trimming
* Supports low-supply SRAM operation
* Calibration-based robustness improvement
* High-voltage trimming and aging concerns
2011 | Sharma et al. [21] Redundancy SA * Multiple parallel sense amplifiers
« Statistical reduction of mismatch errors
* Improved read yield
* Area and energy duplication
2012 | Sharma et al. [39] Charge-Limited » Ultra-low-energy sensing approach
Sequential SA * Low bitline precharge voltage
* Strong energy reduction potential
e Larger delay and extra control complexity
2016 Wen et al. [22] Reference-Based * Differential sensing with reference levels
SA * Reference generation circuitry required
* Improved low-voltage robustness
* Sensitive to reference tracking
2019 | Fragasse et al. [23] Offset-Corrected * Capacitive offset compensation

SA

* Replica-assisted self-timing
* Improved sensing accuracy

¢ Calibration overhead
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Year | Ref. Technique Observations
2019 | Patel et al. [40] Hybrid Latch-Type | » Hybrid latch-based offset-tolerant sensing
Offset Tolerant SA | » Reduced input-referred offset
* Improved low-voltage robustness
» Added design complexity for offset control
2019 | Reniwal et al. [41] Auto-Calibrated SA | * Offset prediction and calibration
* Improved energy-efficient sensing
* Better mismatch tolerance
* Calibration circuitry overhead
2021 | Patel et al. [24] Body-Biased SA * Offset mitigation using body bias
* Enhanced low-voltage read yield
* Requires bias generation circuits
* Sensitive to bias stability
2021 | Chen et al. [25] Reconfigurable * Reconfigurable read and compute paths
Compute SA * Single-ended and differential modes
* Enables compute-in-memory
* Higher architectural complexity
2022 | Duttet al. [42] Voltage-Mode SA * High-performance low-power voltage sensing
* Cross-coupled latch-based structure
» Improved delay-power balance
* Conventional offset limitation remains
2022 | Zhao et al. [26] Offset-Cancellation | * Delay-aware offset cancellation
SA * Additional timing control devices
* Improved variation robustness
* Extra sensing latency
2023 | Shen et al. [43] Single-Ended * Single-ended wide-voltage sensing
Offset-Canceling * Offset-canceling operation
SA * Supports broad supply range
 Extra cancellation/control overhead
2024 | Sharma et al. [27] Supply-Boosted * Supply-boosted sensing scheme
Voltage SA * MOSCAP-based charge reuse
* Enhanced read speed
* Minimal structural modification
2025 | Kimetal. [28] Asymmetric Volt- | » Asymmetric latch architecture
age Latch & Ultra- | » Ultra-low bitline swing operation
Low-Swing SA * Offset reduction through capacitive coupling
* Energy-efficient FinFET-compatible design

As summarized in Table 1.1, SRAM sense amplifier research has developed through a broad
sequence of architectural directions rather than a single linear design path. Early work established
the fundamental sensing paradigms through charge-transfer, voltage-mode, and current-mode
approaches, each offering a different balance between sensing mechanism, circuit simplicity,
and bit-line dependence [29, 30, 32]. Subsequent designs refined these basic paradigms through
current control, decoupling, tail-based isolation, hybrid current transport, and modified clamped

structures in order to improve regeneration behavior and adapt sensing operation to larger bit-line
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loading and reduced supply voltages [31, 33-36]. In later years, the design space expanded
further to include redundancy, calibration, reference-assisted operation, body-bias control,
offset-correction, and reconfigurable or function-aware sensing, indicating that the role of the
SA has progressively moved beyond simple read amplification toward robust and application-
conscious memory interfacing [21, 23-26]. More recent architectures such as supply-boosted
and ultra-low-swing latch-based schemes show that SRAM sensing continues to be actively
revisited even in mature design spaces, particularly for low-power and high-density embedded
memory applications [27, 28]. Overall, the literature reflects a gradual expansion from basic
sensing functionality toward increasingly specialized architectures designed to accommodate

scaling, low-voltage operation, and evolving memory-system demands.

1.4.2 KEY OBSERVATIONS FROM PRIOR SENSE AMPLIFIER DESIGNS

Although the literature reports a wide variety of SRAM sense amplifier architectures, the overall
design problem cannot yet be regarded as fully resolved when the practical requirements of
modern SRAM read operation are considered together. A first recurring limitation is that
many architectures improve sensing speed by relaxing the dependence on large bit-line voltage
development, but this advantage is often obtained through additional structural elements such
as clamping devices, current-conveyor stages, equalization transistors, or staged regeneration
paths, which increase design complexity and may introduce extra biasing or timing requirements
[30, 31, 33, 36]. By contrast, voltage-mode latch-based schemes remain attractive because of
their relatively compact structure, ease of integration, and strong regenerative behavior, yet their
sensing action is still closely tied to the available bit-line differential, the capacitive loading of
the bit-lines, and the offset sensitivity of the latch itself [32, 34, 35]. As a result, improvements
in one direction are frequently accompanied by compromises in another, and the literature
repeatedly reflects a balance rather than a complete solution.

A second important observation is that low-voltage operation and process variation have
gradually shifted SA design from a purely speed-oriented problem to a robustness-oriented
one. As supply voltage is reduced, the differential signal available for sensing becomes smaller,
while threshold-voltage mismatch and offset become more influential in determining read
correctness. This has motivated a large body of work on assisted and variation-aware sensing,
including redundancy-based schemes, reference-assisted methods, trimming approaches, body-
bias techniques, and delay-aware offset-cancellation mechanisms [21-24, 26, 37, 38, 40, 41].
These methods clearly strengthen read reliability and improve tolerance to mismatch or reduced
sensing margin; however, they also demonstrate that robustness is seldom obtained for free. In
many cases, the improvement is accompanied by additional circuitry, calibration effort, larger
area, increased sensing latency, or more involved peripheral support, which may reduce the
practicality of the design in dense SRAM arrays where one sense amplifier serves an entire
column.

A third requirement emerging from the recent literature is that sense amplifiers are now

being expected to satisfy broader functional requirements than conventional readout alone.
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Reconfigurable compute-aware sensing, supply-boosted operation, and ultra-low-swing schemes
indicate that the SA is increasingly being treated as an adaptive interface between the memory
array and higher-level system functionality rather than merely a terminal regenerative latch
[25,27, 28, 43]. While this trend is important and technically promising, it also makes the design
objective more demanding, since the SA must now be judged not only by delay or power but also
by robustness, controllability, and implementation overhead in realistic operating conditions.
Therefore, the literature suggests that the major unresolved issue in SRAM sense amplifier
research is not the absence of fast, low-power, or offset-aware techniques in isolation, but the
lack of a sufficiently balanced architecture that can simultaneously support high-speed sensing,
low-voltage operation, resilience to variation, and practical circuit overhead for differential
SRAM read operation.

1.4.3 ADVANCES IN SRAM BITCELL ARCHITECTURES

The SRAM bitcell is the core functional unit of the memory array, and its design directly
influences read stability, write ability, leakage power, access delay, area efficiency, and the
minimum reliable operating voltage. As CMOS technology scales and supply voltage is reduced,
these requirements become increasingly difficult to satisfy simultaneously, since shrinking
noise margins, stronger process sensitivity, and tighter energy budgets expose the limitations of
conventional density-oriented cells. Consequently, SRAM bitcell research has evolved beyond
the standard 6T baseline toward a wide range of modified architectures, including read-decoupled,
write-assist, single-ended, Schmitt-trigger-based, disturb-free, and variation-aware cells, each
developed to improve selected aspects of stability, robustness, or energy efficiency under

constrained operating conditions.

Table 1.2: Evolution of SRAM cell architectures from conventional 6T designs to multi-transistor cells.

Year | Reference Technique Observations
2005 | Chang et al. [44] Stable 8T SRAM * Read-path isolation from storage nodes
Cell * Stronger stability in scaled nodes

» Foundational 8T read-decoupled direction
e Area overhead over 6T

2006 | Takeda et al. [45] Read-SNM-Free 7T | « Read-disturb-free cell philosophy
SRAM * Improved low-Vp p read robustness

* High-speed low-voltage operation
¢ Extra device and control overhead

2007 | Aly & Bayoumi [46] | Low-power 7T * Read-path decoupling transistor
SRAM * Improved stability vs 6T

* Cache-oriented low power

* Area overhead trade-off

2007 | Kulkarni et al. [47] | Schmitt-trigger sub- | ® Schmitt-trigger inverter pair
threshold SRAM * Reliable operation at ~160 mV
* Strong variation tolerance

¢ Increased transistor count
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Year | Reference Technique Observations
2008 | Lin et al. [48] Highly stable * Stability-first scaled SRAM
nanometer SRAM | » Low-power operation focus
* Variability-aware design
* Density not prioritized
2012 | Kulkarni & Roy [49] | Variation-tolerant | « ST-based read stability
ST SRAM * Subthreshold voltage target
* Yield-oriented robustness
* Assist circuitry overhead
2017 | Rajputet al. [50] Schmitt-trigger 10T | « ST-based stability boost
SRAM * Improved variation tolerance
* Low-voltage operation
* Higher transistor count
2017 | Liuetal. [51] TFET-based 7T * TFET leakage reduction
SRAM * Ultra-low voltage target
* Energy-efficient device
* Technology dependence
2018 | Pasandi & Pedram Disturb-free SRAM | * Read-before-write logic
[52] schemes * Half-select disturb mitigation
* Array-level reliability
* Control/latency cost
2018 | Sanapalaetal. [53] | ST-based single- * ST-assisted stability
ended 7T SRAM * Single-ended operation
¢ [oT-oriented low power
* Area overhead
2018 | Giterman et al. [54] | Secure symmetrical | * Symmetrical 8T structure
8T SRAM * [eakage-attack resilience
* Security-driven robustness
* Area penalty
2019 Pal et al. [55] Write-assist 9T  Half-select free write
SRAM * Integrated write assist
* Improved writability
* Extra assist devices
2019 | Ahmad et al. [56] TFET-based robust | * TFET leakage suppression
7T SRAM * Low-voltage robustness
* Energy-efficient operation
* Process dependence
2019 | Jiang et al. [57] Latch-reinforced * Quadruple latch feedback
10T/12T SRAM * High reliability focus
* Strong read stability
e Large cell area
2019 | Surana & Mekie [58] | Energy-efficient 6T | « Modified single-ended read

SRAM

* Reduced read energy
* Multimedia-oriented design

* Sensing complexity
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Year | Reference Technique Observations
2019 He et al. [59] Disturb-free 11T ¢ Built-in read/write assist
SRAM ¢ Half-select elimination

* Ultra-low voltage target
* High transistor count

2020 | Asli & Taghipour Asymmetric Fin- * Back-gate controlled core
[60] FET SRAM e Variation-aware FinFET
* Improved stability margins

¢ Control overhead

2020 | Choetal. [61] ST-based 9T SRAM | * One-sided ST inverter
* Near-threshold operation
* Enhanced read stability

* Added devices
2020 | Eslami et al. [62] Low-leakage 10T * Reduced standby leakage
SRAM * Single-ended structure

* High-yield focus
¢ Area overhead

2021 | Shakouri et al. [63] | High-yield 10T » Single-ended design
SRAM * Yield-oriented stability
* Low standby power

¢ Increased complexity

2022 | Chen et al. [64] Reliable 8T SRAM | 8T read-decoupled bit-cell
for LiM/CIM * Compute-in-memory support
* High-speed search capability
* Area overhead

2022 | Abbasian [65] Near-Threshold 10T | « 10T stability-focused architecture
SRAM * Near-threshold operation

* Improved energy efficiency

¢ Increased transistor count

2023 | Abbasian & Sofi- Soft-Error-Immune | ® Multi-bit soft-error resilience
mowloodi [66] SRAM Cell » Low-power reliability emphasis
¢ Fault-tolerant storage focus

* Area and circuit overhead

2023 | Sangalang et al. [67] | Asymmetrical * Asymmetrical ST storage nodes
Schmitt-Trigger- * Improved hold/write robustness
Based SRAM » Low-power standby via voltage mode
* Speed compensation / boost assist
2025 | Louetal. [68] 8T Compute- » Compute-in-memory compatible
SRAM Bitcell ¢ Area-efficient 8T architecture
* Digital CIM workloads
* Design complexity
2025 | Dinesh et al. [69] 8T SRAM with * SNM-free read-port organization
Dynamic Body * Dynamic body-bias for subthreshold speed
Biasing * Faster write operation focus

* Higher write-power trade-off

18

Page 51 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 52 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820

Year | Reference Technique Observations

2025 | Srivastav et al. [70] | Feedback-Cutting » Single-bitline feedback-cutting design

Low-Power 11T * LPWAN-oriented low-power operation
SRAM * Strong RSNM/WSNM and low leakage
e Larger transistor count
2026 | Pauletal. [71] Soft-Error-Resilient | * Radiation-prone environment target
13T SRAM * Strong upset-resilience emphasis

* FinFET-based reliability design
* Area and complexity overhead

As summarized in Table 1.2, the development of SRAM bitcell architectures has progressed
through a broad sequence of design directions, each aimed at improving a different aspect of
stability, writability, leakage, or low-voltage reliability. Early departures from the conventional
density-oriented baseline introduced 7T and 8T cells that selectively modified the feedback
path or separated the read path from the storage nodes, thereby reducing read disturbance
and improving write controllability without completely abandoning compact array integration
[44—46]. A second major direction centered on Schmitt-trigger-based cells, where reinforced
inverter characteristics were used to improve noise immunity and variation tolerance, especially
in subthreshold and near-threshold regimes [47, 49, 50, 53, 61, 67]. In parallel, TFET-
based, asymmetric, and single-ended architectures explored alternative device- and circuit-level
strategies for lowering leakage, reducing bitline activity, and sustaining operation at reduced
supply voltages [51, 56, 60, 62, 63, 69]. Another important stream of work focused on disturb-free,
half-select-resilient, and assist-enhanced cells, where designers introduced read-before-write
logic, built-in assist mechanisms, latch reinforcement, or feedback cutting to improve robustness
in increasingly variation-sensitive operating conditions [52, 55, 57, 59, 70]. More recent bitcell
designs further show that SRAM cells are now being adapted not only for conventional storage
but also for security-aware and compute-oriented roles, as reflected in symmetrical secure 8T
cells, soft-error-resilient multi-transistor cells, and 8T bitcells tailored for logic-in-memory
or compute-in-memory operation [54, 64, 66, 68, 71]. Taken together, the literature indicates
that SRAM bitcell design has evolved from a primarily density-driven problem into a broader
co-optimization problem involving read stability, write ability, leakage, soft-error resilience,
half-select immunity, and application compatibility under scaled and low-voltage conditions.

In addition to transistor-level modifications within the SRAM bitcell, a parallel body of
work has examined how array organization, peripheral support, and statistical design choices
affect the overall memory behavior. At the array level, issues such as sensing speed, yield
degradation, bitline loading, leakage management, near-threshold operation, and reliability under
environmental stress become increasingly important because the interaction among thousands of
cells, shared wordlines and bitlines, and common peripheral circuits can amplify limitations that
are not always evident from single-cell analysis alone. Representative array-level architectures
and optimization strategies reported in the literature are summarized in Table 1.3.
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Table 1.3: Representative SRAM Array-Level Architectures and Optimization Techniques

Year | Reference Technique Observations

1993 Seki et al. [72] 1-Mb CMOS * 256k X 4 bit organization
SRAM array with |  Latched sense amplifier

latched SA » Write equalization scheme

¢ 6 ns access time

2005 | Mukhopadhyay et al. | Yield-aware SRAM | ¢ Failure probability modeling
[2] array modeling * Yield-driven design framework

¢ Access-time estimation

* Vpp & temperature sensitivity

2013 | Garg & Kim [8] Energy-efficient * Array-level energy analysis
SRAM array struc- | * Parameter-based modeling
tures * Mathematical optimization

* Energy-minimized design space

2015 | Pasandi & Fakhraie | Near-threshold 9T | 256 kb array implementation
[73] SRAM array * 1k cells per bitline
« Stacked inverter structure

* (0.3 V operation

2015 | Frustaci et al. [74] Error-tolerant * Dynamic energy—quality scaling
SRAM array * Voltage-scalable architecture
* Bit-level optimization

* Error-resilient operation

2021 | Wang et al. [75] Voltage-stacked * Voltage stacking power delivery
SRAM array * Ultra-low leakage focus

8T zigzag cell usage
 High-speed control logic

2024 | Wei et al. [76] Dual-Direction * Dual-direction logic/CAM operation
SRAM In-Array * Four configurable operation modes
CAM * SRAM-logic mode compatibility
* Additional control overhead
2025 | Surendranathan et al. | Radiation-Aware * Total ionizing dose impact study
[77] SRAM Array Anal- | Data imprinting characterization
ysis * Node-scaling vulnerability trends

* Reliability and PUF implications

As summarized in Table 1.3, prior SRAM array-level research has evolved from fast dense array
implementations and yield-aware statistical modeling toward broader optimization goals involving
energy efficiency, near-threshold operation, architectural error tolerance, leakage reduction,
and reliability under non-ideal operating conditions. Early work emphasized practical dense-
array realization and access-speed improvement, whereas later studies increasingly addressed
statistical yield loss, voltage scaling, and energy-aware organization through mathematical
optimization and architecture-level restructuring [2, 8, 72]. More recent designs further show
that array-level concerns are no longer limited to storage density and access time alone, but also

include ultra-low-leakage operation, compatibility with logic-in-memory or CAM functionality,
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and robustness against radiation-induced or environment-dependent reliability degradation
[73-77]. This broader progression indicates that SRAM design at the array level has become
a multidimensional problem in which cell choice, peripheral circuitry, operating voltage, and
reliability constraints must be considered together. These observations naturally motivate a more
critical examination of how effectively prior array-oriented approaches balance performance,

robustness, and implementation overhead.

1.44 KEY OBSERVATIONS FROM PRIOR SRAM BITCELL DESIGNS

Although the literature presents a wide range of SRAM bitcell architectures, the reported designs
generally strengthen selected performance attributes rather than providing a uniformly balanced
solution across all requirements of scaled SRAM operation. Read-decoupled 7T and 8T cells
improve stability by reducing the direct disturbance of internal storage nodes during access, but
this benefit is usually accompanied by additional area or more involved access control [44—46].
Schmitt-trigger-based and latch-reinforced cells improve robustness and variation tolerance,
particularly under subthreshold or near-threshold operation, yet these gains are typically achieved
through increased transistor count and more complex internal structure [47, 49, 50, 57, 67].
Single-ended, TFET-based, asymmetric, and leakage-aware cells address power dissipation and
reduced bitline activity, but often introduce asymmetry, technology dependence, or limitations
in write flexibility and peripheral compatibility [51, 56, 60, 62, 63]. Similarly, disturb-free,
half-select-resilient, and assist-enhanced cells improve writability and access reliability under
low-voltage conditions, although these improvements are frequently associated with extra control
signals, larger area, or added circuit overhead [52, 55, 59, 70].

The inclusion of SRAM array-level studies further clarifies that these trade-offs cannot
be judged only at the isolated cell level. Several array-oriented works show that sensing
speed, yield, leakage, voltage scaling, and reliability are strongly influenced by shared bitlines,
common wordlines, peripheral circuitry, and statistical variation across large numbers of cells
[2, 8,72, 73]. In this context, a cell that appears favorable in terms of stability or low-voltage
operation may still impose penalties at the array level through larger area, heavier bitline
loading, added control complexity, or reduced density. Likewise, array-level approaches aimed
at yield enhancement, voltage stacking, error tolerance, or in-array functionality demonstrate that
architectural improvements are often obtained by accepting added peripheral overhead or more
constrained design choices [74—77]. Thus, the broader understanding gained from combining
bitcell and array perspectives is that SRAM design must be evaluated not only by local cell
metrics such as SNM, write margin, or leakage, but also by how well a given cell structure scales
within a practical array environment.

More recent secure and compute-oriented bitcells further show that SRAM cells are now
expected to satisfy broader functional requirements beyond data storage alone, but this also
increases the architectural burden placed on the cell itself [54, 64, 68, 71]. Taken together, the
prior work indicates that SRAM bitcell research has made clear advances in stability, power

efficiency, and application-specific robustness, while the inclusion of array-level studies reinforces
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that these gains must ultimately be balanced against density, peripheral complexity, scalability,
and implementation overhead. Therefore, the simultaneous achievement of strong read stability,
reliable writability, low leakage, half-select resilience, and practical array compatibility remains
a continuing design challenge.

1.4.5 DEVELOPMENT OF SRAM-IMC MACRO ARCHITECTURES
SRAM-based in-memory computing (SRAM-IMC) macros extend the role of SRAM from

passive data storage to active in-memory processing by embedding selected computational
capability within, or in close proximity to, the memory array. In the review literature, SRAM-CIM
is most clearly understood across three interconnected levels: circuit, function, and application.
At the circuit level, the macro is determined not only by the bitcell structure but also by peripheral
support such as sensing paths, auxiliary logic, DAC/ADC interfaces, and timing control; at
the function level, these circuit choices govern whether the macro supports digital Boolean
operations, search, or mixed-signal accumulation; and at the application level, the resulting
macros are targeted toward workloads such as CNN inference, classification, and related Al-edge
processing [4]. More broadly, SRAM-CIM is attractive because it reduces repeated data transfer
between processor and memory in data-centric workloads, while retaining the maturity, speed,
and CMOS compatibility of SRAM as an embedded on-chip memory technology [1, 4].

A convenient way to introduce SRAM-IMC is through the standard 6T SRAM cell and array.
In a conventional 6T array, data are stored in cross-coupled inverters and accessed through shared
wordlines and bitlines. SRAM-IMC begins by observing that when multiple rows are activated,
or when the bitline/sense path is intentionally interpreted differently, the array can perform more
than storage alone. Depending on how the wordlines are driven, how the bitlines are sensed, and
what peripheral circuitry is attached, the same 6T-based array can realize Boolean functions,
search operations, or simplified inference primitives. This explains why many early SRAM-IMC
macros were built around standard or lightly modified 6T SRAM structures: the memory fabric
itself is reused as the physical medium for both storage and computation [4, 5, 78, 79].

From this baseline, SRAM-IMC macro development expanded in two major directions. One
direction emphasized logic-oriented and search-oriented operation, where multi-row activation,
modified sensing, or content-addressable access enabled in-memory Boolean functions such
as AND, NOR, XOR, XNOR, IMP, and CAM-style comparison. The other direction targeted
arithmetic-intensive inference workloads, especially binary, ternary, and multibit neural-network
processing, where the macro design shifted toward product-sum evaluation, accumulation,
and precision-scalable computation. This transition is reflected in X-SRAM, XNOR-SRAM,
twin-8T CIM unit-macros, and voltage-mode or charge-domain SRAM-CIM macros, where
the computation moved beyond functional reuse of storage arrays toward tightly integrated
compute-memory datapaths involving peripheral conversion and accumulation circuits [6, 80—-83].
The main review similarly distinguishes SRAM-CIM according to circuit-level realization and
function-level capability, highlighting that the macro is shaped not only by the stored data format

but also by the extent of peripheral intervention required to achieve the desired operation [4].
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Before examining prior SRAM-IMC macros in detail, it is appropriate to clarify the meaning
of throughput, energy, sensing, and scalability in a macro-level context. In a 6T SRAM-IMC
macro, computation is not produced by a separate arithmetic unit external to memory; rather,
it emerges from the interaction among stored cell states, wordline activation, shared bitline
dynamics, and the associated peripheral circuitry. Consequently, the output of the macro is
first manifested as a column-level electrical response and only thereafter interpreted by the
sensing path. In this setting, throughput represents the effective computational output rate of the
macro and is governed not only by operating frequency, but also by row activation parallelism,
column-level output generation, and any additional cycles required for sensing, quantization, or
accumulation. Energy denotes the total energy consumed in producing a valid computational
result and therefore includes precharge activity, wordline switching, bitline development, sensing,
reference generation, and peripheral conversion overhead rather than cell switching alone.
Sensing refers to the reliable discrimination or quantization of the bitline response that carries
the computational result, and it thus determines correctness, output separability, and attainable
precision. Finally, scalability describes the extent to which the same computational principle
remains effective as array dimensions, activated row count, operand precision, and peripheral
complexity increase, since larger arrays generally intensify parasitic loading, latency, and
variation sensitivity. Accordingly, in SRAM-IMC macros, these parameters are not independent
figures of merit, but coupled system-level quantities that must be interpreted together in any
meaningful performance assessment [4, 82].

More recent SRAM-IMC macros further broaden the design space through higher con-
figurability, improved robustness, and support for wider application classes. Advanced-node
macros now support multi-bit input, weight, and output handling at very high energy efficiency,
while more recent works introduce variable-resolution activation, PVT-insensitive analog charge
computation, and even floating-point segmented compute-in-memory organization [83—-86]. In
parallel, the broader SRAM review reminds us that CIM viability still depends on the underlying
reliability of SRAM operation itself, since low-voltage behavior, variation, and peripheral
complexity remain critical constraints even when computation is brought into memory [1].
Taken together, these trends show that SRAM-IMC macro design has evolved from standard-cell
reuse and proof-of-concept logic-in-memory toward more configurable, precision-aware, and
application-conscious macro architectures.

The progression outlined above is summarized in Table 1.4, which highlights how SRAM-
IMC macros have evolved from 6T-compatible logic and search functions to more specialized

mixed-signal, inference-oriented, and precision-configurable compute-memory architectures.
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Table 1.4: Overview of SRAM-Based In-Memory Computing Architectures at the Bit-Cell and Macro

Levels
Year | Reference Technique Observations
2016 | Jeloka et al. [5] Configurable * Push-rule based 6T operation
6T SRAM * NOR/AND logic in memory
(TCAM/BCAM/SRAM)Multi-mode memory reuse
* Minimal bitcell modification
2017 | Dong et al. [87] 442T SRAM for * BCAM/TCAM functionality
Search & IMC * OR/AND/XOR operations
* Area-efficient cell design
* Near-threshold operation
2017 | Zhanget al. [78] 6T SRAM-Based * Dual SRAM/classify modes
ML Classifier * In-memory ML inference
* Comparable MAC accuracy
* Reduced data movement
2018 | Kangetal. [79] 6T In-Memory * SVM, kNN, MF, TM support
Inference Processor | * End-to-end inference
* Algorithm-aware memory use
* Throughput improvement
2018 | Agrawal et al. [6] X-SRAM (8T * NAND/NOR/XOR/IMP
Boolean IMC) * Asymmetric SA usage
* Logic-centric IMC focus
* Extra transistor overhead
2020 | Yinetal. [80] XNOR-SRAM * Binary/ternary DNN MAC
Macro * 7T/8T pipelined macro
* High throughput DNNs
* Limited numerical precision
2020 |Sietal. [81] Twin-8T CIM Unit- | « Multibit CNN MAC support
Macro * Two’s-complement processing
» Edge-Al optimized macro
¢ Peripheral overhead
2020 | Chiu et al. [88] Configurable 6T * 1-8 bit precision modes
CIM Macro * Near-memory digital logic
* Area-efficient scaling
* Control complexity
2021 Sinangil et al. [84] 7-nm IMC SRAM | » Multi-bit I/W/O support
Macro e Ultra-high TOPS/W
* Advanced-node dependence
* Peripheral-dominated area
2022 | Muetal. [82] Voltage-Mode CIM | ¢ Voltage-domain accumulation
SRAM * Row-wise ADC
* Mixed-signal trade-offs
* Calibration requirement
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Year | Reference Technique Observations
2023 | Damodaran et al. SRAM IMC Macro | ¢ Variable-resolution activation
[83] with AX Activation |e Charge-domain compute
* Improved linearity control
* ADC complexity
2025 | Chen etal. [85] PVT-Robust Analog | ¢ In-situ multi-bit charge compute
IMC SRAM ¢ 6T thin-cell compatible

* PVT-insensitive operation

¢ Analog calibration overhead

2025 | Zhanet al. [86] Floating-Point IMC | » Segmented IMC architecture

Macro * Floating-point support

* Broader workload coverage

¢ Increased control complexity

As summarized in Table 1.4, SRAM-IMC macro research has developed through a broad
sequence of architectural directions rather than along a single uniform path. Early macros
largely focused on functional reuse of conventional SRAM structures, demonstrating that
logic, search, and simple inference tasks could be mapped onto standard or lightly modified
arrays with minimal disturbance to storage density [5, 78, 79, 87]. Later works increasingly
targeted arithmetic-rich and neural-network-oriented workloads, where throughput, accumulation
capability, and precision handling became central, and where peripheral circuits such as sense
amplifiers, ADCs, DACs, and accumulators assumed a more dominant role in macro behavior
[80-82, 84, 88]. More recent designs further indicate a shift toward reconfigurable, analog-robust,
or numerically broader macros, including variable-resolution activation, PVT-insensitive analog
computation, and floating-point compatible compute-in-memory structures [83, 85, 86]. Viewed
together with the review literature, this progression suggests that SRAM-IMC macro design is
no longer defined only by whether computation occurs inside memory, but by how effectively
the macro balances bitcell compatibility, peripheral complexity, precision, energy efficiency, and

application flexibility.

1.4.6 KEY OBSERVATIONS FROM PRIOR SRAM-IMC ARCHITECTURES

Although prior SRAM-IMC macro designs demonstrate that meaningful computation can be
embedded within or near the SRAM array, the reported architectures generally optimize selected
macro-level attributes rather than providing a uniformly balanced solution across all practical
requirements. Macros based on standard or lightly modified 6T SRAM structures are attractive
because they preserve compatibility with dense memory organization and enable logic, search,
or simple inference operations with limited disturbance to the baseline array. However, their
computational capability is often restricted unless additional sensing or peripheral support is
introduced. In contrast, mixed-signal and arithmetic-oriented macros improve computational
density and energy efficiency for neural-network style workloads, but these gains are frequently
accompanied by stronger dependence on ADCs, DACs, reference generation, accumulation
circuits, and analog signal integrity. As a result, improvements in throughput are often linked to

25

Page 58 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 59 of 188 - Integrity Submission Submission ID  trn:o0id:::27535:139751820

added quantization overhead, reduced sensing margin, or increased sensitivity to process, voltage,
and temperature variations. Similarly, recent reconfigurable and precision-scalable macros
broaden the functional scope of SRAM-IMC, yet they also show that greater flexibility usually
requires higher control complexity and larger peripheral burden. Therefore, the literature suggests
that the central challenge in SRAM-IMC macro design is no longer merely to demonstrate
in-memory functionality, but to realize a macro that can jointly balance bitcell compatibility,
sensing reliability, energy efficiency, computational throughput, and scalability under practical
operating conditions.

1.4.7 ARRAY-LEVEL ORGANIZATION AND EVOLUTION OF SRAM-IMC ARCHI-
TECTURES

SRAM-IMC array architectures extend the idea of in-memory computation beyond isolated
bitcell or macro-level demonstrations by organizing large numbers of memory cells, shared
wordlines, shared bitlines, and peripheral support circuits into a structured computational fabric.
At this level, the central design question is no longer only whether a given in-memory operation
can be realized, but how efficiently and reliably the same principle can be sustained across a
larger array while preserving acceptable throughput, energy consumption, sensing margin, and
implementation overhead. Consequently, SRAM-IMC array design must account not only for
the computational mechanism inside the cell or macro, but also for array organization, dataflow,
activation strategy, peripheral sharing, accumulation paths, and scaling effects introduced by
larger dimensions and higher precision requirements.

Early SRAM-IMC array research largely explored how existing SRAM organizations could
be reused as a computational substrate without completely abandoning the storage-oriented
structure of conventional caches and on-chip memories. In this line of work, the array itself
became the locus of computation, with bit-serial execution, in-cache mapping, and direct
exploitation of shared wordline and bitline resources to support inference-oriented workloads.
Representative examples include Neural Cache, SRAM-based CNN acceleration schemes, and
array-level machine-learning classifiers, where the central objective was to reduce data movement
by performing useful operations in place within large SRAM structures rather than transferring
operands repeatedly to external arithmetic units [89-91]. These works established an important
architectural foundation for SRAM-IMC arrays by showing that the usefulness of in-memory
computing depends not only on the local bitcell or macro mechanism, but also on how data
placement, cache organization, and array-level parallelism are orchestrated across a larger storage
hierarchy.

As SRAM-IMC arrays matured, the research emphasis shifted from functional reuse alone
toward higher computational density and richer arithmetic capability. This gave rise to array-level
architectures supporting in-memory multiply—accumulate, column-parallel accumulation, charge-
domain computation, and voltage-mode processing for neural-network acceleration [92-95]. In
these designs, the array is no longer treated merely as a Boolean or search-capable memory

fabric; instead, it becomes an analog or mixed-signal computational engine in which multiple
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rows contribute simultaneously to a column response that encodes dot-product or accumulation
behavior. Such an approach can improve throughput and reduce movement overhead, but it
also makes the array increasingly dependent on peripheral circuits for reference generation,
signal conditioning, quantization, and output accumulation. Consequently, the performance of
these architectures is governed as much by sensing quality and peripheral efficiency as by the
underlying storage-cell organization.

A further stage of development introduced transpose-array structures, bit-parallel precision
scaling, and training-capable or reconfigurable array organizations. In this class of architectures,
the array is explicitly designed to support not only inference but also broader dataflow patterns,
including multibit operation, transpose-style mapping, and on-chip training support [96-98].
These works are important because they move the discussion from isolated in-memory compu-
tation primitives toward full array-level computational frameworks in which the organization
of rows, columns, and peripheral blocks is matched to the target workload. At the same time,
they show that improved computational flexibility is usually accompanied by stronger demands
on control logic, reference management, sensing accuracy, and accumulation support, thereby
increasing the architectural burden of the array.

More recent SRAM-IMC array designs increasingly emphasize scalability, programmable
operation, and peripheral-aware optimization. Digital-friendly large-capacity arrays, charge-
sharing ADC based arrays, sparsity-aware sensing strategies, reconfigurable 9T organizations,
and adaptive digital reduction structures all indicate that the current state of the art is no
longer concerned only with demonstrating in-array functionality, but with sustaining acceptable
efficiency and correctness as array size, operand precision, and application diversity increase
[99-105]. This progression makes clear that SRAM-IMC array design is fundamentally a
co-optimization problem involving architecture, sensing, peripheral overhead, and workload
mapping. The principal developments reported in this direction are summarized in Table 1.5.

Table 1.5: SRAM-IMC Array Designs Focusing on Architecture, Sensing, and Peripheral Overheads

Year | Reference Technique Observations

2018 Eckert et al. [89] Neural Cache (In- * Bit-serial compute in cache SRAM
Cache SRAM Com- | *» DNN operators mapped to cache
pute) * Reduces data movement

* Cache layout and mapping constraints

2018 | Abtahi et al. [90] CNN Acceleration | ¢ Convolution mapped to SRAM arrays
via SRAM Com- * Direct and FFT-based flows
pute ¢ Algorithm—memory co-design

¢ Bandwidth-aware execution

2018 | Gonugondla et al. SRAM Array for * Standard 6T SRAM array reuse
[91] In-Memory ML * Array-level classification

Classification * Training/control overhead

* Robustness via system tuning

27

Page 60 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 61 of 188 - Integrity Submission

Submission ID  trn:o0id:::27535:139751820

Year | Reference Technique Observations
2019 | Biswas and Chan- CONV-SRAM * In-memory dot-product computation
drakasan [93] Array for CNNs * Charge-domain compute in SRAM
* Energy-efficient CNN acceleration
* Analog/non-ideal sensing trade-off
2019 | Kim et al. [94] Mixed-Signal 6T * Voltage-mode accumulation
SRAM IMC Array | Row-by-row ADC operation
* Mixed-signal array organization
* Peripheral and ADC overhead
2020 | Alietal. [92] Multi-Bit MAC in | * In-array dot-product computation
SRAM Array * Column-parallel accumulation
* Improves throughput
* Calibration and swing limits
2020 | Kangetal. [95] SRAM-Based CIM | » Mixed-signal MAC at array level
Array for Neural * Neural-oriented array organization
Acceleration * Energy—accuracy trade-off
* Peripheral-dominated scaling
2020 | Wang et al. [106] Compute SRAM * Bit-serial logic/arithmetic in SRAM
for Programmable | » Programmable vector operations
Vector Computing | * Broad workload support
* Mapping and peripheral overhead
2020 | Leeetal. [96] Bit-Parallel 6T * Reconfigurable bit-precision support
SRAM IMC Array | e Bit-parallel in-array computation
* Precision-scalable organization
* Added control/peripheral complexity
2020 | Jiangetal. [97] CIMAT: Transpose | * Transpose-array organization
SRAM Array for * Supports on-chip training
On-Chip Training » Extends IMC beyond inference
 Higher architectural complexity
2020 | Suetal. [98] Two-Way Transpose | * Inference—training array support
Multibit 6T SRAM | ¢ Two-way transpose organization
CIM Array * Multibit in-array operation
* Peripheral and control overhead
2021 Su et al. [99] Digital-Friendly * 384 kb 6T-SRAM CIM macro
SRAM-IMC Array | ¢ 8b precision Al-edge operation
* Digital control emphasis
* Control-logic overhead
2022 | Leeetal. [100] Low-Cost 7T * Bitline charge-sharing ADCs
SRAM-IMC Ar- * Parallel column readout
ray * Reduced ADC cost
* PVT sensitivity trade-off
2023 Zhang et al. [101] TensorCache: * Tensor operations in cache SRAM
SRAM-Based In- * Compute near data
Cache IMC * Targets bandwidth-bound ML

* System-level integration cost
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Year | Reference Technique Observations

2023 | Xiao et al. [102] SRAM IMC Ar- * Hierarchical capacity attenuation
ray with Sparsity- | * Input-sparsity-optimized ADC
Optimized ADC * 4b MAC-oriented array design

* Analog/peripheral design overhead

2024 | Lietal. [103] Reconfigurable 9T | » Redundant unit and digital operation
SRAM-IMC Array |* Boolean logic and MAC support
* Multi-mode array behavior

¢ Control complexity and overhead

2024 | Lee et al. [104] P-8T SRAM IMC | « BL charge-sharing based DAC/ADC
Array with In- * High reported energy efficiency
SRAM DAC/ADC | Linear MAC-oriented array design

» Mixed-signal peripheral dependence

2025 | Park et al. [105] Scalable Digital * Precision-controllable digital CIM
CIM Array with  Adaptive adder-tree architecture

Adaptive Adder * Flexible DNN inference support

Tree * System-level optimization focus

As summarized in Table 1.5, SRAM-IMC array research has progressed from early demon-
strations of in-cache and in-array computation toward increasingly specialized architectures that
emphasize arithmetic capability, sensing support, and scalable system integration. Initial works
largely showed that conventional SRAM organizations could be repurposed for inference-oriented
computation by exploiting in-place data access and array-level parallelism, thereby reducing
external data movement and improving effective bandwidth utilization [89-91]. Subsequent de-
signs expanded this concept toward mixed-signal and multibit array operation, where dot-product
evaluation, column-parallel accumulation, and charge-domain or voltage-domain processing en-
abled higher computational density for neural-network workloads, but also increased dependence
on calibration, sensing quality, and peripheral efficiency [92-95]. Later architectures introduced
transpose-array organizations, bit-parallel precision scaling, inference—training support, and
reconfigurable digital-friendly operation, indicating that SRAM-IMC arrays are no longer viewed
merely as proof-of-concept compute fabrics, but as structured computational substrates whose
usefulness depends on coordinated array organization, workload mapping, and peripheral design
[96-99]. More recent works further show that scalability is increasingly governed by ADC
overhead, sparsity-aware sensing, precision controllability, and adaptive reduction structures, so
that the dominant design problem at the array level is the joint optimization of computational
throughput, sensing reliability, peripheral overhead, and architectural flexibility rather than the

realization of in-memory computation alone [100-105].

1.4.8 KEY OBSERVATIONS FROM PRIOR SRAM-IMC ARRAY ARCHITECTURES

Although the literature demonstrates that SRAM-IMC can be extended from isolated bitcell or
macro concepts to larger computational arrays, the reported architectures still tend to optimize
selected array-level objectives rather than providing a uniformly balanced solution across all

practical requirements. Early in-cache and array-reuse approaches showed that meaningful
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inference-oriented computation could be mapped onto existing SRAM organizations with
reduced data movement and improved locality, but these benefits were often closely tied to
specific cache layouts, operand-mapping strategies, or bit-serial execution styles, which limited
generality and imposed nontrivial system-level constraints [89-91]. As the literature moved
toward arithmetic-rich and neural-network-oriented arrays, the computational capability of
SRAM-IMC improved significantly through column-parallel accumulation, charge-domain or
voltage-domain evaluation, and multirow contribution to a shared column response. However,
these gains also made the array increasingly dependent on calibration, reference generation,
sensing quality, and peripheral conversion accuracy, so that performance improvement at the
computational level was frequently accompanied by increased sensitivity to analog non-idealities,
signal swing limitations, and process-voltage-temperature variations [92-95].

A second important observation is that scalability in SRAM-IMC arrays is not governed
by array size alone, but by the interaction among array dimensions, simultaneously activated
rows, precision requirements, and peripheral sharing. As the activated-row count increases, the
available sensing margin may shrink because the computational result is increasingly encoded in
a small differential or analog column response superimposed on substantial parasitic loading.
Likewise, as array dimensions grow, bitline capacitance, latency, and column-to-column variation
become more significant, making it difficult to preserve the same throughput and accuracy benefits
that are often demonstrated in smaller or more controlled settings. In many reported designs, the
array-level compute principle remains attractive, but the associated ADCs, DACs, accumulation
trees, reference paths, or control logic begin to dominate area, power, and timing complexity.
This is evident in transpose-array and training-capable architectures, where improved dataflow
flexibility and multibit operation are achieved at the cost of stronger architectural overhead, more
elaborate control, and tighter coordination between memory organization and workload mapping
[96-99]. Similarly, more recent digital-friendly, sparsity-aware, and precision-controllable
arrays improve particular aspects of scalability and programmability, yet they also confirm that
peripheral-aware optimization is now inseparable from the core array design problem [100-105].

Thus, the broader lesson from the existing literature is that SRAM-IMC array design is
no longer limited by the feasibility of in-memory computation itself, but by the difficulty of
jointly balancing computational throughput, sensing reliability, precision support, architectural
flexibility, and practical peripheral overhead in a scalable array environment. In other words,
prior work has established several promising array-level directions, but a sufficiently balanced
architecture that preserves efficient memory operation, supports useful compute functionality,

and remains robust as array complexity increases is still a continuing design challenge.

1.5 RESEARCH GAPS

The literature reviewed in the preceding sections shows that substantial progress has been made
in SRAM sense amplifiers, SRAM bitcell architectures, SRAM-based in-memory computing
macros, and SRAM-IMC array organizations. However, the review also indicates that these

problems have mostly been addressed in a fragmented manner, with most prior works improving
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selected performance attributes while leaving important trade-offs unresolved. On the basis of
the foregoing discussion, the following research gaps may be identified.

First, a clear gap exists in the design of SRAM sense amplifiers that can jointly provide fast
sensing, robustness under reduced supply voltage, tolerance to process-induced mismatch, and
practical implementation overhead. Prior sense amplifier designs have improved selected aspects
such as speed, offset tolerance, or low-voltage read reliability, but these improvements are often
accompanied by additional calibration circuitry, larger transistor count, stronger bias dependence,
or increased control complexity. As a result, a balanced differential sensing architecture suitable
for reliable SRAM read operation under variation-sensitive conditions remains an important
open requirement.

Second, a gap remains in SRAM bitcell design with respect to the simultaneous achievement
of read stability, write ability, low leakage, half-select resilience, and area efficiency. Although
read-decoupled, Schmitt-trigger-based, single-ended, and assist-enhanced cells have significantly
improved particular operating characteristics, these gains are usually obtained at the expense of
larger transistor count, more control signals, reduced density, or stronger peripheral dependence.
Thus, the literature still lacks a sufficiently balanced bitcell architecture that can sustain robust
low-voltage operation while remaining practical for dense array implementation.

Third, in the area of SRAM-IMC macros, the literature reveals a gap between demonstration
of in-memory functionality and realization of practically balanced compute-memory structures.
Prior SRAM-IMC macros have successfully supported Boolean logic, search, classifier operation,
and arithmetic-intensive neural-network primitives; however, many such designs either remain
limited in computational flexibility or rely heavily on sensing circuits, ADCs, DACs, and
auxiliary control paths. Consequently, a need remains for SRAM-IMC macro architectures
that can improve computational utility and throughput without incurring excessive peripheral
overhead or sacrificing robustness.

Fourth, a major gap persists at the SRAM-IMC array level, where scalability introduces
additional constraints beyond those seen at the bitcell or macro level. Prior array-oriented
works have demonstrated in-cache computation, mixed-signal accumulation, transpose-array
organization, precision scaling, and reconfigurable operation, but these architectures often face
growing challenges related to bitline loading, sensing margin degradation, peripheral dominance,
latency increase, and variation sensitivity as array size and precision increase. Therefore, a
scalable SRAM-IMC array architecture that can support useful in-memory computation while
maintaining acceptable sensing complexity, reliability, and energy efficiency is still lacking.

More broadly, the literature indicates a clear gap in integrated co-design across the sensing,
bitcell, macro, and array levels. Most prior works optimize one layer of the SRAM design
hierarchy in isolation, whereas practical SRAM-IMC systems require coordinated interaction
among reliable read sensing, robust cell behavior, efficient macro-level computation, and scalable
array organization. Without such an integrated perspective, improvements achieved at one level
may not translate effectively into practical throughput, energy, and reliability benefits at the

system level.
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These research gaps collectively motivate the present thesis. In particular, they point to the
need for a coordinated design approach that addresses reliable SRAM sensing, robust low-voltage
bitcell operation, efficient SRAM-IMC macro realization, and scalable dual-mode SRAM-IMC
array architecture within a unified throughput-oriented framework.

1.6 PROBLEM STATEMENT

With the rapid growth of data-intensive and computation-oriented applications, the performance
of modern digital systems is increasingly influenced by the speed and efficiency with which
memory can support data storage and access. SRAM continues to be the most widely used
on-chip memory because of its high speed and compatibility with standard CMOS technology.
However, as technology scales and supply voltage is reduced, the reliable operation of SRAM
becomes more difficult due to reduced sensing margin, process-induced variation, leakage,
read/write conflict, and stability degradation. In addition, when SRAM is employed for in-
memory computing, the design problem becomes more involved because the memory array is
required to support not only storage but also computation through suitable sensing, peripheral
support, and array organization.

The review presented in the previous sections shows that significant efforts have been made
to improve different aspects of SRAM design. A number of sense amplifier structures have
been reported to enhance sensing speed and low-voltage robustness. Similarly, several modified
SRAM bitcells have been developed to improve read stability, write ability, leakage behavior,
and half-select immunity. At the same time, SRAM-based in-memory computing macros
and arrays have been proposed to reduce data-movement overhead and improve computational
efficiency. However, most of these developments address the problem only from a particular
design perspective. Improvement in one aspect is often associated with limitations in another,
such as increased circuit overhead, added control complexity, larger area, stronger dependence
on peripheral circuits, or reduced scalability at the array level.

Therefore, the problem considered in the present work is to develop an SRAM-based design
framework for throughput enhancement in which the important requirements of sensing reliability,
bitcell robustness, in-memory computation capability, and array-level scalability are addressed in
a coordinated manner. In particular, there is a need to examine how an improved sense amplifier
topology, a modified differential SRAM bitcell, an SRAM-based in-memory computation macro
using an appropriate sensing strategy, and a reconfigurable SRAM-IMC array can be designed
and integrated so that performance improvement is achieved without sacrificing practical energy
efficiency, robustness, and implementation feasibility. The present thesis is undertaken in this

direction.

1.7 RESEARCH OBJECTIVES

In view of the problem identified above, the present work has been undertaken with the following
objectives:

1. Design and analysis of an improved sense amplifier topology for performance enhancement
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in terms of variation tolerance.
2. Performance Enhancement of a modified differential bit cell for energy efficient SRAM.

3. Design and analysis of SRAM based in-memory computation (IMC) macro using modified
sensing strategy.

4. Design and optimization of a reconfigurable SRAM-IMC array using modified SA and

computation macro for throughput enhancement.

1.8 OBJECTIVE-WISE METHODOLOGY

The methodology adopted in the present work is objective-oriented. For each objective, the
relevant literature has been studied, the design requirements have been identified, and the
proposed circuit or architecture has been developed and evaluated through simulation and

comparative analysis. The objective-wise methodology is described below.

METHODOLOGY FOR OBJECTIVE 1

The work related to Objective 1 begins with a detailed review of the sense amplifier architectures
available in the literature in order to understand the main approaches used for fast sensing, low-
voltage operation, and variation tolerance. From this study, the limitations of conventional and
modified sense amplifier structures are identified with reference to read delay, power dissipation,
sensing reliability, and sensitivity to parameter variations. An improved sense amplifier topology
is then developed for differential SRAM read operation. The proposed architecture is analyzed
under suitable SRAM read test conditions, and its performance is studied in terms of delay, power,
and figure of merit. Its robustness is also examined under process and parameter variations.
The obtained results are finally compared with those of representative existing sense amplifier

designs to assess the extent of improvement.

METHODOLOGY FOR OBJECTIVE 2

The methodology for Objective 2 begins with the study of differential SRAM bitcell structures
reported in the literature, particularly those intended for better read stability, write ability, and
low-power operation. Based on this analysis, a modified differential SRAM bitcell is developed
for energy-efficient SRAM operation. The proposed bitcell is then examined for its important
static and dynamic characteristics, including stability and performance under different operating
conditions. It is also considered together with the improved sense amplifier developed under
Objective 1 so that cell operation and sensing behavior may be evaluated in a consistent manner.
In addition to cell-level analysis, the bitcell is studied in an array environment to examine its
suitability for practical SRAM realization. The design is evaluated in terms of yield, static noise

margin, power, and reliability.

METHODOLOGY FOR OBJECTIVE 3

For Objective 3, the methodology starts with a review of SRAM-IMC macros reported in

the literature so as to understand the computation styles, sensing schemes, and peripheral
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requirements employed in existing designs. From this review, the important gaps in prior
SRAM-IMC macro designs are identified, especially with respect to sensing strategy, throughput,
power, and reliability. On this basis, an SRAM based in-memory computation macro is proposed
using a modified sensing strategy. A suitable SRAM computational organization is selected
and integrated with the modified sensing approach developed in the earlier objectives. The
proposed macro is then simulated and analyzed for its computational behavior and performance.
Its yield, throughput, power, and reliability are evaluated and compared with those of existing

SRAM-IMC designs in order to establish the usefulness of the proposed architecture.

METHODOLOGY FOR OBJECTIVE 4

The methodology for Objective 4 begins with a review of reconfigurable SRAM-IMC architectures
available in the literature, with emphasis on array-level organization, reconfigurability, and
performance optimization. The limitations of the existing approaches are then identified. A
reconfigurable SRAM-IMC array architecture is subsequently developed by combining the
modified sense amplifier and the SRAM-IMC computation macro obtained from the earlier
objectives. The proposed array is organized to support both memory mode and compute mode
operation in a reconfigurable manner. Its functionality and performance are studied through
simulation under both modes of operation. The array is finally evaluated with respect to
throughput enhancement, and its overall behavior is analyzed from the viewpoint of practical

array-level implementation.

1.9 THESIS ORGANIZATION

The present thesis has been organized in a sequential manner so that the work progresses from the
general background and literature review to circuit-level development, macro-level realization,
array-level integration, and finally to the conclusions drawn from the study. The arrangement
of the chapters follows the logical flow of the proposed research objectives, beginning with
the development of reliable read sensing, followed by bitcell design, in-memory computation
at the macro level, and culminating in a reconfigurable SRAM-IMC array architecture. The
organization of the thesis is as follows.

Chapter 1: Introduction and Literature Review

This chapter presents the background and motivation of the present work and discusses the
growing importance of efficient on-chip memory design in view of the memory bottleneck and
the increasing demand for data-intensive computation. It introduces the fundamentals of SRAM
and SRAM-based in-memory computing, and presents a detailed review of the literature related
to SRAM sense amplifiers, SRAM bitcells, SRAM-IMC macros, and SRAM-IMC arrays. The
chapter further examines the major performance trends, trade-offs, and limitations reported in
prior work. On the basis of this review, the research gaps are identified, the problem statement is
formulated, and the objectives, methodology, and overall organization of the thesis are presented.
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Chapter 2: A Process Variation Tolerant Modified Sense Amplifier for Differential SRAM

This chapter is devoted to the design and analysis of an improved sense amplifier topology for
performance enhancement in terms of variation tolerance. It begins with the discussion of
differential SRAM read operation and the role of sense amplifiers in determining delay, power
dissipation, and reliability. The proposed sense amplifier structures are then introduced and
their circuit operation is described in detail. The chapter presents simulation-based evaluation
of the proposed designs with respect to delay, power, and power-delay product under different
loading and operating conditions. Their behavior under process and parameter variations is also
examined in order to assess robustness. The obtained results are compared with representative

existing sense amplifier designs to establish the improvement achieved by the proposed approach.

Chapter 3: Proposed 8T SRAM Cell Design for Improved Performance

This chapter deals with the development of a modified differential SRAM bitcell intended for
improved and energy-efficient SRAM operation. It begins with a discussion of the limitations of
conventional and previously reported SRAM bitcells, especially with respect to read stability,
write ability, half-select behavior, and power dissipation. The proposed 8T SRAM bitcell is
then presented and its operation is explained in detail. The chapter includes the evaluation of
the bitcell in terms of static noise margin, write margin, delay, dynamic power, and reliability
under different supply voltages and operating conditions. The interaction of the bitcell with
the improved sense amplifier is also considered so that cell and sensing performance may be
understood in a consistent framework. In addition, the chapter examines the suitability of the

proposed bitcell for practical array implementation.

Chapter 4: Differential 8T SRAM-IMC for Bitwise Logic Implementation

This chapter presents the design and analysis of an SRAM-based in-memory computation
macro using a modified sensing strategy. It first discusses the basic concept of SRAM-IMC
and the motivation for extending SRAM functionality beyond data storage to logic realization
within the memory structure itself. The proposed differential 8T SRAM-IMC macro is then
developed for bitwise logic implementation, and its operating principle is described in detail. The
chapter explains how the modified sensing strategy is incorporated into the macro and how the
computation is realized through the memory structure. The performance of the proposed macro
is analyzed with respect to functionality, latency, throughput, power, and reliability. Comparative
discussion with representative existing SRAM-IMC designs is also included in order to highlight

the advantages and practical significance of the proposed scheme.

Chapter 5: Design and Analysis of a Dual-Mode Reconfigurable SRAM-IMC Array for
Memory and Compute Operations

This chapter extends the work to the array level and presents the design and analysis of a
dual-mode reconfigurable SRAM-IMC array capable of supporting both memory and compute

35

Page 68 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 69 of 188 - Integrity Submission Submission ID  trn:o0id:::27535:139751820

operations. The chapter begins with the motivation for array-level integration and discusses the
challenges associated with scaling SRAM-IMC from macro-level demonstrations to a practical
computational array. The proposed array architecture is then developed by integrating the
modified sense amplifier, the proposed 8T SRAM bitcell, and the SRAM-IMC macro into a
unified framework. Its organization and operation in memory mode as well as in compute
mode are described in detail. The chapter further examines the behavior of the proposed array
with respect to throughput, delay, power, energy, and scalability over different array sizes and

operating voltages.

Chapter 6: Conclusion, Future Scope and Social Impact

This chapter summarizes the main findings obtained from the present investigation and highlights
the important contributions made in the areas of sense amplifier design, SRAM bitcell develop-
ment, SRAM-based in-memory computing macro realization, and reconfigurable SRAM-IMC
array design. The major conclusions drawn from the analytical and simulation results are
presented in a consolidated manner. The chapter also outlines the limitations of the present
work and identifies possible directions for future research, particularly in relation to further op-

timization, larger array realizations, post-layout validation, and broader SRAM-IMC applications.

The thesis is followed by the list of references and the list of publications. The reference
section includes the literature used to develop the thesis background, review prior SRAM sense
amplifier, SRAM bitcell, SRAM-IMC designs, and support the comparative discussions across
chapters. The list of publications summarizes the journal and conference papers arising from the

doctoral work, reflecting the objective-wise outcomes and contributions of the present research.
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CHAPTER -2

A PROCESS VARIATION TOLERANT MODIFIED SENSE
AMPLIFIER FOR DIFFERENTIAL SRAM

2.1 OVERVIEW OF THE CHAPTER

Static random-access memory (SRAM) arrays hinge on the ability of the sense amplifier (SA) to
detect minute voltage differences on long, capacitively-loaded bit lines within a fraction of a
clock cycle, making the SA the linchpin of every read operation. Modern SoC designs—whether
high-performance Al accelerators or ultra-low-power IoT nodes—push the SA into increasingly
aggressive voltage, noise-margin and variability corners, because any failure to resolve a ‘0’ from
a ‘1’ propagates directly to system-level faults. As scaling exacerbates random threshold-voltage
variations, advanced offset-tolerant topologies have emerged—redundancy schemes that vote
across duplicated latches, and multi-sized transistors that bias device mismatch in favour of
the desired switching polarity—both of which cut offset at the expense of increased static and
dynamic power. Selecting the “right” SA therefore becomes a multidimensional optimisation:
a voltage-mode design may suffice for moderate frequencies and wide supply rails, while
deep-sleep or near-threshold memory blocks gravitate toward current-mode or charge-transfer
solutions to regain performance headroom. Ultimately, based on the literature survey the SA
dictates not only the achievable clock period of the cache or register file but also the lower
voltage limit at which the entire SRAM sub-system can operate, making careful SA architecture
choice as critical as the bit-cell topology itself in any memory-centric SoC. In response to the

aforementioned requirement, we set forth the objective below:

“Design and analysis of an improved sense amplifier topology for performance enhancement
in terms of variation tolerance”

Methodology.
1. Design of modified differential sense amplifier structures using varied topologies.
2. Compare the performance of the proposed sense amplifiers to identify the better SA design.

3. Analyse the selected SA under process variation and compare with other sense amplifier
architectures.

4. Benchmark the performance of proposed sensing structure against pre-existing voltage
and current SAs.

In this chapter, we propose two process tolerant SAs; a modified decoupled sense amplifier
(MDSA) and a modified decoupled sense amplifier with NMOS foot-switch for performing

differential-ended SRAM cell read operations. The Section 2.2 provides an introduction to sense
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amplifiers for SRAM. The operation and structure of MDSA and MDSANF are discussed in
Section 2.3 together with the impact of decoupling PMOS sizing on read performance as well
as reliability of the SA under parameter variations. The Section 2.4 consists of performance
analysis based on simulation results of the conventional voltage and current SAs with MDSA
and MDSANTF across the set of supply voltages. The chapter concludes with a summary of the

key outcomes in Section 2.5.

2.2 INTRODUCTION

The backbone of numerous system-on-chip (SoC) devices used in crucial industries like the
Internet of Things (IoT), biomedical implants, and wearable smart devices is a fast sensing,
low-energy, and reliable Static Random Access Memory (SRAM). The SRAM is typically the
dominant contributor to power consumption as well area occupied of the whole chip [107].
This puts the stability, delay, yield and energy consumption of SRAM at the forefront of the
design strategy for high performance systems. As a result of the stringent design parameters for
SRAM, the selection of bit cells, such as 6T, 7T [108—111], 8T [112], 9T [113] etc. together
with peripheral circuitry including address decoder, column multiplexer [114], sense amplifier
(SA) and write driver plays a crucial role in the design process. The ability to operate the
system at lower voltages is one of the approaches employed in order to decrease the energy
consumption thereby increasing the battery’s life cycle. However, The operation of the SRAM at
the minimum supply voltages with the minimum sized transistors for sub-45 nm technologies
introduces various process, voltage and temperature (PVT) variations which when compared
with operation at nominal supply voltages and larger device sizing, could result in a two-fold
speed degradation [115].

The Sense Amplifier (SA) plays a significant role in the read operation of SRAM. The SA
performs the amplification of a small differential signal present at the bit lines to larger rail-to-rail
swing although single-ended SA architectures have also been adopted in SRAM [116, 117].
Since, SRAM cells are highly sensitive to process variations, the SA is also affected by the
random variations caused by Random Dopant Fluctuations (RDF). The mismatch in threshold
voltages has a vital impact in deteriorating the SRAM read yield and the access delay.

The SA topologies determine the performance and operation limits of the SRAM. The widely
adopted voltage-mode SAs are based on cross-coupled inverter latches, which are simple and
robust [118-121]. SAs have a small delay due to the positive feedback of cross-coupled inverters,
while voltage-mode SAs require a significant voltage difference between a pair of bit lines due to
their offset. Large delays result from the small bit cell driving large capacitive bit lines. Bit lines
can be reduced in capacitance by using divided bit lines and two-level sensing [119, 121]. Since
the local bit line connects fewer bit cells, there is a lower bit line discharge delay, but the bit line
full voltage swing consumes more energy.

Current-mode SAs may have more advantages because of no extra intermediate voltage
[122-126]. The current conveyor widely utilized in current-mode SAs uses four PMOS transistors

to create a virtual short circuit through the bit lines as it reduces the sensing delay and is not
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immune to bit line capacitance variations [127]. Also, a clamped bit line current-mode SA
with low impedance was presented [122], which maintains a constant potential on the bit lines.
Following this, most research on current-mode SAs has focused on circuit improvement based on
the current conveyor and the clamped bit line technique to improve speed and energy efficiency.

The process variation has a large effect on SA offset with CMOS technology node scaling.
SA offset caused by inherent mismatch at lower technology nodes has a negative impact on
SRAM yield. Many solutions have been reported to reduce offset [128—133] with one of the
most basic approaches being the use of enlarged transistors [129]. Multiple redundant SAs of
same [134] and different sizes [135] were also used together with advanced calibration schemes
to counter offset. These calibration-based SA topologies allow for high speed operation with

lower power consumption while having a larger area overhead and increased complexity.

2.3 PROPOSED VARIATION TOLERANT MODIFIED DECOUPLED SENSE AM-
PLIFIER

Figure 2.1 (a) and 2.1 (b) illustrates the detailed circuit schematic of the proposed modified
decoupled sense amplifier (MDSA) and MDSA with NMOS footswitch (MDSANF) respectively.
Both the SA architectures are designed using the conventional inverter latch decoupled by the
PMOS switches M6 and M7. The operation of the SAs can be divided into three segments. The
three segments are the pre-charge, amplification and output propagation. The pre-charge segment
requires the bit lines to be charged to supply voltage Vpp using M1-M3 PMOS transistors. The
timing control signal (TCS) used here is PRE. The amplification stage is initiated by turning on
decoupling switches (M6 and M7) by turning the TCS SA_EN off. The cross-coupled latch is
comprised of two inverters formed by the M5, M8 and M5, M9 transistors respectively. The
latch then acts as a high-gain positive feedback amplifier wherein a differential current generated
across the drains of the M8 and M9 gives rise to large differential voltage across SAO+ and
SAO-. The SAO+ is pulled high while the SAO- is pulled to GND for a read 1" operation and
vice versa. The outputs nodes of the SA are passed through inverters to attain better isolation
and the maximum output signal swing. This contributes to lower delay during the read operation
and improves the performance of the sense amplifier. The additional NMOS footswitch M10
used is similar to the ones used in conventional voltage-mode SAs. It serves as a sleep transistor
to reduce leakage in the power gating aspect of the SA. The Figure 2.1 (¢) and 2.1 (d) depict
the transient response for MDSA and MDSANTF respectively at Vpp = 0.8 V with Cgy (bit line
capacitance) being SOfF. The transient response is used to derive the delay performance of the
SA. The delay of the sense amplifier assumed to be the time between the 50% point of the SRAM
word line (WL) and the 50% point of the differential voltage at SAO nodes [136].

2.3.1 IMPACT OF SIZING OF DECOUPLING PMOS ON SA READ PERFORMANCE

To decouple the cross-coupled inverters in the latch before the sense amplifier is enabled, the
MDSA and MDSANTF topologies employ the PMOS transistors M6 and M7. Figure 2.2 illustrates

how widening these devices affects read behaviour over the supply range Vpp = 0.5-1.0V. In
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Figure 2.2 (a) and Figure 2.2 (d), the read delay decreases monotonically with width because
a wider PMOS supplies more drive current than the extra gate and diffusion capacitance it
introduces. The benefit is most pronounced above 0.8 V; at 1.0V the 88 nm device trims delay
by roughly one-third relative to the minimum-sized 44 nm case, whereas at 0.5V mobility
degradation limits the gain and delay remains above 1 ns for every width.

Power consumption, plotted in Figure 2.2 (b) and Figure 2.2 (e), is nearly constant across
the width sweep except at 1.0 V, where the larger dynamic load C LVg pJ of the widest devices
becomes visible. Consequently, the power—delay-product curves in Figure 2.2 (c) and Figure
2.2 (f) show a clear minimum at the intermediate width of 88 nm; this point provides the best
energy—speed compromise while maintaining safe read margins.

Comparing the two architectures, MDSANF consistently incurs a modest delay penalty of
about 10 % at 0.6 V but achieves a small power advantage, reflecting the speed—energy trade-off
introduced by its negative-feedback path. Because M6 and M7 participate only in the read phase

(a) (b)

(o) (d)

Figure 2.1: Circuit schematics for (a) MDSA and (b) MDSANTF, along with the transient response
showing timing control signals at Vpp = 0.8 V and Cgy, = 50 fF for (c) MDSA and (d) MDSANF
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(a) (b)
(c) (d)
(e) ®

Figure 2.2: Investigating the impact of PMOS devices M6 and M7 width on MDSA and MDSANF
performance: (a) Delay, (b) Power consumption, and (c) Power-delay-product for MDSA and (d) Delay,
(e) Power consumption, and (f) Power-delay-product of MDSANF examined for different supply voltages

(see Figure 2.2), upsizing them does not disturb the write path, and the extra silicon area is
confined to the sense-amplifier column. A width of 88 nm is therefore adopted for all subsequent
best-case calculations: it minimises delay, reduces the power—delay product and, thanks to its
larger channel area, also improves process-variation tolerance without violating the column-pitch
constraints of the SRAM layout.

For SRAM cells expected to operate below 0.8 V, sizing M6 and M7 to 88 nm offers the
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optimal balance of energy and speed; in high-performance paths fixed at 1.0 V a narrower 66 nm

device may be selected to save dynamic energy with only a marginal delay penalty.

2.3.2 PARAMETER VARIATION TOLERANCE OF PROPOSED SA

RDF refers to the variations in the number of dopant atoms present in the transistor channel. As
technology nodes decrease, the number of dopant atoms decreases significantly, reaching around
ten atoms at 16 nm compared to a few tens at 45 nm [137].

This reduction in dopant atoms contributes to the inconsistency in transistor parameters,
thereby increasing the variability in CMOS devices at smaller technology nodes.The effect of
process variation on the MDSA and MDSANTF is studied using Monte Carlo simulations for 10k
data points. A read failure might happen as a result of Vg fluctuations, which is defined as the
read output for a read ’1” operation going to zero rather than Vpp. The transient responses at
Vpp = 0.8 V and Cpy, = 50 fF for MDSA and MDSANF are depicted in Figure 2.3 (a) and 2.3
(b). The transient response depicts that there are zero read failures that take place during the
SRAM read.

CMOS parameter variations can be classified into two main categories: front-end variations
and back-end variations. Among these, front-end random variations are primarily influenced
by the fluctuation in threshold voltage (VTH). One of the key contributors to front-end random
variations is random dopant fluctuations (RDF). It is assumed that the threshold voltage fluctuation
follows a Gaussian distribution with 30 variation around the mean j1. The lowest read failures
are used to determine a SA’s yield.

A successful read operation in SRAM critically dependent on the symmetry of the majority
of differential-ended SAs. The distribution of read delay for MDSA is shown in Figure 2.3 (c) for
near threshold operation and Figure 2.3 (c) (inset) for other supply voltages. Similarly, the delay
distribution for MDSANTF depicted in Figure 2.3 (d) and 2.3 (d) (inset). The delay distributions
are calculated from the MC simulations. The near threshold voltage operation shows deviation
larger than a few hundred ps but goes down to tens of ps for higher supply voltages as is evident
from Figure 2.3 (c) and 2.3 (d) for both MDSA and MDSANF.

To perform a performance analysis of a sense amplifier in an SRAM array, various design
parameters can be considered, including the bit line capacitance. The bit line capacitance
is a crucial parameter that affects the speed and overall performance of the sense amplifier.
By considering different values of bit line capacitance, representing varying array sizes, a
comprehensive analysis can be conducted to assess the impact on the delay, power consumption,
and noise margin of the sense amplifier in the SRAM array. Other design parameters that can be
considered for performance analysis include the array size (number of memory cells), bit line
capacitance, supply voltage, and process technology. Each of these parameters influences the
behaviour of the sense amplifier and can be used to evaluate its performance under different
operating conditions and array configurations. A singular SA is used to perform read operation
for a column of bit cells which can range upwards of 1024 in large SRAM array structures. The

delay variation as a function of Cgr, is shown in Figure 2.4 (a). The increase in Cpgy, causes larger
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read delay due the SA being forced to discharge large capacitance to achieve a correct read. The
delay shows a 4.77 times increase for MDSA for the bit line variation from 10 fF to 3000 fF and
6.25 times increase for MDSANF. To further justify the SA’s robustness, the delay analysis for
MDSA and MDSANF is extended across various global corners at Vpp = 0.8 V and Cgp, = 50 fF

(a) (b)

(c)

(@)

Figure 2.3: Transient response (10k Monte Carlo simulation) of (a) MDSA, and (b) MDSANF and
calculated delay distribution at Cgy, = 50fF for near threshold operation of (c) MDSA and (d) MDSANF
(Inset: delay distribution at above threshold operation)
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(a)

(b)

Figure 2.4: Delay variation as a function of (a) Bitline Capacitance and (b) Process corners for
MDSA/MDSANF at VDD =0.8 V

and these results are shown in Figure 2.4 (b).

The normalized delay of the SAs as function of the input differential bit line voltage is shown
in Figure 2.5 for the set of supply voltages. The normalized delay values show most deviation
for near threshold operation of 0.5 V with deviation of 185.358 ps from fastest to slowest read
delay and least deviation of only 10.932 ps at 1 V supply for MDSANF. Similarly, the largest
delay deviation is 118.21 ps at 0.5 V while the smallest is 6.557 ps at 1 V for MDSA.
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2.4 PERFORMANCE COMPARISON OF MDSA/MDSANF WITH EXISTING SA
ARCHITECTURES

A meaningful evaluation of the proposed MDSA and MDSANTF requires comparison with
established SRAM sense-amplifier families under identical operating conditions. Since each
topology senses and regenerates the bit-line signal through a different mechanism, the resulting
read delay, power consumption, leakage, power-delay product, and area are governed by
different circuit-level trade-offs. The following subsection classifies representative SRAM sense
amplifiers according to their sensing principle and design objective, thereby providing the basis
for the subsequent performance comparison of the proposed MDSA/MDSANF with existing

voltage-mode and current-mode architectures.

(a)

(b)

Figure 2.5: Normalized Delay as a function of differential bit line voltage input for MDSA and MDSANF
at (a) near threshold and (b) above threshold supply voltages
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24.1 CLASSIFICATION OF SRAM SENSE AMPLIFIERS

SRAM sense amplifiers can be broadly classified according to the mechanism used to detect and
regenerate the read signal from the bit-lines. At a high level, prior designs may be grouped into
voltage-mode latch-based sense amplifiers, current-mode or hybrid sense amplifiers, and more
advanced assisted or variation-tolerant architectures developed to improve robustness under
low-voltage and scaled-technology operation. This classification is useful because each group
reflects a different design emphasis, such as simplicity and compactness, faster sensing through
reduced bit-line dependence, or improved tolerance to offset, mismatch, and process variation.

Voltage-mode sense amplifiers constitute one of the most widely adopted classes of SRAM read
circuits because of their compact structure and strong regenerative amplification based on cross-

(@) (b)

() (d)

Figure 2.6: Circuit schematics for Voltage SAs (a) Conventional latch-type SA, (b) Current-controlled
latch-type SA, (c) Decoupled latch-type SA, and (d) Double tail SA.

46

Page 79 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 80 of 188 - Integrity Submission Submission ID  trn:o0id:::27535:139751820

coupled inverter latches. In these architectures, sensing begins only after a sufficient differential
voltage has developed on the complementary bit-lines, following which positive feedback rapidly
regenerates the small input difference into a full-swing digital output. Representative voltage-
mode architectures considered in this review are shown in Fig. 2.6, including the conventional
latch-type sense amplifier, current-controlled latch-type sense amplifier, decoupled latch-type
sense amplifier, and double-tail sense amplifier [42, 138—140].

The conventional latch-type sense amplifier shown in Fig. 2.6 (a) is one of the earliest
CMOS-based sensing structures used in memory design. It consists of a cross-coupled inverter
pair, and the regenerative action is enabled through the sense-enable signal, allowing a small
bit-line voltage difference to be amplified to the output. Although this structure is simple and
robust, its operation is affected by the large capacitance seen at the bit-lines, which leads to
increased delay and power consumption. To improve upon this behavior, the current-controlled
latch-type sense amplifier in Fig. 2.6 (b) introduces additional transistors that regulate the current
flowing through the latch during sensing. This creates a high-input-impedance condition at the
bit-lines and helps achieve faster sensing compared with the basic latch structure, particularly
when the bit-line loading is significant [138].

Further improvements in voltage-mode sensing were achieved through input decoupling
and staged regeneration. In the decoupled latch-type sense amplifier shown in Fig. 2.6 (¢),
bidirectional pass transistors are inserted between the bit-lines and the latch so that the cross-
coupled inverters do not directly drive the large capacitive bit-lines during sensing. This
decoupling reduces power consumption and improves sensing speed, provided that the bit-lines
are properly precharged before the read operation [139]. The double-tail sense amplifier in
Fig. 2.6 (d) extends this idea by separating the sensing path into two tail branches, one associated
with the input bit-lines and the other with the latch regeneration stage. During operation, an
input-dependent voltage difference is first developed at internal nodes and is then transferred to
the cross-coupled latch for amplification. This architecture offers better isolation between input
and output nodes and is particularly attractive for lower-voltage operation, although it requires a
higher transistor count and more elaborate timing control [140].

Current-mode and hybrid sense amplifiers were introduced to reduce the dependence of SRAM
read sensing on the development of a large differential bit-line voltage prior to regeneration.
In these architectures, the sensing action is influenced more strongly by the current response
of the bit-lines, often through clamped bit-line operation or current-conveyor based front-end
structures, so that faster read decisions can be achieved before a large voltage swing appears
on the bit-line pair. Representative current-mode and hybrid architectures considered in this
review are shown in Fig. 2.7, including the clamped bit-line sense amplifier, hybrid current sense
amplifier, modified clamped sense amplifier, and modified hybrid sense amplifier [141-144].

The clamped bit-line sense amplifier shown in Fig. 2.7 (a) employs dedicated clamp transistors
to maintain the bit-lines near a nearly constant potential during sensing. This reduces the bit-line
voltage excursion and enables the read decision to be governed by the differential current rather
than by a large developed voltage difference. The hybrid current sense amplifier in Fig. 2.7 (b)
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(@) (b)

(© (d)

Figure 2.7: Representative current-mode and hybrid SRAM sense amplifier architectures: (a) clamped
bit-line sense amplifier, (b) hybrid current sense amplifier, (¢c) modified clamped sense amplifier, and (d)
modified hybrid sense amplifier.

extends this idea by incorporating a current conveyor formed by cross-coupled PMOS devices,
which transports the bit-line current response to the latch stage without introducing direct
voltage gain at the input. As a result, these architectures can achieve faster sensing and reduced
sensitivity to large bit-line capacitance, although they require additional circuitry and biasing
support compared with basic voltage-mode latch structures [141, 142].

Subsequent current-mode designs introduced further modifications to improve symmetry,
tracking, and sensing reliability. In the modified clamped sense amplifier shown in Fig. 2.7 (c),
an additional equalization device is incorporated together with a precharge stage so that the

bit-lines begin the sensing event from a more balanced condition, allowing the small quiescent
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Figure 2.8: Simulation test-bench used for comparison of sense amplifiers.

differential voltage to be tracked and amplified more effectively [143]. The modified hybrid sense
amplifier in Fig. 2.7 (d) combines the conventional current-conveyor concept with additional
data-line coupling devices, so that the bit-line response can be transferred and regenerated with
improved sensitivity under low-voltage operation [144]. Although these schemes improve speed
and sensing robustness, they also increase transistor count, control complexity, and in some
cases power consumption due to the added precharge, equalization, and coupling circuitry.
The comparative analysis of all the conventional SA architectures is presented in this section
with all the SAs being designed using Predictive Technology Model [145] at 22 nm technology
node. All the various SAs were designed using consistent sized transistors in order to conduct an
objective analysis at various supply voltages. The conventional voltage and current-mode SAs
have transistors with W/L = 44 nm/ 22 nm while all access transistors are sized with W/L = 1000
nm/ 22 nm. The read delay, power consumption and leakage have been calculated based on the
simulation results. An important performance statistic for SA is the power-delay-product, or PDP
for short. A stronger overall performance is shown by the lower PDP numbers. The identical
word line (WL) and sense amplifier enable (SA_EN) timing signals are utilized while performing
all simulations, together with the precise timing and control signals (TCS) as specified in the
relevant literature. The simulation testbench schematic used to compare the sense amplifiers is
shown in Figure 2.8. A single 6T SRAM cell is used together with a 7-3 model for the bitline
capacitance of large SRAM array structures. This is similar to test circuit in [146].

24.2 READ DELAY

The conventional SA architectures are simulated and the calculated read delay is shown in
Figure 2.9. As is clearly evident, MDSA and MDSANF have the fastest operation for all supply

voltages except the near threshold voltage operation at Vpp = 0.5 V.
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Figure 2.9: Delay comparison of all sense amplifiers as a function of the supply voltage at Cgr, = 50 fF.

The proposed MDSA shows a 28.6% read delay improvement over MCSA while MDSANF
shows a 26.13% improvement at Vpp = 0.8 V. The MCSA is the fastest among the voltage-mode
and current-mode SAs followed by LSA and MHSA. MHSA, MCSA and DTSA exhibit the most
consistent delay across voltage supply variation with DTSA having its best and worst delay 210.5
ps apart. The fastest operation at lowest applied supply is given by DTSA with MCSA being
the second fastest as a result 10.49% increase in delay. Amongst the current SAs compared,
only CBLSA has delay consistently larger than 1 ns across all the supply voltages applied. The
conventional SA designs compared above are all simulated for a bit line capacitance modeled
by 50 fF with AVgp assumed to be 50 mV with transistors having no mismatch operated at
TT/27°C. The MDSA and MDSANF perform the best at voltage supply larger than 0.6 V and
the delay improves as Vpp i1s increased. The MDSA and MDSANTF have nearly same read delay
at all voltages except 0.5 V and 1 V where MDSA is faster by 22.05% and 20.32% respectively.

2.4.3 POWER CONSUMPTION AND LEAKAGE POWER

The power consumption of MDSA and MDSANF is compared to voltage-mode and current-mode
SA architectures and the simulation results are shown in Figure 2.10 (a). As the supply voltage
increases, the power consumption of all SAs also increases, which aligns with the expected
relationship between power, supply voltage, and current. The power consumption of the MDSA
and MDSANTF is moderate compared to other SA designs. Among the SA designs, the MHSA
consistently exhibits the highest power consumption. This can be attributed to its larger number
of transistors, particularly the current conveyor and data line coupling devices, which contribute
significantly to power consumption. The inclusion of additional control signals in the MHSA
design further adds to the power consumption. In contrast, the CLSA and DLSA designs aim to
minimize power consumption by reducing the charge and discharge of the bit line capacitance,
resulting in lower power requirements. The presence of pre-charge bit lines also contributes
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(a)

(b)

Figure 2.10: (a) Power Consumption and (b) Leakage power comparison of all SAs as a function of the

supply voltage (Cgr, = 50 fF)

significantly to power consumption in SA designs. The DTSA and MCSA have the lowest
power consumption with averages of 2.86 uW and 2.03 uW respectively. When comparing to
MCSA, MDSA shows a 3.27 uW increase while MDSANF shows an increment of 3.57 uW
at Vpp = 0.8 V. However, the MDSA and MDSANF consume slightly higher power compared
amongst the conventional SAs. Consequently, there is always a trade-off between sensing
delay and power consumption when selecting the SA to perform SRAM read operation. Static
power, which contributes significantly to the total power consumption of a circuit, is primarily
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Figure 2.11: Power-delay-product comparison of all SAs as a function of the supply voltage (Cgr. = 50 fF)

caused by leakage current. It arises due to various factors such as sub-threshold current, gate
leakage current, and reverse junction current in a MOS circuit. Mathematically, static power is
determined by multiplying the supply voltage (Vpp) with the leakage current.

Leakage current refers to the undesired flow of current in a transistor when it is in an idle or off
state. The sub-threshold current occurs when there is a small voltage across the transistor, and it
results from the imperfect blocking of current by the transistor’s gate. The gate leakage current,
on the other hand, happens due to the thin insulating layer of the transistor, which allows some
current to pass through. Lastly, the reverse junction current occurs as a result of the inherent
characteristics of the transistor’s junctions. The leakage power for SAs is shown in Figure 2.10
(b). The MDSANTF utilizes the power gating effect of the NMOS foot-switch in order to decrease
leakage power as compared to MDSA.

The Power-delay-product (PDP) of all SAs, assuming a bit line capacitance (Cgr. ) of 50 {F,
is shown in Figure 2.11. The MHSA consistently exhibits the highest PDP, with an average
of 22.35 fJ. The proposed SA design shows a higher PDP than only for DTSA and MCSA,
which are both characterized by their simple cross-coupled inverter-based architecture and the
low transistor count. Therefore, the MDSA and MDSANF can be employed in faster sensing

applications, albeit with a slightly higher power consumption.

2.44 AREA CONSIDERATIONS

The selection of a differential SA topology for performing SRAM read is a critical step as a single
SA is used to read the data for a column of bit cells. Consequently, the choice of SA topology
significantly impacts the footprint of the memory array. Considering that SRAM density is
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(b)

Submission ID  trn:oid:::27535:139751820

Figure 2.12: Layout design for area estimation of (a) MDSA and (b) MDSANF

Table 2.1: Performance summary of conventional SA designs compared with MDSA and MDSANF at

0.8 V supply voltage

SA Design Read Delay (ps) Power Consumption (WW) PDP (fJ) Normalized Area

CBLSA 1105.92
HCSA 761.03
MCSA 561.84
MHSA 644.23
LSA 580.81
CLSA 645.54
DLSA 706.55
DTSA 689.15
MDSA 401.13
MDSANF 415.00

6.33
7.80
2.23
30.81
1.90
15.57
16.16
1.70
5.50
5.80

7.00
5.93
1.25
19.85
1.10
10.05
11.41
1.17
2.21
241

1.40
2.55
1.30
3.30
1.00
1.16
1.65
222
1.25
1.50
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governed by the employed SA, careful consideration of area becomes a critical aspect when
selecting the appropriate sensing scheme. The layout of MDSA and MDSANTEF is specifically
designed to estimate the area requirements of the corresponding SA as illustrated in Figure 2.12
(a) and 2.12 (b) respectively. The estimated area for MDSA is 0.297 umz whereas MDSANF
occupies 0.5192 um?. The area increase for MDSANF is due to the larger sized NMOS
foot-switch.The performance summary for MDSA and MDSANTF together with conventional SA
designs is given in Table 2.1. The estimated area for all SAs is normalized to that of LSA, which
is the earliest iterations of SA built around the inverter-latch. The MHSA has largest area due to
the large sized PMOS used to build the current conveyor whereas the dual tail sensing scheme

used in DTSA is a major contributor to its larger area footprint.

24.5 VARIATION-TOLERANCE IMPLICATIONS OF PORTING FROM 22NM TO
32NM

Porting the modified decoupled sense amplifier (MDSA) from a 22 nm FinFET process to
a 32nm planar CMOS node entails more than a simple reversal of scaling; it reshapes both
the nominal performance envelopes and the underlying variation characteristics. In particular,
the threshold-voltage mismatch parameter, oy, ~ Ayr/ VWL, benefits from the increased
channel area WL at 32 nm, even as the planar device’s Pelgrom coefficient Ayr rises modestly.
Consequently, oy, falls by approximately 25-30 % when moving from 22 nm FinFETS to 32 nm
planar transistors, yielding (i) reduced input-referred offset, (ii) narrower Monte Carlo delay
histograms, and (iii) lower tail-fail probabilities in near-threshold operation.

Figure 2.13(a) shows that at an ultra-low Vpp = 0.5 V, the 32 nm design incurs the highest
delay of ~ 1.52 ns, compared with = 1.22 ns for 22 nm and =~ 1.24 ns for 45 nm. This penalty
stems from reduced drive current and increased gate capacitance in planar devices operating in
the subthreshold regime. As Vpp rises, the relative difference narrows sharply: at 0.7 V, the
32 nm delay (= 0.53 ns) lies only 5% above the 22 nm FinFET delay (= 0.50 ns), and by 0.9 V,
all three nodes converge within 10 ps of one another. Thus, beyond the near-threshold region,
the speed disadvantage of the 32 nm implementation is largely mitigated.

Conversely, Fig. 2.13(b) shows that dynamic power increases monotonically with Vpp for all
nodes, but with distinct slopes. At 1.0 V, the 32 nm MDSA consumes ~ 13.3 uW, which is only
12% higher than the 22 nm FinFET value (= 11.8 uW) and 21% lower than the 45 nm value
(= 16.9 uW). The planar 32 nm device therefore occupies an intermediate position, delivering a
favorable balance between capacitance-induced power draw and drive-strength benefits.

The combined power—delay product in Fig. 2.14 shows that the 22 nm FinFET implementation
provides the lowest PDP over most of the evaluated supply range. At low supply voltage, it
minimizes PDP with a value of ~ 2.75 fJ below 0.6 V. At Vpp = 0.8 V, the 22 nm node still
gives a lower PDP (= 3.2 {J) than the 32 nm and 45 nm implementations (~ 3.7 fJ and ~ 4.6 fJ,
respectively). Thus, while the 32 nm implementation improves variation tolerance and provides
a useful robustness advantage, the 22 nm FinFET node remains more favorable in terms of PDP

for the reported operating points.
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Figure 2.13: Supply-voltage dependence of (a) read delay and (b) dynamic power for the MDSA

implemented in 45, 32, and 22 nm CMOS.

Table 2.2: Monte Carlo Read Delay statistics for MDSA (1000 samples, TT corner, Vpp =1 V)

Node | Mean (ps) o (ps) CoV (%) Min (ps) Median (ps) Max (ps)
22nm | 399.70 506.91
32nm | 417.66 4.96 436.78
45nm | 552.06 563.00

Note: CoV = o /u x 100%. Median, minimum, and maximum values drawn directly from the Monte Carlo sample.

Beyond nominal performance, statistical variation metrics (see Table 2.2) underscore the
robustness benefit of the 32 nm planar SA. Compared with the 22 nm FinFET version—which
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Figure 2.14: Power—delay product (PDP) of the MDSA versus Vpp for 45, 32, and 22 nm nodes. The
crossover at 0.7 V marks 32 nm as the optimal speed—energy operating point.

exhibits a mean delay of 399.70 ps and a coefficient of variation (CoV) of 6.12%—the 32 nm
implementation has a slightly increased mean delay of 417.66 ps but a reduced CoV of
4.96%. Its median delay (431.92 ps) closely matches the mean, and its overall delay range
(387.19 ps—436.78 ps) is about 25% narrower than the 22 nm span (381.35 ps—506.91 ps). The
30 delay spread shrinks from approximately 73.4 ps at 22 nm to 62.2 ps at 32nm—a 15%
reduction—directly improving six-sigma yield under +30 mV threshold variation. Crucially,
this variation tolerance is “free”, requiring no additional pre-charge margin or assist circuitry
and thus preserving energy efficiency and area.

From a layout perspective, the larger diffusion widths at 32 nm remain confined to the sense-
amplifier column when the PMOS/NMOS finger count is kept constant, incurring only a modest
area penalty relative to the 22 nm FinFET version. Therefore, the 32 nm port yields an SA that
is marginally slower in the near-threshold regime but substantially more variation-tolerant and
energy-efficient in the nominal window, achieving an optimal compromise for energy-constrained

SRAM macros targeted at IoT and low-power cache applications.

2.5 SUMMARY OF IMPORTANT RESULTS

This chapter presented the design and evaluation of two modified decoupled sense-amplifier
structures for low-voltage differential SRAM read operation. The proposed MDSA and MDSANF
were developed to improve sensing speed while maintaining variation tolerance, practical power
consumption, and acceptable layout overhead. Their behavior was examined under supply-voltage
scaling, bit-line loading, process corners, Monte Carlo mismatch, sizing variation, and node

portability. The key findings are summarized below:
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1. The modified decoupled sense amplifier (MDSA) and the MDSA with NMOS foot-switch
(MDSANF) were proposed for differential SRAM sensing at the 22 nm technology node.
Both designs decouple the latch from the bit-lines during pre-charge to reduce bit-line

disturbance before evaluation.

2. The NMOS foot-switch in MDSANF reduces static conduction paths and provides better
control over the evaluation window. This improves leakage and timing control, although it

introduces a modest delay and area penalty compared with MDSA.

3. At Vpp = 0.8 V and Cgp = 50 fF, MDSA achieves read-delay reductions of 28.6 %,
41.79 %, 37.74 %, and 30.94 % over MCSA, DTSA, MHSA, and LSA, respectively.
MDSANTF gives comparable reductions of 26.13 %, 39.78 %, 35.58 %, and 28.55 Y.

4. Delay characterization over the 0.5-1.0 V supply range confirms that both proposed
amplifiers maintain faster sensing from near-threshold to nominal operation. This is
especially important for low-voltage SRAM read paths where the available bit-line
differential is small.

5. Parameter sweeps involving AVpr, CpL, and process corners show stable and monotonic
delay trends under realistic array loading. These results confirm that the proposed sensing
structure remains well behaved across key SRAM operating conditions.

6. Monte Carlo analysis with 10000 samples and +30 mV threshold-voltage variation
confirms reduced delay spread and improved variation tolerance. The proposed decoupled
sensing mechanism therefore improves both nominal speed and mismatch robustness.

7. Sizing analysis identifies an 88 nm width for the decoupling PMOS pair as the preferred
design point. This width provides a favorable power—delay trade-off while remaining

compatible with SRAM column-pitch constraints.

8. Power, leakage, PDP, and layout results show that the speed improvement is obtained
with practical overhead. The MDSA occupies 0.297 um?, while MDSANF occupies
0.5192 um?, both acceptable for column-level SRAM sensing.

9. Porting MDSA from 22 nm FinFET to 32 nm planar CMOS incurs only a 4.5 % increase in
mean read delay at Vpp = 1 V. At the same time, the CoV reduces from 6.12 % to 4.96 %,
and the delay range narrows by 25 Y%, indicating improved variation tolerance without

additional assist circuitry.

Overall, the results establish decoupled latch sensing as an effective approach for improving
SRAM read speed and variation tolerance. MDSA provides the stronger speed advantage,
whereas MDSANF adds leakage and evaluation-window control through the NMOS foot-switch.
The combined delay, variation, PDP, and layout results show that the proposed amplifiers are
practical sensing solutions for low-voltage differential SRAM macros. These designs therefore
provide the sensing foundation for the SRAM cell and SRAM-IMC developments presented in

the subsequent chapters.
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CHAPTER-3

PROPOSED 8T SRAM CELL DESIGN FOR IMPROVED
PERFORMANCE

3.1 OVERVIEW OF THE CHAPTER

The bit cell serves as the cornerstone of SRAM memory design, exerting a direct influence
on critical aspects such as speed, power efficiency, area utilization, and reliability. While the
conventional 6T SRAM cell has long been the standard due to its compact layout and ease
of integration, aggressive technology scaling and the trend toward lower supply voltages have
increasingly exposed its limitations—most notably reduced read stability, higher susceptibility
to noise, and significant vulnerability to process, voltage, and temperature (PVT) variations. To
overcome these issues, researchers have explored alternative architectures, among which the
8T SRAM cell has drawn considerable attention. By decoupling the read and write operations
through separate access paths, the 8T design enhances read stability and improves noise immunity.
However, single-ended variants, though simpler and more energy efficient, often struggle with
robustness, while differential designs offer stability at the expense of added complexity and

power overhead. Accordingly, the following objective is defined:

“Performance Enhancement of a modified differential bit cell for energy efficient SRAM”

Methodology

1. Design a variation tolerant single-ended 8T SRAM using multi-threshold transistors for

improved performance.

2. Characterize the impact of process variations on the proposed 8T cell for variety of

operating conditions.
3. Validate the performance of 8T cell against the pre-existing cells of varied cell structures.

4. Propose a differential 8T cell structure to overcome the shortcomings of single-ended

architectures.

5. Compare the proposed single-ended and differential 8T SRAM cells to highlight their

architectural differences, performance impact, and sensitivity to process variations.

The structure of this chapter is outlined below. Section 3.3 introduces the proposed single-ended
process-induced variation resistant 8T'S SRAM cell and evaluates its behavior under voltage
scaling in terms of stability, read/write performance, and robustness against process variations.
Section 3.4 provides a comparative analysis of the proposed 8TS cell with other existing SRAM

architectures, including designs with different transistor counts. Section 3.5 presents the proposed
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differential 8T SRAM cell architecture aimed at overcoming the shortcomings of single-ended
designs. Section 3.6 discusses the stability margin comparison between the single-ended and
differential 8T cells, while Section 3.7 focuses on delay and power analysis for read and write
operations. Section 3.8 details the results of Monte Carlo simulations to assess threshold voltage
variation tolerance. The concluding section, Section 3.9, presents a summary of the important

results.

3.2 INTRODUCTION

The relentless march of technology is driving a surge in smart devices and the widespread
adoption of the Internet of Things (IoT) across diverse industries. This trend necessitates
the development of increasingly energy-efficient architectures to power these advancements.
One key application domain is wireless sensor networks (WSNs), which continuously monitor
various environmental parameters using sensors and wireless transmission of data. However,
this continuous operation comes at a significant energy cost, demanding extended battery life
for these sensors [147-150]. The need for faster and less powerful devices has pushed digital
designers into exploring deeper in the realm of SRAM [151, 152]. Similarly, space applications
like satellite communication, crucial for weather forecasting, military surveillance, and other
critical functionalities, require low-cost, lightweight satellites with extended battery life and the
ability to withstand harsh space radiation [153]. Some focus has also been put on the memory
peripherals like the sense amplifier and their optimization in order to improve the memory array
performance. In these applications, high-density memories play a vital role, but they face the
challenge of soft errors caused by high-energy particles like alpha (@) and beta (/) particles that
can get trapped within semiconductor devices, corrupting stored data and jeopardizing circuit
performance. Addressing these challenges, recent research in SRAM bitcell design has explored
the potential of bit-interleaving architectures as a promising solution to mitigate soft errors. This
technique offers a compelling approach to enhance the reliability of memory devices in these
demanding applications.

Over the years, the literature has introduced various configurations of SRAM cells with the aim
of achieving superior performance compared to conventional designs[154]. Standard 8T SRAM
cell improves Read Stability Noise Margin by employing isolated read path through the inclusion
of two additional transistors. However, this benefit comes with a trade-off of increased read
path leakage, which worsens with technology miniaturization. To address this, [155] proposes
a modified isolated read path design within their SRAM cell. This modification specifically
tackles data-independent leakage, thereby mitigating overall leakage and consequently improving
RSNM. [156] introduced a novel SRAM cell design that integrates a Schmitt-trigger inverter to
enhance both read and write stability margins. This innovative approach capitalizes on the robust
noise margin properties inherent in the voltage transfer curve of the Schmitt-trigger, thereby
improving noise immunity. However, it’s worth noting that the inclusion of the Schmitt-trigger
INV leads to a larger cell footprint. Multiple studies [157—160] have explored the adoption

of single bitline architectures in SRAM cells as a strategy to lower power consumption. This
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approach centers around reducing the bitline switching activity factor («) below 50% during
read/write operations. However, single-ended designs lacking write-assist techniques suffers
from significant degradation in their ability to write "1’ data, often resulting in write failures. To
overcome this issue, several researchers [161, 162] proposed incorporating a feedback-cutting
NMOS transistor or transmission gate within the cell core. This mechanism disrupts the feedback
path of the cross-coupled inverters during write operations, leading to an improvement in WM.
An alternative approach to mitigate write ’1” difficulties in single-ended SRAM cells involves
the data-aware power cutoff write-assist mechanism. The 11T cell proposed in [163] employs
this technique to achieve improved WM. However, it comes at the expense of increased active
power consumption attributed to the introduction of additional capacitance on the bitline. [164]
proposed a bit-interleaving 12T SRAM cell which utilizes a read buffer to enhance RSNM and
employs a combination of cross-point data-aware write word lines and a power-cutoff write-assist
technique. This combination improves WM and eliminates write half-select issues. However,

the dual-bitline structure inherent to the design leads to higher dynamic power consumption.

3.3 PROPOSED SINGLE-ENDED PROCESS-INDUCED VARIATION RESISTANT
8TS SRAM CELL

The proposed single-ended, single-port 8TS SRAM architecture introduces a novel design
that enhances performance, improves reliability, and minimizes leakage power consumption.
The bit-cell comprises eight MOS transistors, including a feedback control transistor (Ms)
integrated between where conventionally two inverters reside. However, here we have the gate
of (My) pulled to GND while the (M3) and (Mg) transistors form the singular inverter. This
structure allows formation of the storage nodes Q and Q B, which hold the data. The design also
incorporates dedicated read and write ports for efficient data transfer, as shown in Figure 3.1(A).
The write bitline (WBL) is connected to the storage node Q via an access transistor (M), while
the read bitline (RBL) utilizes stacked NMOS transistors (M7 and Myg) to transfer data from the
storage node Q B. This separation of read and write paths ensures stable operation under varying
conditions.

During a write operation, the feedback control transistor (M5s) is turned off by deactivating
the write signal (WL), disconnecting the cross-coupled inverters. This allows the new data to
overwrite the stored value without interference. The write process begins by precharging WBL
to Vpp. While performing write ’1°, WBL remains at Vpp, driving Q to Vpp and QB to GND
through M. Conversely, when writing a ’0’, WBL is discharged to GND, pulling Q low and
OB high. Once the data is written, the feedback control transistor (Ms) is turned back on, the
inverters are reconnected which stabilizes the stored data. Figure 3.1(C) shows the transient
simulation during a write operation, showing the dynamic behavior of input control signals and
their impact on the storage nodes.

In the hold mode, the feedback connection ensures data stability. The pull-down NMOS
transistors (M4 and Mg) in the structure are optimized to remain in a cut-off state, reducing
leakage and preventing unintended switching. High-Vt PMOS transistors (M and M3) are
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(a) (b)
(9] (d)
() ®)

Figure 3.1: Proposed single-ended, single port 8T SRAM bitcell (A) 8TS circuit schematic, (B) layout of
the 8TS bit-cell; Equivalent circuit for (C) hold mode, (D) read mode, and (E) write mode; (F) transient

simulation with control signals for all the operations of 8TS Cell.

employed to minimize leakage current. By employing high-Vr transistors, the leakage power,
expressed as Pieakage = loFF - VDD, 1s significantly reduced. The leakage current decreases
exponentially as V increases which in turn leads to reduced leakage. This design ensures low
static power consumption, making it suitable for energy-eflicient applications.

The read operation utilizes a dedicated read port, ensuring that the stored data remains

undisturbed. The read bitline (RBL) is precharged to Vpp using peripheral circuitry. When the
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read signal (R) is activated, the state of Q B determines the conductance of Mg. If QB is ’1°, Mg
turns on, pulling RBL to ground through M5 for R at Vpp. If OB is ’0’°, Mg remains off, leaving
RBL at Vpp. The voltage on RBL is then sensed by a sense amplifier to determine the stored
data. Figure 3.1(D) illustrates the transient simulation of the read operation, showing the stable
behavior of the storage nodes and the read bitline.

The proposed architecture offers several advantages over conventional designs. By selectively
disconnecting the feedback loop during write operations, the design improves the write margin,
ensuring reliable data storage even under process variations. The dedicated read port enhances
stability by decoupling the read and write paths, reducing the risk of read disturbance. The use
of high-Vt PMOS transistors significantly reduces leakage current. Additionally, Monte Carlo
simulations demonstrate the design’s robustness under process, voltage, and temperature (PVT)

variations, making it highly suitable for low-power and high-reliability applications.

3.3.1 STABILITY ANALYSIS OF THE 8TS SRAM CELL

The stability of an SRAM bit-cell is crucial for maintaining data integrity and preventing bit flips
caused by noise or environmental factors. Static noise margin (SNM) is a widely used metric to
evaluate stability, representing the maximum DC noise voltage that the cell can tolerate without
flipping its stored data. The SNM is determined by the side length of the largest square that can
fit within the smaller lobe of the butterfly curve, which is derived by overlapping the voltage
transfer characteristics (VTC) of the cross-coupled inverters (/NV1 and INV?2) in the cell. The
butterfly curve for the proposed 8TS SRAM bit-cell is shown in Figure 3.2(A), where the SNM
value is 0.23242 V at Vpp = 0.8 V. The SNM is same for hold and read SNM. This equivalence
is due to the activation of similar transistors during both operations, making the cell effectively
read SNM-free [165].

To ensure robustness under process variations and noise, a Monte Carlo analysis with 2000
samples was performed at Vpp = 0.8 V, as illustrated in Figure 3.2(B). This analysis accounted
for a 10% tolerance in the threshold voltage (V) of the transistors. The results show that the
best-case and worst-case SNM values are 0.26905 V and 0.19583 V, respectively. The distribution
of SNM values highlights the cell’s reliability under varying conditions, demonstrating a 6-0
deviation, which ensures robust performance in large-scale memory arrays.

The dependence of SNM on the supply voltage (Vpp) was also investigated, as shown in
Figure 3.2(C). The SNM was calculated for Vpp values ranging from 0.6 V to 1.2 V. The results
reveal a positive correlation between Vpp and SNM, with higher supply voltages leading to
increased stability. Specifically, the SNM values observed at Vpp values in volts of 0.6, 0.7,
0.8,0.9, 1.0, 1.1, and 1.2 are 0.15, 0.19, 0.23, 0.27, 0.30, 0.32, and 0.34, respectively. This
trend is consistent with the expected behavior, as a higher Vpp improves the noise margins of the
cross-coupled inverters by increasing the voltage difference between the logic levels.

Temperature dependence is another critical factor affecting the SNM of the SRAM bit-cell.
Figure 3.2(d) illustrates the variation of SNM with temperature for different Vpp values. The

simulated results show that the proposed 8TS cell maintains a stable noise margin over the
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evaluated temperature range, with only a modest temperature dependence. For example, at
Vop = 0.8 V, the SNM increases slightly from approximately 0.23 V at —25°C to approximately
0.245 V at 100°C. This indicates that, for the proposed sizing and operating conditions, the
temperature-induced shift in the device characteristics does not degrade the butterfly-curve
stability margin.

The observed trend is governed by the combined effect of threshold-voltage shift, mobility
variation, leakage current, and the resulting movement of the inverter switching points with
temperature. Since these effects influence the pull-up, pull-down, and access/read devices
differently, the SNM variation with temperature need not be strictly monotonic for all SRAM

(a) (b) (c)

(@)

Figure 3.2: Static noise margin butterfly curve of the 8TS SRAM cell for (A) SNM calculation, (B)
butterfly curve for Monte Carlo (2000-point) analysis at Vpp = 0.8 V, (C) SNM as a function of supply
voltage, and (D) SNM as a function of temperature (Inset: distribution of SNM at T = 27°C for Vpp = 0.8
V)

63

Page 96 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 97 of 188 - Integrity Submission Submission ID  trn:o0id:::27535:139751820

topologies and supply voltages. In the proposed 8TS cell, the extracted SNM remains adequate
across the evaluated temperature range, confirming stable operation under temperature variation.

The inset in Figure 3.2(d) presents the SNM distribution at Vpp = 0.8 V and T = 27°C, based
on a 2000-point Monte Carlo simulation. The distribution exhibits a mean SNM of approximately
0.231 V with a standard deviation of approximately 0.015 V, further demonstrating the robustness
of the proposed 8TS SRAM bit-cell under realistic process-induced variation.

The stability analysis of the proposed 8T'S SRAM bit-cell highlights its resilience under
supply-voltage, temperature, and process variations. The positive correlation between Vpp and
SNM confirms improved stability at higher supply voltages, while the Monte Carlo analysis
verifies robustness under threshold-voltage variation. The temperature sweep further shows that
the proposed cell maintains adequate SNM across the evaluated temperature range, making it

suitable for energy-efficient SRAM operation under practical operating conditions.

3.3.2 WRITE MARGIN ANALYSIS OF 8TS SRAM CELL

The write margin (WM), or write ability, of an SRAM bit-cell is a critical metric that measures
the cell’s stability during a write operation. It quantifies the cell’s ability to reliably flip its stored
data when required while resisting undesired flipping due to noise or voltage fluctuations. The
WM is defined as the difference between Vpp and the write trip point (WTP), where the WTP is
the voltage at which the storage nodes Q and QOB flip states [166]. As illustrated in Figure 3.3
(a) and Figure 3.3 (b), the WTP determines the voltage threshold at which the data stored in
the cell changes. For the proposed 8TS SRAM bit-cell, the WM was calculated to be 0.5386
V and 0.5153 V for write-0 and write-1 operations respectively, which is higher than the ideal
value of 0.5 - Vpp (0.4 V at Vpp = 0.8 V). This demonstrates that the proposed cell achieves
moderately good write ability, striking a balance between preventing accidental flipping and
enabling reliable data writing.

A low WM would make the cell susceptible to flipping at low bit-line (BL) voltages or due to
voltage variations and noise, whereas a high WM would make it difficult to write data into the
cell. The decoupled feedback loop in the proposed 8TS SRAM bit-cell enhances the WM by
reducing the hold strength of the inverter during write operations. This design allows the pass
transistors to flip the stored data more efficiently, thereby improving write ability. Notably, the
mismatched write margins for two states are a result of the deliberate asymmetry incorporated
into the cell design, as shown in Figure 3.3 (a) and Figure 3.3 (b). This ensures robust and
predictable performance under varying process, voltage, and temperature (PVT) conditions.

Figure 3.3 (c) illustrates the impact of supply voltage scaling on the WM. As Vpp increases
from 0.6 V to 1.0 V, the WM also increases, highlighting the positive correlation between supply
voltage and write ability. The proposed cell’s ability to maintain a stable WM across a wide
range of supply voltages further demonstrates its robustness and suitability for energy-efficient
SRAM applications.

During the fabrication of integrated circuits, process variations often arise due to manufactur-

ing imperfections, leading to deviations in transistor parameters such as threshold voltage (V).
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To assess the robustness of the proposed 8TS SRAM bit-cell under such variations, a Monte
Carlo analysis was conducted, as shown in Figure 3.4. The analysis considers variations across
three standard process corners: SS (slow NMOS, slow PMOS), TT (typical),SF (slow NMOS,
ast PMOS), FS (fast NMOS, slow PMOS) and FF (fast NMOS, fast PMOS), assuming a V7
variation of 30 mV. Additionally, the analysis accounts for supply voltage variations, with AVpp
set to 25% of the nominal Vpp (0.8 V).

Figure 3.4 (a) through 3.4 (0) show the WM distributions at Vpp —AVpp, Vpp and Vpp + AVpp,
respectively, for the SS, TT, FF, FS and SF process corners. The mean WM values for each
process corner are also highlighted. For the TT corner, the mean WM value (0.51654 V) closely
aligns with the theoretical WM value (0.51531 V) at Vpp = 0.8 V. In the SS corner, the mean
WM value is slightly lower (0.51001 V), while in the FF corner, the WM value is slightly higher
(0.5257 V) due to the increased V1. These results confirm the cell’s ability to maintain stable
performance across varying process conditions.

(a) (b)

(c)

Figure 3.3: Write Margin’s calculation for the proposed 8TS SRAM bit-cell (A) WM-0, (B) WM-1, and
(C) the impact of supply voltage scaling.
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Figure 3.4: Monte Carlo simulations of the proposed 8TS cell across process corners, evaluating write
margin (WM) under threshold voltage Vry variations of +30 mV and supply voltage fluctuations AVpp of
25% around the nominal 0.8 V.

The trend observed in 3.4 (a—o) indicates that the write-margin (WM) decreases as we move
from the FF corner through TT and SS to the skewed FS and SF corners for any fixed supply
voltage. This behavior arises because the FF corner’s lower threshold voltage weakens the

inverter hold strength, easing writes, whereas SS’s higher threshold strengthens hold and raises
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Table 3.1: Coefficient of Variance (CoV) Analysis for Write Margin (WM) across Process Corners and

Supply Voltages.
Process Corner | Supply Voltage Condition | Mean WM (V) | CoV (%)
Vpp — AVpp 0.40176 4.09
SS Vbbp 0.51001 3.02
Vpp + AVpp 0.62702 2.39
Vpp — AVpp 0.41001 4.22
TT Vbbp 0.51654 3.21
Vpp + AVpp 0.63283 2.58
Vbp — AVpp 0.42027 4.24
FF Vbbp 0.52570 3.29
Vpp + AVpp 0.64218 2.69
Vpp — AVpp 0.40098 3.54
FS Vbbp 0.51538 243
Vpp + AVpp 0.64815 2.05
Vpp — AVpp 0.34739 3.65
SF Vbbp 0.45543 2.80
Vpp + AVpp 0.57858 2.38

WM; the FS and SF curves fall neatly between these extremes. Conversely, WM increases with
higher Vpp, as shown in Figure 3.3(c).

The Monte Carlo simulations in Figure 3.4(A) through Figure 3.4(O) further illustrate the WM
distributions under process variations at Vpp = 0.8 V. The WM distribution for each process
corner demonstrates a small standard deviation, confirming the proposed cell’s robustness to
threshold voltage and supply voltage variations. The FF corner exhibits the highest deviation
due to the lower V', while the SS corner shows the lowest deviation, consistent with the higher
Vr in this corner.

The write margin analysis of the proposed 8TS SRAM bit-cell demonstrates its superior write
ability and robustness under varying supply voltages and process conditions. The decoupled
feedback loop design significantly enhances the WM, ensuring reliable write operations even
under adverse conditions. The Monte Carlo analysis confirms the cell’s stability and predictable
performance, making it a strong candidate for energy-efficient and reliable SRAM applications.

The coeflicient of variance (CoV) is a statistical measure that represents the ratio of the
standard deviation to the mean, expressed as a percentage. It provides a normalized measure of
the dispersion of a dataset, allowing for a comparative analysis of variability across different

process conditions and supply voltages. For the Monte Carlo simulations of the proposed 8TS
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SRAM bit-cell, the CoV was calculated for the write margin (WM) distributions at five process
corners—SS, TT, FS, SF and FF—under three different supply voltages: Vpp — AVpp, Vpp,
and Vpp + AVpp.

From Figure 3.4, the CoV shows distinct trends across process corners and voltage variations.
At Vpp = 0.8V, the TT corner exhibits the lowest CoV (indicating minimal variability),
suggesting stable and predictable performance. Conversely, the FF corner shows the highest
CoV, reflecting greater variability due to reduced threshold voltage (V1) in fast transistors. As
supply voltage increases from Vpp — AVpp to Vpp + AVpp, the CoV decreases across all process
corners, indicating improved stability at higher voltages. The CoV for WM values across process
corners is compiled in Table 3.1. This behavior aligns with the theoretical expectation that

higher supply voltages provide greater write margin, reducing sensitivity to process variations.

3.3.3 POWER CONSUMPTION AND LEAKAGE ANALYSIS OF 8TS SRAM CELL

A significant portion of an SoC’s power consumption is attributed to SRAM bit-cells. Reducing
the power dissipated by these cells can significantly lower the overall energy consumption of
the system. The power dissipation of an SRAM bit-cell is categorized into three main types,
depending on its operational state: write power, read power, and leakage power. Write power
corresponds to the energy used during data writing, while read power accounts for the energy
required to retrieve stored data. Leakage power, on the other hand, is the power dissipated when
the cell is in a standby or hold state.

The variation in read and write power for the 8TS SRAM cell across different supply voltages
is illustrated in Figure 3.5(A). The figure presents the power dissipation trends for read and
write operations as Vpp increases from 0.6 V to 1.2 V. It can be observed that both write-1,
write-0 power as well as read power consumption increase with rising Vpp, this can be clearly
seen as power consumption is directly related to the supply voltage. At Vpp = 0.8 V, the power
dissipation during the read operation is 0.186 W, while for the write-1 and write-0 operation,
it is 0.247 uW and 8.89 uW. During a read cycle, additional power is also consumed by the
sense amplifier and peripheral circuitry. However, these are not accounted for in our current
discussion.

Figure 3.5(B) highlights the influence of bitline capacitance (Cp) on leakage power across
different supply voltages. The metal lines for a conventional 6T array result in S0fF bitline
capacitance [167]. We have varied the Cp; from a few to a few hundred fF in order to showcase
the impact of changing the array size on leakage power, which is a crucial factor in SRAM power
dissipation, especially in low-power applications. At Vpp = 0.8 V, leakage power is observed to
be around 2.52 nW (Cpr = 50fF), with a noticeable trend of increasing leakage power as Cp,
decreases. The leakage power decreases by only 59.62% for a 100X increase in Cpy. This trend
is attributed to the greater capacitive load on the bitlines, which affects the leakage characteristics
of the transistors within the SRAM cell. A larger Cpy results in reduced leakage currents due
to higher electric fields, particularly influencing subthreshold and gate leakage components.

However, beyond a certain capacitance value, the rate of leakage power increase tends to saturate
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as the dominant leakage component transitions from subthreshold leakage to gate oxide leakage.
Since leakage power is proportional to Vpp?, even small increases in Vpp lead to a significant
rise in leakage dissipation.

The write-1 operation consumes 1.08 uW, whereas the write-0 operation dissipates 26.61
uW. The significantly higher write-0 power is due to the discharge of large capacitive bitlines
to ground, while write-1 only requires charging the bitlines to Vpp. During a write-0 event,
there is a period where both transistors in the inverter core are partially conducting, leading to
a rise in short-circuit current, which contributes to increased power dissipation. In contrast,
during a write-1 operation, the PMOS transistor turns on quickly while the NMOS turns off

rapidly, reducing the overlap period and minimizing short-circuit power loss. Additionally, the

power dissipation of an SRAM bit-cell exhibits an inverse relationship with temperature. As

temperature increases, power consumption decreases, as depicted in Figure 3.5(C). The figure

(a) (b)
(© (d)
° Figure 3.5: Power consumption of the 8T'S SRAM cell as a function of supply voltage: (A) read and write

power variation, (B) leakage power as a function of bitline capacitance, and (C) temperature dependence

of write power and (D) leakage power at multiple Vpp.
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illustrates how power varies with temperature while Vpp is incremented from 0.6 V to 1.2 V in
steps of 0.1 V. This decline in power dissipation with increasing temperature is primarily due
to the reduction in carrier mobility, which lowers the drive current of the transistors, thereby
decreasing dynamic and leakage power components. However, at very high temperatures, the
threshold voltage degradation and increased subthreshold leakage can introduce additional

leakage components, leading to a possible rise in overall power dissipation.

3.3.4 READ AND WRITE DELAY ANALYSIS OF 8TS SRAM CELL

The delay associated with read and write operations in SRAM cells is a key performance metric
that affects overall memory access time. To evaluate the robustness of the proposed 8TS SRAM
cell, we analyze its read and write delays under different temperature conditions. Read delay is
defined as the time elapsed from the activation of the read signal until the sense amplifier output
reaches half of Vpp. The write delay, on the other hand, is measured as the interval between the
application of data at the bit-lines and the moment when the voltage difference between Q and
QB reaches half of Vpp.

Monte Carlo simulations were conducted to analyze the statistical distribution of read and
write delays at three different temperatures: -25°C, 27°C, and 125°C. Figure 3.6 illustrates the
histogram distributions for read, write-1, and write-0 operations. The mean delay values at
27°C for read, write-1, and write-0 are 365.226 ps, 89.57 ps, and 29.13 ps, respectively. The
results indicate that temperature variations significantly influence delay, with higher temperatures

(a) (b)

(c)

Figure 3.6: Temperature-dependent delay analysis of the proposed 8TS SRAM bit-cell for read and
write operations at Vpp = 0.8 V. (A) Read delay, (B) Write-1 delay, and (C) Write-0 delay histograms,
highlighting the impact of temperature variations on SRAM cell performance.
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Table 3.2: Coefficient of Variation (CoV) for Read and Write Delays at Different Temperatures

Operation | -25°C CoV (%) | 27°C CoV (%) | 125°C CoV (%)
Read Delay 11.48 9.93 7.39
Write-1 Delay 46.14 43.76 22.86
Write-0 Delay 3.83 3.20 3.01

leading to reduced delay values, while lower temperatures cause an increase. A key observation
is the variation in delay values across different temperatures. When the temperature is reduced
from 27°C to -25°C, the delay increases by 1.3449, 1.1922, and 1.1176 times for read, write-1,
and write-0 operations, respectively. Conversely, increasing the temperature to 125°C results in
delay reductions of approximately by 24.76%, 47.63%, and 9.22% for read, write-1, and write-0
operations, respectively. This trend aligns with the expected behavior of semiconductor devices,
where higher temperatures enhance carrier mobility, thereby reducing delay.

To quantify the impact of process variations, the coefficient of variation (CoV) is calculated
for each delay type at different temperatures. Table 3.2 presents these values, computed as
% X 100%. The results reveal that write-1 delay exhibits the highest variability, particularly at
lower temperatures, whereas write-0 delay remains relatively stable across all conditions. These
results demonstrate that the proposed 8TS SRAM cell maintains acceptable delay variation
across a wide range of temperatures. The observed trends indicate that the cell is well-suited for

applications requiring stable performance under varying environmental conditions.

3.3.5 HALF-SELECT ERROR RESILIENCE OF 8TS SRAM CELL

Static Random-Access Memory (SRAM) is a fundamental component in high-speed cache and
embedded memory architectures, where reliable data retention is crucial for overall system
stability. One of the key challenges in SRAM design is mitigating the half-select problem, which
arises due to shared control signals among adjacent bit-cells. This issue can lead to unintentional
disturbances in non-targeted cells, potentially flipping stored bits and causing data corruption.
The proposed 8TS SRAM bit-cell is designed to effectively eliminate such disturbances and
ensure reliable operation under various read and write conditions. To validate its resilience, a
2x2 array of 8TS SRAM cells is constructed, as shown in Figure 3.7(A), where the selected,
half-selected, and unselected cells are clearly highlighted.

The 2x2 SRAM array consists of four bit-cells: CELL 0, CELL 1, CELL 2, and an unselected
cell (CELL 3). These bit-cells share control signals such as word lines (WL) and read bit lines
(RBL), which dictate memory access and operation. Specifically, W1 is shared between CELL
0 and CELL 1, while W2 is shared between CELL 2 and the unselected cell. Similarly, the
read bit line RBL1 connects CELL 0 and CELL 2, while RBL?2 is shared between CELL 1
and the unselected cell (CELL 3). Since multiple cells depend on these shared signals, a write
operation targeting one cell can partially activate its neighboring cells, making them susceptible
to disturbances. If the stored data in these half-selected cells is unintentionally flipped due to an
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operation performed on the selected cell, this results in a half-select disturbance.

A robust SRAM design must prevent such disturbances to maintain data integrity. To analyze
the behavior of the proposed 8TS SRAM bit-cell under these conditions, transient simulations
were conducted, and the results are depicted in Figure 3.7(B). The first subplot illustrates the
applied control signals over time, indicating that WL1 and WBLI1 are activated to perform a
write operation on CELL 0. The second subplot captures the transient response of CELL 0,
the selected bit-cell, showing a successful write operation where storage node QO transitions
from high to low while its complementary node QBO switches from low to high. The third
subplot presents the response of CELL 1, a half-selected cell that shares W1 with the selected
cell. Despite this shared wordline, the storage nodes Q1 and QB1 maintain their original states,
confirming that CELL 1 remains unaffected by the operation on CELL 0. Similarly, the fourth
subplot depicts the behavior of CELL 2, another half-selected cell due to its connection to
the shared read bit line RBL1. The data stored in CELL 2 remains unchanged, demonstrating
that the half-select resilience extends across both wordline and bitline-shared cells. Lastly, the
unselected cell remains in hold state throughout this operation since none of its control signals
are activated, providing additional validation that the proposed 8TS SRAM bit-cell effectively
prevents half-select disturbances and ensures reliable data retention across the array.

The results confirm that the proposed design successfully mitigates half-select disturbances,
preserving data integrity in both half-selected and unselected cells. A clear indication of
half-select resilient cells is the inclusion of row and column exclusive control signals which yield
the design soft-error free. Even during aggressive write operations, the stability of storage nodes
in neighboring cells remains intact, preventing unintended bit flips and improving the overall
robustness of the SRAM array. This level of resilience is particularly important for high-speed

and low-power applications where minimizing error rates is critical. By addressing the half-select

(a) (b)

Figure 3.7: Illustration of half-select resilience in the proposed 8TS SRAM bit-cell. (A) A 2x2 array of
8TS SRAM cells, highlighting the selected, half-selected, and unselected cells. (B) Transient response of
control signals and storage node voltages for selected, half-selected, and unselected cells, demonstrating

the robustness of the proposed design.
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problem at the circuit level, the proposed 8TS SRAM bit-cell enhances reliability, making it

ideal for next-generation memory architectures that require high stability and efficiency.

3.4 COMPARATIVE ANALYSIS OF 8TS SRAM CELL WITH OTHER EXISTING
SRAM ARCHITECTURES

Various SRAM bit-cells with different transistor counts have been proposed by researchers over
the past few decades, each offering unique trade-offs in terms of stability, power consumption,
and performance. The single-ended dual-port 7T SRAM cell [168], shown in Figure 3.8(A)
incorporates three control signals: WWL, RWL, and FCS. During the read operation, RWL
1s activated while WWL and FCS remain off, enabling dynamic read decoupling to minimize

read disturbance. For a write-0 operation, all three control signals are high, ensuring a strong

write operation. Conversely, in the write-1 operation, only WWL is high, while RWL and FCS
remain low. This configuration leverages dynamic feedback cutting, effectively reducing power
consumption compared to the conventional 6T SRAM cell.

Fig. 3.8(B) illustrates a positive feedback controlled eight transistor (§Ta) SRAM cell
[169]. This cell has single port, differential-ended topology whose write is differential-ended

® () (b) (©)

(d) (e) (®)

(® (h)

° Figure 3.8: Circuit schematics of existing SRAM bit-cells with varied transistor count (A)7T, (B) 8Ta,
(C) 8Tb, (D)8Tc, (E) 9T, (F) 10T, (G) 11T, and (H) 12T.
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operation while read operation is of single-ended nature. The cell uses PMOS MP1, MP2 and
NMOS MNI1, MN2, MN3 transistors to form the inverter latch. Write operation is governed
by the WWL wordline signal, connected to the gate of MN4, MNS5 access transistors whereas
read operation is initiated by RWL read wordline signal. Transistor MN3, controlled by CS
control signal, disconnects feedback path between Vpp and GND to facilitate read SNM free
operation. Transistor MN7, controlled by RD/WR_EN control signal, is common to whole row
of memory array and utilized to facilitate reduced leakage power for hold operation. However,
cell experiences high dynamic power dissipation and higher read latency owing to the utilization
of differential write structure and three series connected NMOS transistor in the read path
respectively.

The 8Tb single-ended SRAM cell with dynamic feedback control, presented in Figure 3.8(C),
was first presented in [170]. This architecture separates the read and write operations using
distinct bit-lines, RBL. and WBL, controlled by feedback signals FCS1 and FCS2. The cell
achieves read decoupling by isolating the read path from the write operation, which enhances its
robustness. This structural modification significantly improves data stability and static noise
margin (SNM), making it particularly effective in sub-threshold operation, where conventional
6T SRAM cells often suffer from read instability and increased leakage.

The conventional 8Tc cell, shown in Figure 3.8(D), was proposed as an improved alternative
to the traditional 6T SRAM structure [171]. This design introduces two additional transistors
to decouple the read and write operations, thereby eliminating read disturbances that typically
degrade stability in a standard 6T cell. By incorporating a dedicated read path, the 8Tc cell
prevents the pass-gate transistor from pulling up the storage node during a read operation, which
significantly enhances static noise margin (SNM) and enables robust operation even at lower
supply voltages. This cell features separate read and write word lines, allowing independent
access to stored data without affecting the internal storage nodes. The dedicated read mechanism
ensures that the worst-case stability condition in the 8Tc configuration is reduced to that of two
cross-coupled inverters, which inherently provides a much larger SNM compared to 6T SRAM.
Furthermore, despite requiring an additional 30% area overhead compared to a minimum sized
6T cell, the 8T structure facilitates continued technology scaling while maintaining improved
stability, particularly under aggressive voltage scaling.

The 9T SRAM cell, depicted in Figure 3.8(E), retains the fundamental 6T configuration [172],
with the addition of a feedback transistor (M5) that activates during the write operation. This
modification effectively reduces the activity factor, lowering dynamic power consumption during
write cycles [173]. Additionally, the breaking of the feedback loop between the cross-coupled
inverters enhances write ability, enabling faster write operations while maintaining stability. The
single-ended nature of the 9T design further contributes to reduced write power consumption,
making it an energy-efficient alternative for low-power SRAM applications.

The 10T SRAM cell, illustrated in Figure 3.8(F), was developed by Eslami et al. [174]. This
cell features a dual-port architecture, where a dedicated read port is formed by transistor M 10,

RBL, and RWL, allowing non-destructive read operations. The write port, in contrast, consists
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of a PMOS-NMOS transmission gate (M6 and M5) directly connected to the bit-line (BL). By
utilizing this separate read path, the cell ensures improved read stability while reducing leakage
power. Additionally, the enhanced transistor arrangement provides significant improvements in
read, write, and hold stability, particularly in sub-threshold operation, making it a viable choice
for ultra-low-power applications.

The 11T SRAM cell, as described in [175] and represented in Figure 3.8(G), introduces further
architectural refinements to enhance read and write stability. The inclusion of a feedback transistor
(M5) selectively connects or isolates the inverters during different operations. Specifically, during
the write operation, M5 is activated, facilitating efficient state switching. Conversely, in the read
and hold modes, the two inverter pairs, consisting of transistors M1-M2 and M3-M4, remain
disconnected by M3, preventing unintended disturbances. This design significantly enhances both
read and write SNM while exhibiting reduced read and write delays compared to conventional
6T SRAM cells. The additional transistors contribute to improved robustness, particularly under
low-voltage operation, making it well-suited for energy-constrained environments.

The 12T SRAM cell, shown in Figure 3.8(H), was introduced by Zhao et al. [176] as a
radiation hardened 12T memory bit-cell, specifically optimized for space applications where
resilience to single-event upsets (SEUs) is critical. Unlike conventional designs, this cell employs
10 NMOS transistors and only 2 PMOS transistors, leveraging polarity reversal mechanisms
to mitigate charge-sharing effects caused by radiation strikes. The cell integrates four storage
nodes (Q, QB, S0, and S1) to store complementary data, allowing rapid state recovery after an
SEU event. Additionally, the 12T cell features enhanced write-ability and reduced write delay,
significantly improving performance in high-frequency and low-voltage environments.

The delay values for read and write operations across various 8T SRAM bit-cells are presented
in Figure 3.9(A). The 8TS cell exhibits a significantly lower read delay of 360.93 ps compared to
8Ta, 8Tb, and 8Tc, which have read delays of 479.32 ps, 480.85 ps, and 481.11 ps, respectively.
Similarly, the write-0 delay of the 8TS cell is lower then 8Ta cell, while 8Tb and 8Tc offer slightly
better write-0 delay. The write-1 delay follows a similar trend, where the 8TS cell achieves 76.99
ps, whereas 8Tc demonstrates the highest write-1 delay at 80.66 ps. These results indicate that
the 8TS cell maintains competitive performance in read and write operations while ensuring
lowest read delay across all three operations.

Figure 3.9(B) presents the power consumption characteristics of the analyzed 8T SRAM
bit-cells. The 8TS cell demonstrates one of the lowest read-1 and write-1 power consumptions,
highlighting its energy efficiency. The write-0 and read-O power values are slightly higher
than those of certain counterparts; however, this is compensated by the relatively lower delay
exhibited by the 8TS cell. Additionally, the power trends suggest that while 8Ta and 8Tb cells
exhibit higher write power consumption, the 8TS cell maintains an optimal balance between
power efficiency and performance. The write margin (WM) values, including WM-1 and WM-0,
for different 8T SRAM cells are illustrated in Figure 3.9 (c). The 8TS cell exhibits a normalized
WM-1 of 1.288 and normalized WM-0 of 1.346. While the 8Tc cell demonstrates the lowest
WM-0 at 0.44226 V, the 8Ta and 8Tb cells show relatively higher write margins. The observed
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variations stem from the different transistor arrangements and control mechanisms employed in
each bit-cell architecture.

The hold static noise margin (HSNM) and read static noise margin (RSNM) values for the
analyzed 8T SRAM cells are depicted in Figure 3.9 (d). The 8TS cell achieves a HSNM/RSNM
of 0.23242 V at Vpp = 0.8V. The stability of the 8TS cell remains moderate, ensuring reliable
read operations under varying voltage conditions. These results collectively indicate that the
8TS SRAM bit-cell offers a balanced trade-oft between read/write delay, power consumption,
and noise margin, outperforming other 8T configurations in multiple key metrics.

The delay characteristics of SRAM architectures classified by transistor count, including the
proposed 8TS cell, are illustrated in Figure 3.10 (a). The 8TS cell achieves a balanced read and
write delay, demonstrating lower write-1 delay than the 7T, 9T, 10T, 11T, and 12T cells. The
read delay of the 8TS cell is significantly lower than that of the higher transistor count designs,

@ (b)

(c) (d)

Figure 3.9: Performance comparison of the proposed 8TS SRAM bit-cell with existing 8T SRAM
variants: (A) Read/Write delay, (B) Power consumption, (C) Normalized Write Margin (WM) and (D)
Static Noise Margin (SNM).
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(@) (b)

(c) (@)

Figure 3.10: Comparative analysis of the proposed 8TS SRAM bit-cell compared to existing SRAM
bit-cells with varying transistor counts: (A) Read/Write delay, (B) Power consumption,(C) Normalized
Write Margin (WM) and (D) Static Noise Margin (SNM).

ensuring improved read access time. The write-0 and write-1 delays of the 8TS cell are also
well-optimized, making it competitive with traditional 7T and 8T designs while outperforming
the larger transistor count SRAM variants in terms of speed.

Figure 3.10 (b) presents the power consumption characteristics for various SRAM bit cells.
The proposed 8TS cell maintains a favorable balance between read and write power. Notably,
the read-0 and write-1 power consumption of the 8TS cell are among the lowest in comparison
to other cells, signifying its energy efficiency. Although the write-0 power is slightly higher,
it remains within an acceptable range when considering the trade-off with reduced delay. The
higher transistor count designs, such as 10T, 11T, and 12T, exhibit significantly increased power
consumption, making the 8TS cell a more power-efficient alternative. The write margin (WM)
values, normalized for various SRAM bit cells, are depicted in Figure 3.10 (c). The 8TS cell
exhibits one of the highest WM-0 and WM-1 values among all compared designs, indicating
reduced write stability. Compared to traditional 8T and higher transistor count cells, the 8TS
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cell achieves enhanced write robustness, ensuring reliable data storage under different operating
conditions.

The Static Noise Margin (SNM) values of different SRAM cells are compared in Figure
3.10(d). The proposed 8TS cell achieves a hold SNM (HSNM) of 0.23242 'V, which is comparable
to other high-performance SRAM cells. While the 12T cell attains the highest SNM value
of 0.36975 V, it comes at the cost of significantly increased power consumption and area
overhead. The 8TS cell aims to strike an optimal balance by providing a competitive SNM while
maintaining lower power and delay characteristics, outperforming many conventional SRAM
architectures in overall efficiency.

The area overheads of different SRAM bit cells compared to the baseline 7T cell are shown

(a) (b) (0

(d (e) )

(® (h)

Figure 3.11: Layout representations of different SRAM bit-cells (7T-12T) used for comparative analysis,
illustrating transistor arrangement and routing complexity: (A) 7T, (B) 8Ta, (C) 8Tb, (D) 8Tc, (E) 9T, (F)
10T, (G) 11T, and (H) 12T. Note: Layouts are not optimized for array-level implementation.
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Table 3.3: Area overhead comparison of various SRAM bitcells relative to the 7T cell.

SRAM Cell | Area Overhead over 7T (%)
8Ta 42.17
8Tb 4.85
8Tc 2.95
8TS 4.86
oT 33.69
10T 31.64
11T 54.67
12T 70.61

in Table 3.3. Among the 8T variants, the 8Ta cell exhibits the highest area overhead at 42.17%,
this is due the NMOS footswtich being included in the area calculations of the left most column
of the array. This NMOS footswitch is shared across all the rows of the array thereby reducing
the area footprint of all other cells in a row except the leftmost cell. The 8Tb, 8Tc, and 8TS cells
maintain a minimal area increase of 4.85%, 2.95%, and 4.86%, respectively. The 9T and 10T
cells incur a more significant area penalty of 33.69% and 31.64%, respectively, due to additional
transistors required for improved stability. Higher transistor count cells, such as 11T and 12T,
show the most substantial area overheads of 54.67% and 70.61%, respectively.

The layout structures of these bit cells, illustrated in Figure 3.11, visually highlight the
increasing area complexity as transistor count increases. The 7T and 8T-based designs (Figures
3.11A-D) maintain relatively compact layouts, while the 9T, 10T, 11T, and 12T cells (Figures
3.11E-H) demonstrate increased diffusion area, interconnect complexity, and routing congestion.
Despite the 8T'S cell’s slight area increase (4.86% over 7T), its enhanced performance, power
efficiency, and stability make a compelling case for it’s usage in low-power SRAM for voltage
scaling.

3.5 PROPOSED DIFFERENTIAL 8T SRAM CELL ARCHITECTURE

The differential 8-transistor (8TD) SRAM cell architecture, shown in Figure 3.12, provides
enhanced read stability, improved noise margins, and reduced power consumption compared
to conventional 6T SRAM cells. This architecture employs a differential approach, separating
the read and write paths, significantly minimizing the disturbance during read operations. The
differential structure is composed of cross-coupled inverters (formed by transistors M1-M4) for
data storage, along with dedicated read and write access transistors.

In this differential 8TD SRAM cell, transistors M2, M3, M4, and M5 constitute a bistable
latch structure, ensuring stable storage of the complementary bit-lines (Q and Q _B). Transistors
M1 and M6 serve as write-access transistors, enabling reliable data writing by connecting
the internal storage nodes (Q and Q_B) to bitlines (BL and BLB) when the write word line
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(WL) is asserted. Due to separate write access paths, the cell achieves robust write margins
at scaled voltages. Transistors M7 and M8 function as feedback transistors controlled by the
complementary write word line (WLB). These transistors significantly enhance the stability
of the conventional 6T cell structure by reinforcing the stored data at the internal nodes (Q
and Q_B). Additionally, by providing feedback during read operations, transistors M7 and M8

improve the cell’s robustness against variations in process, voltage, and temperature (PVT).

3.6 SRAM STABILITY MARGIN COMPARISON WITH SINGLE-ENDED 8TS SRAM

Static Noise Margin (SNM) is a key metric used to evaluate the stability and robustness of
SRAM (Static Random Access Memory) cells. It quantifies the maximum noise voltage that a
memory cell can tolerate without altering its stored state. SNM is typically calculated using the
butterfly curve, which is obtained by plotting the voltage transfer characteristics (VTCs) of the
two cross-coupled inverters in the SRAM cell. To generate the butterfly curve, one inverter’s
VTC is plotted normally, while the other’s is mirrored along the line y=x. The area of the largest
square that can fit between the two curves—without crossing either—is considered the SNM.
This square represents the maximum tolerable noise margin, and its side length gives the SNM
value in volts. A higher SNM indicates a more stable SRAM cell that is less susceptible to
noise-induced bit flips.

The butterfly curves for both the SRAM cells discussed are plotted at Vpp = 0.6 V in Figure 3.13
(a) and 3.13 (b) for the differential 8TD and the single-ended 8TS SRAM cells, respectively.
These curves are derived by plotting the voltage transfer characteristics (VTCs) of the cross-
coupled inverters and their mirrored counterparts, allowing the extraction of the Static Noise
Margin (SNM) as the side of the largest possible square that fits between the two curves. At this
supply voltage, the differential 8TD cell achieves an SNM of 0.19576 V, while the single-ended
8TS cell exhibits a lower SNM of 0.15308 V, highlighting the superior noise immunity of the

Figure 3.12: Circuit diagram of the proposed differential 8TD SRAM cell
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differential structure under low voltage conditions.

However, this trend does not hold across all operating voltages. Figure 3.13 (c) explores the
impact of supply voltage scaling on SNM. As Vpp increases, the SNM for both cells improves,
but the 8TS cell begins to outperform the 8TD cell at higher voltages. This crossover in
performance suggests that while differential designs are advantageous for ultra-low power or
near-threshold operations, single-ended designs may be more favorable in regimes where power
is less constrained and area or read-access simplicity is prioritized.

Furthermore, Figure 3.13 (d) illustrates the Write Margin (WM) of both 8TD and 8TS cells
under two different write conditions; write 1 and write 0. It can be observed that write capability
also scales with Vpp, and the single-ended 8TS design consistently offers higher write margins,
especially under the condition labeled WM-1. This indicates that the 8TS architecture, although
having a lower SNM at low voltages, provides improved writability, which may be crucial in
write-intensive applications. Together, these plots offer a comprehensive picture of the trade-offs
between stability and writability across voltage ranges in differential and single-ended SRAM

architectures.

(@) (b)

(© d

Figure 3.13: Butterfly Curve for calculation of static noise margin (SNM) (a) differential STD SRAM
cell and (b) single-ended 8TS SRAM cell. (c) Impact of voltage scaling on (c) SNM and (d) Write margin
(WM) of 8TD and 8TS cells.
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(@) (b)

(c)

Figure 3.14: Timing analysis of the differential 8TD and single ended 8TS SRAM cells. (a) Read Delay
comparison and Write Delay for (b) 8TD and (c) 8TS for Vpp = 0.6V to 1.2V

3.7 DELAY AND POWER ANALYSIS FOR READ AND WRITE OPERATIONS

In SRAM design, delay and power consumption are critical metrics used to evaluate the
performance and efficiency of memory cells. Delay typically refers to the time required for
a successful read or write operation and is usually quantified as read delay or write delay,
depending on the operation under consideration. It is commonly measured from the time the
wordline is activated to the point where the output either starts or completes a valid transition.
Delay is influenced by factors such as bitline capacitance, cell drive strength, and sensing scheme,
and is often characterized through transient simulations under varying supply voltages and
loading conditions. Power consumption in SRAM is broadly classified into dynamic power and
static (leakage) power. Dynamic power is consumed during switching events—such as charging
and discharging of bitlines, activation of wordlines, and transitions in internal nodes—and is
proportional to switching frequency, capacitance, and supply voltage. Static power, on the other

hand, arises from leakage currents in the transistors even when the cell is idle and not switching.
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(a) (b)

Figure 3.15: Comparison of (a) Read power (uW) (b) Write power (uW) of 8TS and 8TD SRAM Cells
as a function of supply voltage

Power analysis typically involves measuring the energy consumed during read and write cycles,
as well as evaluating leakage currents under different process corners and operating conditions.
These metrics help guide design trade-offs between speed, energy efficiency, and robustness in
SRAM architectures. Figure 3.14 presents a comparative analysis of read and write delays for
the differential 8TD and single-ended 8TS SRAM cells over a range of supply voltages from
Vpp = 0.6V to 1.2V. As shown in Figure 3.14(a), the 8TD cell consistently exhibits lower read
delay compared to the 8TS cell across all voltage levels. At Vpp = 0.6V, the read delay of the
8TS cell exceeds 400 ps, whereas the 8TD cell achieves a significantly lower delay of around
340 ps. This gap narrows as Vpp increases, with both cells achieving comparable performance
beyond Vpp = 1V, highlighting the superior low-voltage speed performance of the differential
design.

Write delays for both cells are analyzed in Figures 3.14(b) and (c). For the 8TD cell [Fig-
ure 3.14(b)], write delays remain relatively stable across voltage scaling, ranging approximately
between 110-125 ps, with a slight variation between writing ‘0’ and writing ‘1°. In contrast, the
8TS cell [Figure 3.14(c)] demonstrates significantly longer write delays, particularly for writing
a ‘0’, which can exceed 30 ps at lower voltages. Writing a ‘1’ is notably faster in the 8TS cell,
especially at reduced Vpp, suggesting an asymmetry in write performance.

These observations indicate that the 8TD cell is more suitable for high-speed and low-voltage
applications, offering consistent read and write performance. Meanwhile, the 8TS cell, although
simpler and potentially more energy-efficient, shows limitations in both read speed and write

symmetry, particularly under aggressive voltage scaling.

3.8 MONTE CARLO ANALYSIS FOR THRESHOLD VOLTAGE VARIATIONS

Monte Carlo analysis is a statistical simulation technique widely employed in VLSI design
to evaluate the impact of process variations, particularly threshold voltage (V7ry) fluctuations,
on circuit performance and reliability. In advanced nanoscale technologies, Vry can vary

significantly due to random dopant fluctuations, line-edge roughness, and other manufacturing
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Figure 3.16: Monte Carlo (2000 point) analysis of differential 8TD and single-ended 8TS SRAM cells
at Vpp = 0.6V. Butterfly curves for (a) 8TD (b) 8TS. The histograms for the SNM extracted from the
butterfly curves for (c) 8TD and (d) 8TS.

imperfections. These variations lead to mismatches in transistor characteristics, which in
turn affect key SRAM parameters such as static noise margin (SNM), read/write delay, and
write margin. Monte Carlo simulations are carried out by executing a large number of circuit
simulations, each incorporating randomly generated threshold voltage values drawn from a
predefined statistical distribution, typically Gaussian. To assess the impact of process variation
on the stability and performance of each cell, Monte Carlo simulations were conducted with 2000
runs, introducing threshold voltage (V) variability modeled as a Gaussian distribution with
o = 50mV. This reflects realistic fabrication-level mismatches in advanced technology nodes.
This approach yields a distribution of performance metrics instead of a single deterministic result,
allowing designers to assess robustness, yield, and worst-case behavior. In SRAM analysis,
Monte Carlo methods are crucial for capturing failures due to read disturb, write failure, or SNM
degradation arising from asymmetry in inverter operation.

The outcomes of such simulations are often presented as histograms or cumulative distribution
functions (CDFs) of critical parameters such as SNM, delay, or power. From these distributions,
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statistical measures like mean, standard deviation, 3-sigma limits, and percentile-based yield
estimates (e.g., 95% yield) can be derived. Figure 3.16 illustrates the results of a 2000-point Monte
o @ Carlo simulation performed to analyze the impact of threshold voltage variations on the Static
Noise Margin (SNM) of the differential 8TD and single-ended 8TS SRAM cells at Vpp = 0.6V.
The shaded butterfly curves shown in Figures 3.16(a) and 3.16(c) represent the spread of voltage
transfer characteristics (VTCs) due to these variations, with each instance corresponding to a
different threshold voltage sample. The 8TD cell [Figure 3.16(a)] demonstrates a tighter and
more symmetric spread in its butterfly curves, indicating better resilience to process-induced
mismatches compared to the 8TS cell [Figure 3.16(c)], which exhibits greater variability.
Figures 3.16(b) and 3.16(d) present the histograms of the SNM values extracted from
the respective butterfly plots. The distribution for the 8TD cell shows a higher mean SNM
of approximately 0.1932V with a relatively small standard deviation of 0.0056V, suggesting
consistent and robust noise immunity under threshold voltage perturbations. In contrast, the
SNM distribution for the 8TS cell reveals a lower mean of 0.1525V and a noticeably larger
standard deviation of 0.0152V, pointing to reduced stability and a higher likelihood of noise-
induced failures. These results confirm that the differential 8TD architecture is more tolerant
to device-level variations, making it better suited for reliable operation in variation-sensitive

environments.

3.9 SUMMARY OF IMPORTANT RESULTS

Q This chapter presented the design and analysis of SRAM bit-cell architectures aimed at improving
stability, power efficiency, and robustness under low-voltage and variation-sensitive operating

@ @ conditions. The proposed half-select-free single-ended 8TS SRAM bit-cell was evaluated with
respect to static noise margin, write margin, read/write delay, dynamic power, leakage behavior,
layout overhead, and Monte-Carlo variability. In addition, the performance of the differential
8TD cell was compared with the 8TS cell over a wide supply-voltage range to identify the
operating regions where single-ended simplicity or differential robustness becomes more suitable.
The analysis therefore provides a cell-level foundation for the later SRAM-IMC macro and
array-level developments.

The principal findings of this chapter are outlined below—

a 1. A half-select-free, single-ended 8TS SRAM bit-cell has been designed in 32 nm CMOS.
o It achieves a static-noise-margin (SNM) of 0.232 V at Vpp = 0.8 V—second only to a

12T reference cell—while limiting layout overhead to 4.86% relative to a 7T baseline.

2. Monte-Carlo sweeps (2000 samples across full PVT space) confirm 60 robustness for
SNM, write-margin (WM; = 0.515 V), and read/write delay, validating the 8TS cell’s

tolerance to threshold-voltage mismatch, supply variation, and temperature fluctuation.

3. The 8TS cell records one of the lowest dynamic-power figures among all surveyed designs:
0.186 pW for read and 0.247 nW / 8.89 uW for write-1 / write-0, respectively, ensuring

energy-efficient operation across the 0.5-1.0 V supply window.
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4. The 8TS architecture is inherently half-select-error-free, enhancing reliability in large

memory arrays without additional assist circuitry.

5. Two alternative eight-transistor cells were evaluated over 0.6—1.2 V: a differential 8TD
cell and a single-ended 8TS cell. Near threshold 0.6-0.7 V the 8TD cell shows higher
SNM and write-margin than the 8TS, providing better read/write reliability for low-voltage

operation.

6. As Vpp rises toward 1.2 V, the stability gap between 8TD and 8TS narrows, yet the 8TD
still offers faster access at the expense of extra control signals and a differential sense

amplifier, which increases dynamic power.

7. Monte-Carlo analysis under threshold-voltage variation indicates that the 8TD retains a
lower read-fail probability than the 8TS, further supporting its suitability for variation-

tolerant, low-supply designs.

8. Overall, the 8TS cell provides the best compromise among stability, power, and area
for single-ended arrays, whereas the 8TD cell is preferred when differential sensing and
maximum low-voltage robustness are required; the 8TS cell remains a simpler, lower-power
option at nominal voltages where stability margins are less critical whereas the 8TD cell

trumps when high performance cell operation is key.

The results of this chapter show that no single SRAM bit-cell gives the best outcome for
all operating requirements. The 8TS cell offers a compact and energy-aware solution for
half-select-resilient single-ended SRAM arrays, with strong stability and low dynamic power
under nominal and scaled supply conditions. The 8TD cell, on the other hand, provides improved
low-voltage stability, faster access, and better tolerance to threshold-voltage variation because of
its differential operation and compatibility with sense-amplifier-based readout. Thus, the chapter
establishes a clear design trade-off between single-ended low-power operation and differential
high-performance operation. This trade-off is important for the following chapters, where
the proposed cell structures and sensing strategy are further extended toward SRAM-based
in-memory computation.
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CHAPTER-4

8TD SRAM-IMC FOR BITWISE LOGIC IMPLEMENTATION

4.1 OVERVIEW OF THE CHAPTER

The explosive growth of data-centric applications—from large language models to real-time edge
computing—has laid bare the energy and throughput limits of von-Neumann machines, where
every arithmetic operation demands at least one costly round-trip across the memory—logic
boundary. Recent studies show that data movement, not arithmetic, dominates system-on-chip
(SoC) power in modern Al accelerators, often consuming > 70% of the total energy budget.
In-memory computing (IMC) tackles this “memory wall” by performing computation within the
storage array, thereby exploiting the memory’s massive internal bandwidth. Among candidate
media—STT-MRAM, ReRAM, PCRAM and others—CMOS static RAM (SRAM) stands out
for its transistor-level maturity, sub-nanosecond access time, and seamless integration into
existing digital flows. Yet, the canonical 6-transistor (6T) bit-cell couples read and write
nodes, so naively activating multiple word lines to form Boolean functions risks destructive
disturb, a limitation first analysed in the push-rule 6T SRAM-IMC macro. Over the last decade
researchers have introduced an impressive taxonomy of SRAM topologies, peripheral circuits
and algorithm—hardware co-design techniques that progressively enlarge the attainable compute
set while safeguarding data integrity. In light of the preceding requirement, the objective is
articulated as follows:

“Design and analysis of SRAM based in-memory computation (IMC) macro using modified
sensing strategy”

Methodology

1. Develop an SRAM bit-cell array that embeds the modified sensing strategy required for
in-memory computation (IMC).

2. Integrate the selected sensing topology into a complete IMC macro and verify correct
arithmetic/logic functionality at the schematic level.

3. Evaluate the macro’s energy, latency, and computational accuracy over a(0.5V to 1.3V
supply range and for multiple word-lengths.

4. Perform process—voltage—temperature (PVT) corner sweeps and Monte-Carlo mismatch
analysis to quantify robustness and yield.

5. Benchmark the proposed IMC macro against conventional SRAM + digital-logic baselines
and published IMC designs, highlighting improvements in throughput, energy per operation,

and area efficiency.
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The chapter is organized as follows. Section 4.3 introduces the related work of SRAM IMC
using standard 6T, 8T cells (differential and single ended) and illustrates the working principle
and process of the circuit with examples. Section 4.4 analyzes how to optimize the 8TD cell
proposed in Chapter 3 for IMC to perform logical operations and check the reliability of the cell
in memory and compute modes. Section 4.5 presents the comparative results of all the discussed
IMC structures.

4.2 INTRODUCTION

Technology scaling and the proliferation of Al-enabled edge and IoT platforms have drastically
increased the amount of data that must be sensed, stored, and processed within tight power
budgets [177]. At the same time, the historical gains obtained from CMOS scaling are no
longer sufficient to deliver proportional improvements in energy efficiency and performance
for strongly data-centric workloads. Although beyond-CMOS and emerging-device paradigms
continue to attract attention as long-term alternatives, migrating the complete design ecosystem
to new devices requires new fabrication processes, compact models, design methodologies, and
verification flows, all of which introduce substantial cost and risk [178, 179]. Consequently,
CMOS-compatible memory-centric acceleration remains one of the most practical near-term
approaches for improving throughput without abandoning mature digital design infrastructures.

In the conventional von Neumann organization, memory and logic are physically separated,
so even simple operations require repeated transfers of operands and results across the processor—
memory interface. For modern workloads, especially those dominated by large volumes of feature
maps, weights, and intermediate data, this communication overhead increasingly dominates
both latency and energy. Compute-in-memory (CIM) addresses this limitation by either moving
computation closer to the memory array, as in near-memory computing (NMC), or by embedding
selected operations directly within the memory fabric, as in in-memory computing (IMC). A
broad spectrum of memory technologies has therefore been investigated for CIM, including
SRAM [180-183], RRAM [184, 185], DRAM [186, 187], and spin-transfer torque (STT)
magnetic random access memory (MRAM) [188, 189]. RRAM- and MRAM-based solutions
are attractive because they can provide non-volatility and high density, whereas DRAM-based
schemes can leverage dense commodity-compatible arrays for data-parallel workloads. However,
peripheral overhead, device non-idealities, and integration complexity strongly influence how
efficiently such alternatives can be deployed in practical systems [184—186, 188]. In contrast,
SRAM remains deeply embedded in modern processors, offers very low access latency, and
maps naturally onto standard CMOS logic flows, making it especially attractive for low-latency
on-chip IMC.

The IMC landscape can be broadly divided into analog and digital realizations. Analog IMC
typically exploits charge sharing, current summation, or capacitive accumulation to perform
vector—matrix or multiply—accumulate operations with high internal parallelism and attractive
energy efficiency [190-192]. Its main limitation is that the final computational accuracy is

closely tied to device mismatch, noise, reference generation, and, in many cases, the overhead
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of analog-to-digital or mixed-signal interfaces. Digital IMC, by contrast, preserves discrete
logic levels and therefore aligns more naturally with standard design and verification flows,
while also offering better determinism for bitwise logic and low-precision arithmetic kernels
[182, 193]. The key challenge in digital IMC is that correct functionality depends strongly on
bitline discharge dynamics, simultaneous word-line activation behavior, and the robustness of
the sensing strategy under process, voltage, and temperature (PVT) variation. As a result, the
bit-cell structure and the peripheral read/compute circuitry must be co-optimized rather than
designed in isolation.

This co-optimization is particularly evident in SRAM-based IMC. Early demonstrations such
as X-SRAM showed that conventional 6T SRAM arrays can be repurposed to execute Boolean
operations inside the memory array through suitable word-line control and sensing schemes
[180]. However, the shared read/write path of the 6T cell makes concurrent word-line activation
vulnerable to read disturb and constrains reliable compute operation. Decoupled-read 8T cells
and related logic-in-memory SRAM structures address this problem by isolating the read path,
improving noise margins, and enabling faster search or logic functionality with lower risk of
corrupting the stored data [181, 194]. More recent digital SRAM-IMC macros have further
extended the attainable compute set from simple Boolean primitives to higher-level arithmetic
and in-array result-storage functions [182, 193]. Motivated by these developments, this chapter
examines SRAM-IMC from the perspective of bitwise logic realization and emphasizes the role
of differential sensing in achieving a favorable balance among reliability, latency, and energy

efficiency.

4.3 IN-MEMORY COMPUTING USING STANDARD SRAM BIT CELLS

The conventional SRAM bit cell lends itself very well to IMC architectures due to the fact that
two concurrently activated wordlines intrinsically perform NOR operation for the corresponding
stored data values. This is clearly evident for standard 6T SRAM cell illustrated in Fig. 4.1
(a) with the sense amplifiers being used to perform the compute operation shown as their
digital gate equivalent. The content addressable memory circuitry (CAM) implemented using
standard 6T push rule cells [195] with the wordline split into two different control signals, WLA1
and WLA2 as shown in Fig. 4.1(a), performs XNOR logic operation to compare the search
string with the stored values in the corresponding bit cells. This enables parallel search by
applying the search string on the wordlines and comparing the column-wise stored values. Other
iterations of 6T bit cell being used in IMC have also used sequential wordline activation instead
of concurrently turning on multiple WLs which might cause read/ compute disturbance due
to the common read/write path of conventional 6T cells. The cells in the same column will
flip if the bitline discharges to a relatively low value, i.e., lower than the switching threshold
of the single ended inverter based sense amplifiers and false read might occur. The 6T SRAM
with under-driven multiple wordline control during the compute operation has also been used
which helps avoid the read disturbance encountered when the stored datum A’ and B’ are
different (AB = 01/10). However, the usage of low WL signals yields inherently slower speeds
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for NMOS-access transistor based 6T. A solution to is to use a dual port 8T(6+2T) SRAM cell
[181] with a isolated compute port comprised of two PMOS access transistors together with split
WL which avoid the reliability degradation and increased latency suffered by 6T-based IMC
architectures. The Fig. 4.3(a) illustrated the transient simulation for the two 6T cells accessed
using sequentially activated WL signals and the corresponding discharging of the BL/BLB line

based on the stored data combinations. The AND and NOR operations are implemented by using

(a) (b)

(0 (d)

Figure 4.1: Circuit schematics for implementation of single bit boolean logic for two operands A,B along
with the sensing strategy employed. (a) 6T SRAM-IMC (b) 8TC SRAM-IMC (c) 8TB SRAM-IMC and
(d) 8TE SRAM-IMC
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(a) (b)

(© (d)

Figure 4.2: SRAM bit lines (BL/BLB) voltage levels to be sensed by SAs for IMC bitwise logical
operations for (a) 6T SRAM cell (b) 8TC SRAM cell (c) 8TB SRAM cell and (d) STE SRAM cell

single ended SAs with Vgrgr taken such we get a high logic output for Vi, in case where AB =
11 for AND implementation and Vg g where AB = 00 for NOR logic as shown in Fig. 4.2(a).

SRAM cell structures have evolved from the conventional 6T SRAM cell to single ended
cell structures as well as differential ended modified architectures with increased transistor
count. These are designed around an isolated read and write path which allows for modulation
of the Static Noise Margin (SNM) in both the hold and read modes separately. The isolated
read and write ports are also useful when multiple WL activations occur as is the case in
Computation modes for standard SRAM cell structures. The read and write disturbance is
mitigated using the isolated ports. The two conventional 8T (8TC) cells as shown in Fig. 4.1(b)
store the corresponding operands for the two bit logic operations supported in-memory. The
8TC transient response for the logic operations supported is depicted in Fig. 4.3(b) where the
Read bitline (RBL and RBLB) voltages are shown for all the possible bit combinations, i.e.,
00,01,10,11. The charge and discharge of the RBL/RBLB is used as the output for implementing
the logic operations. Skewed inverter sensing is used for performing the logic operation with
the conventional cross-coupled inverter pair sharing the same bitlines acting as a wired NORed
structure similar to the 6T SRAM-IMC. The resulting voltages and the outputs of the skewed
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(a) (b)

(© (d)

Figure 4.3: Transient response of SRAM bitcells in compute-mode for all possible bit combinations
of two single bit operands (A,B) *00°, ’01°, 10 and ’11° at Vpp = 0.8 V for (a) 6T SRAM cell (b) 8TC
SRAM cell (c) 8TB SRAM cell (d) 8TE SRAM cell

inverter sensing is shown in Fig. 4.2(b).

An asymmetric sense amplifier (SA) [180] is used with the two NMOS bitline access transistors
(M8 and M9) sized non-uniformly based on the logic operation (NAND/NOR) to be realised.
The differential 8T cell (8TB) [194] structure can be used in IMC for implementing logic
operations like NAND, NOR and XOR. The cell’s differential structure is designed using two
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extra NMOS transistors together with a footswitch common to the whole row for WWL control
signal connected in the pulldown path for the cross-coupled inverter pair. The circuit schematic
for 8STB SRAM-IMC is shown in Fig. 4.1(c). The boolean logic functions are implemented
using an asymmetric differential sense amplifier [180] which senses the differential Read bitlines
(RBL/RBLB). The transistors are skewed by sizing the access transistors in the sense amplifier.
The complement read bitline (RBLB) access transistor sized greater than RBL access transistor
yield OR (NOR) logic combinations at the SAout (SAoutb) while a wider RBL access transistor
results in AND (NAND) logic combination at the SAout (SAoutb). The RBL and RBLB voltages
for different combinations of operands ’AB’ are shown in Fig. 4.2(c). The transient response of
the 8TB SRAM-IMC structure is depicted in Fig. 4.3(c) for input control signal WL/WWL at
Vpp =0.8 V.

The differential SRAM 8TE cell [196] and its adjacent structures lend themselves very well
to in-memory computational needs due to their isolated read/write dual port architecture. A
modified version of the cell is designed using the conventional cross-coupled inverter pair with
two extra control buffer PMOS transistors being used together with a tail NMOS as shown in
Fig. 4.1 (d). One of the control buffer transistors (Q = 1 connected to its gate terminal) forms a
conducting path through the tail transistor during the access mode of the differential SRAM cell.
While for the write operation to be performed the bitlines need a conduction path to the internal
storage nodes the WLB = 0, and tail is turned ON.

44 IN-MEMORY COMPUTATIONS USING THE PROPOSED 8TD SRAM CELL
AND MDSANF

In order to realize single-bit Boolean functions such as NAND/NOR and XOR/XNOR within
the memory array, two identical instances of the proposed 8TD SRAM cell from Chapter 3 are
connected in a column-wise configuration, as shown in Figure 4.4. The upper and lower dashed
regions represent Cell 1 and Cell 2, respectively. These two cells store the input operands A and
B, while their differential storage nodes provide both true and complementary data values to
the shared bit-line/compute path. By selectively activating the corresponding control signals,
the stored operands interact through the common differential bit-line structure, producing a
logic-dependent voltage response. This two-cell arrangement therefore forms the proposed 8TD
SRAM-IMC macro, where Boolean computation is performed directly using the stored data
rather than transferring the operands to a separate logic unit.

There are two possibilities for the control wordline that lead to NAND/NOR or XOR/XNOR
logic operations similar to the conventional 6T/8TB SRAM cells discussed in Section 4.3. When
both the wordlines of the two cells storing the operands are activated at the same instant of time,
1.e. concurrent wordline activation, the transient response shown in Fig. 4.5 (a) for the voltages at
the bit line (BL) and complementary bit line (BLB) which is analogous to 6T SRAM-IMC. This
is illustrated for all possible combinations of AB, namely *00,01,10,11°. Correspondingly, for
sequentially activated wordlines of cell A followed by cell B, which helps mitigate the problem

of read disturbance where the stored values might change when two or more wordlines in the
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Figure 4.4: Circuit schematic for implementation of single bit boolean logic (NAND/NOR and
XOR/XNOR) for two operands A,B using proposed 8TD SRAM cell

same column are turned on concurrently, the resulting transient simulation is depicted in Fig.
4.5 (b). The transient response obtained from the simulations demonstrates that the sensing
mechanism produces accurate results, with no erroneous behaviour detected throughout the
operation window. This ensures that the design yields zero computational errors, confirming
its resilience against threshold variations in performing logic operations. This configuration
effectively supports all possible input combinations for operands A and B, providing correct
logical outputs without any errors.

To further validate the robustness of the design, Monte Carlo simulations for 6k trials were
performed to showcase the reliability of the NAND/NOR and XOR/XNOR logic operations using
the 8TD SRAM cell at T = 300.15 K for the TT corner with Vpp = 0.8 V and AVt =50 mV to
account for process variations. The results presented in Fig. 4.6 (a) and Fig. 4.6 (b) illustrate
the transient output voltage for the MDSANF when performing NAND and NOR operations,
respectively. These figures highlight the stability and consistency of the outputs across multiple
simulation runs, further reinforcing the reliability of the 8TD SRAM-IMC macro. Figures 4.6
(a) and 4.6 (b) show the transient response of the MDSANF (Objective 1) Monte Carlo runs
at the TT corner (T = 300.15 K, Vpp = 0.8 V) with AVry = 50mV device-to-device variation.
Each subplot corresponds to one of the four possible input combinations AB € {00, 01, 10, 11}.
In Fig. 4.6 (a), the MDSANF implements the AND/NAND function. The red band (SAout)
discharges to 0 V for all cases except AB = 11, where it remains at the pre-charged level of 0.8
V; conversely, the blue band (SAoutb) shows the complementary NAND output. The thickness
of each colored band indicates the spread of the Monte Carlo samples due to threshold-voltage
mismatch. In Fig. 4.6 (b), the MDSANF implements the OR/NOR function. Here the red
waveform only discharges for AB = 00, remaining high otherwise, while the blue waveform
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(a) (b)

Figure 4.5: Transient response for compute mode of proposed 8TD SRAM cell for all possible input
operand combinations (AB), *00,01,10,11° using (a) concurrent word-line and (b) sequential word-line

activations at Vpp = 0.8 V.

produces the NOR complement. Note that the NOR band for AB = 00 is somewhat wider,
reflecting slightly larger variation sensitivity in the all-zero case. Despite the S0 mV threshold
perturbation, the sense amplifier cleanly resolves both true and complement outputs in under 0.5
ns for every input vector, demonstrating robust high-speed sensing and strong variation tolerance
in large-scale Monte Carlo trials.

Figure 4.7 presents the derived statistical latency profiles obtained from the above Monte-Carlo
simulations (AVry = £50 mV, T = 300.15 K, Vpp = 0.8 V) for every input combination of the
operands A and B. The upper row depicts NOR operation, whereas the lower row shows NAND.
For each case—‘00’, ‘01/10’ and ‘11’—the measured latencies are binned into histograms;
a Gaussian probability-density function fitted to the same data is super-imposed, illustrating
that the delay distribution is well-approximated by a normal law driven primarily by random
threshold-voltage mismatch. The coefficient of variation (CV = o /u) rises from 0.7645 %
for AB = 00 to 1.1570 % for the asymmetric inputs AB = 01/10, and peaks at 2.4873 % for
AB = 11. This monotonic increase is consistent with the greater number of stacked pull-down
devices conducting when both inputs are high, which amplifies the impact of mismatch on
the internal discharge node. The mean latency likewise grows from u = 381.4 ps (00) to
u =402.2 ps (11), identifying the latter as the worst-case vector for NOR.

Figure 4.8 illustrates the Monte Carlo transient response of the proposed 8TD SRAM-IMC
for XNOR and XOR realization under threshold-voltage variation. The results clearly follow

the expected Boolean behavior: for equal input combinations, i.e., AB = 00 and AB = 11, the
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(a) (b)

Figure 4.6: Transient response of the asymmetric sense amplifier for 6k Monte carlo simulations at TT
e corner for T = 300.15 K and Vpp = 0.8 V to implement (a) NAND and (b) NOR outputs for all possible
input cases of input operands (AB), ’00,01,10,11°, at for AVyyg = 50 mV.

Figure 4.7: Distribution of latency for NOR and NAND logic operation for all possible combinations of
input operands (AB), *00,01,10,11” for 6k Monte Carlo simulation runs at T = 300.15 K and Vpp =0.8 V
with AVtg =50 mV.

XNOR output remains at logic high while the XOR output stays near logic low, whereas for
unequal input combinations, AB = 01 and AB = 10, the XNOR output discharges to logic low
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Figure 4.8: Transient simulations for (a) XNOR and (b) XOR logic operations for all possible input
operand combinations, AB = 00,01, 10, and 11. The results are obtained from 2000 Monte Carlo
simulation runs at 7 = 300.15 K, Vpp = 0.8 V, and AVtyg = 50 mV.

and the XOR output switches to logic high. The two mixed-input cases exhibit nearly identical
transition bands, indicating good symmetry of the sensing mechanism, while the equal-input
cases remain tightly clustered with negligible spread because no output transition is required.
Overall, the separation between the logic-high and logic-low states across the Monte Carlo runs
confirms that the proposed 8TD SRAM-IMC macro can reliably implement both XNOR and
XOR functions at the TT corner with AVryg = 50mV.

The trend reverses for NAND: the highest CoV of 2.3857 % occurs when AB = 00, because
both pull-up devices must overcome the regenerative latch, while the lowest CoV of 0.7217 % is
observed for AB = 11. Intermediate inputs AB = 01/10 yield a CoV of 1.1098 %. The largest
mean latency appears again at the vector where both series-devices switch, i.e. ¢ = 403.4 ps for
AB = 00. Even in the worst cases the CoV stays below 2.5 %, and the spread (- < 10 ps) remains
a small fraction of the nominal ~ 0.4 ns delay, confirming that the asymmetric sense-amplifier
maintains tight timing dispersion under significant threshold variation. The observation that
NOR’s slowest vector is AB = 11 while NAND’s is AB = 00 provides a clear guideline for
sizing: the pull-down stack in NOR and the pull-up stack in NAND should be marginally upsized
if additional guard-band is required for six-sigma yield. Overall, the fitted Gaussian envelopes
validate the robustness of the sensing strategy across all logic flavours and input patterns.
Figure 4.9 presents the Monte Carlo latency distributions of the proposed 8TD SRAM-IMC
macro for XNOR and XOR logic operations under device-threshold mismatch. The simulations
include all four possible input combinations, AB = 00,01, 10, and 11, thereby capturing the
variation sensitivity of the complete logic-evaluation condition rather than a single data case.
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(@ (b)

Figure 4.9: Latency distributions for (a) XNOR and (b) XOR logic operations for all possible input
operand combinations, AB = 00,01, 10, and 11. The results are obtained from 2000 Monte Carlo
simulation runs at 7 = 300.15 K, Vpp = 0.8 V, and AVtyg = 50 mV.

For the XNOR operation, the mean delay is 0.55450 ns with a standard deviation of 0.01656 ns,
while the XOR operation exhibits a very close mean delay of 0.55425 ns with a standard deviation
of 0.01645 ns. The difference between the two mean values is only about 0.25 ps, indicating
that the complementary XOR/XNOR evaluation paths are well balanced.

The two distributions are concentrated mainly within the range of approximately 0.53-0.59 ns,
showing limited delay dispersion even under AVty = 50 mV. The standard deviation is nearly 3%
of the mean delay for both operations, which suggests that the proposed differential SRAM-IMC
structure maintains stable timing behavior in the presence of process-induced device mismatch.
The close agreement between the XOR and XNOR distributions is expected because both
functions are derived from the same differential compute mechanism, with the final logic
interpretation determined by complementary bit-line responses. Therefore, the result confirms
that the proposed macro can perform XOR/XNOR operations with almost identical latency
characteristics and without introducing a significant timing penalty for either logic function.

4.5 PERFORMANCE COMPARISON OF IN-MEMORY SRAM CELL ARCHITEC-
TURES

This section presents a comparative evaluation of the SRAM-IMC cell architectures discussed in
the preceding sections. The comparison includes the conventional 6T SRAM-IMC structure,
the conventional read-decoupled 8T cell (8TC), the differential 8T SRAM-IMC cell (8TB), the
8TE SRAM-IMC baseline, and the proposed 8TD SRAM-IMC cell. All cells are implemented
using the Predictive Technology Model (PTM) at the 32 nm technology node [145]. To ensure
a consistent comparison, identical word-line timing, sense-amplifier enable timing, device

sizing methodology, and bit-line loading conditions are used across the evaluated architectures.
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(b)
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Figure 4.10: SRAM-IMC latency distributions under device mismatch at Vpp = 0.8 Vand AVt = 50 mV:
(a) violin-plot summary with extracted u and o, (b) Monte Carlo latency distribution for the fast cluster
consisting of 6T, 8TB, and 8TE cells, and (c) Monte Carlo latency distribution for the higher-latency 8TC
and 8TD cells.

The supply voltage is swept from Vpp = 0.5 V to 1.3 V, covering both near-threshold and
nominal-voltage operation. The bit-line capacitance is modeled using a w-network representation
to emulate large-array loading, with Cgr, = 50 {F used for the comparative evaluation.

The primary comparison metrics are latency, latency spread under threshold-voltage variation,
average energy per bit, throughput, and energy reduction with respect to reference SRAM-IMC
macros. These metrics are selected because SRAM-IMC design involves a coupled trade-off
between speed, energy, variation tolerance, and peripheral complexity. A cell that provides
low latency but large energy overhead may not be suitable for energy-constrained in-memory
computing. Conversely, a cell that achieves very low energy but suffers large delay may not meet
throughput requirements. Therefore, the objective of this comparison is to identify the practical
operating position of each cell architecture across supply voltage and process variation.

Figure 4.10 compares the latency distributions of the evaluated SRAM-IMC cells under
device mismatch at Vpp = 0.8 V and AVry = 50 mV. The violin plot in Fig. 4.10(a) provides a
compact view of both the mean latency and the statistical spread, while Figs. 4.10(b)—(c) show
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the corresponding 3D Monte Carlo distributions.

The 6T, 8TB, and 8TE cells form the fastest latency group. Their mean latencies are
0.38153 ns, 0.38189 ns, and 0.38137 ns, respectively. The difference among these three cells
is below 0.6 ps, indicating that all three architectures operate within almost the same timing
band under the chosen sensing conditions. Their standard deviations are also small: 0.0027 ns
for 6T, 0.0028 ns for 8TB, and 0.0029 ns for 8TE. This corresponds to coefficients of variation
of approximately 0.71%, 0.73%, and 0.76%, respectively, confirming that the fast group also
maintains tight delay dispersion under mismatch.

The 8TC cell exhibits the largest mean latency, 0.57549 ns, and a much larger standard
deviation of 0.0140 ns. Compared with the 8TE cell, the 8TC latency is approximately 50.9%
higher. This is consistent with its single-ended read/compute path, where the sensing operation
depends on the development of a single read bit-line level relative to a reference or switching
threshold. Although this architecture is attractive from an energy perspective, its delay and delay
spread are significantly larger than the differential-sensing-based structures.

The proposed 8TD cell reduces the mean latency relative to 8TC from 0.57549 ns to
0.55495 ns, corresponding to an improvement of approximately 3.6%. However, its standard
deviation remains relatively large at 0.0165 ns, giving a coeflicient of variation of approximately
3.0%. Thus, the 8TD cell improves the practical latency position relative to 8TC but still exhibits
greater timing spread than the fast differential cluster. This indicates that the proposed 8TD
architecture is better interpreted as an energy-oriented improvement over 8TC rather than as a
pure latency replacement for the 6T/8TB/8TE group.

The 3D Monte Carlo distributions further support this interpretation. The distributions in
Fig. 4.10(b) are concentrated near the 0.38 ns region for 6T, 8TB, and 8TE, whereas Fig. 4.10(c)
shows wider and higher-latency distributions for 8TC and 8TD. The separation between the two
clusters demonstrates that the sensing strategy and read-path organization play a dominant role
in determining compute latency under mismatch. Differential sensing provides strong timing
control, while single-ended or modified single-ended evaluation paths generally reduce energy
at the cost of larger delay and delay spread.

Figure 4.11 compares the latency, average energy per bit, and throughput of the SRAM-IMC
cells across the supply-voltage range. The latency trend in Fig. 4.11(a) shows that all cells
become faster as Vpp increases. This is expected because higher supply voltage increases
device overdrive, strengthens the bit-line discharge or charge path, and reduces the time required
for the sensing circuitry to resolve the compute output. The largest latency reduction occurs
between 0.5 V and 0.8 V, where the circuits move away from near-threshold operation. Beyond
approximately 0.9 V, the latency curves flatten, indicating diminishing speed improvement with
further supply increase.

The 8TC cell remains the slowest architecture across the complete supply-voltage range. At
Vpp = 0.8 V, its latency is approximately 0.575 ns, whereas the 6T, 8TB, and 8TE cells operate
close to 0.381 ns. Therefore, the 8TC delay penalty is not limited to a single supply voltage but

persists throughout the sweep. This behavior is a consequence of the single-ended read path and
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(a) (b)

(c)

Figure 4.11: Performance comparison of SRAM-IMC cell architectures as a function of Vpp at the TT
process corner and 7" = 300.15 K: (a) latency, (b) average energy per bit, and (c) throughput for 6T, 8TC,
8TB, 8TE, and 8TD SRAM-IMC cells.

its dependence on slower voltage development at the read bit-line. In contrast, the 6T, 8TB, and
8TE structures remain grouped together because their compute operation is resolved through
stronger bit-line discharge and differential or differential-like sensing. The 8TD cell lies between
the 8TC and fast-cluster designs: it improves over 8TC, particularly at lower and mid supply
voltages, but it does not fully reach the latency of the fastest differential group.

The average energy per bit in Fig. 4.11(b) follows the opposite trend. Energy increases with
Vpp for all architectures, which is consistent with the dynamic switching-energy dependence
ExC VI%D. The 8TC cell consumes the least energy per bit across the supply range, reflecting
the lower switched capacitance and reduced single-ended activity in its read path. However, this
energy advantage is obtained at the cost of the highest latency and lowest throughput. The 6T,
8TB, and 8TE cells consume higher energy because their compute evaluation involves stronger

bit-line activity and differential sensing. The proposed 8TD cell achieves a more favorable
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energy position than the fast differential group while remaining faster than 8TC, thereby shifting
the practical speed—energy trade-off toward a more balanced operating point.

The throughput results in Fig. 4.11(c) follow directly from the latency trends. Since
throughput is inversely related to compute latency, the 6T, 8TB, and 8TE cells provide the
highest throughput across most of the voltage range. At Vpp = 0.8 V, the 8TE cell achieves
approximately 2.624 GOPS, while 8TB and 6T provide approximately 2.620 GOPS and
2.584 GOPS, respectively. The 8TC cell provides only about 1.706 GOPS at the same supply
voltage because of its higher delay. The 8TD cell improves the throughput relative to 8TC and
approaches the faster group more closely as the supply voltage increases. This again confirms
that the proposed 8TD cell should be understood as a compromise architecture that improves the
energy efficiency of the SRAM-IMC operation while recovering part of the speed lost by 8TC.

The combined interpretation of Fig. 4.11 is that no single cell dominates all metrics. The 8TC
cell is energy efficient but slow. The 6T cell is fast and compact, but simultaneous word-line
activation can produce read disturb and reliability concerns in IMC operation. The 8TB cell
improves reliability through differential operation but introduces additional transistor and control
overhead. The 8TE cell provides the best latency and throughput among the evaluated fast
architectures while maintaining modest area overhead. The proposed 8TD cell offers an improved
energy position relative to the fast differential baselines while achieving lower latency than
8TC. Thus, the choice of cell depends on whether the design target prioritizes maximum speed,
minimum energy, variation tolerance, or a balanced speed—energy operating point.

Figure 4.12 summarizes the energy advantage of the proposed 8TD SRAM-IMC cell with
respect to the 6T, 8TB, and 8TE SRAM-IMC baselines. The heatmap shows that the proposed
8TD cell provides the largest energy reduction in the low-to-mid supply-voltage region. At
Vpp = 0.5-0.7 V, the reduction is typically in the range of 60%—70%, indicating that the proposed
cell is particularly effective under energy-constrained near-threshold operation. At Vpp = 0.8 V,
the reduction remains strong, with values near the mid-50% range for most reference macros.
In the nominal region of approximately 0.9—1.1 V, the energy benefit decreases but remains
significant, typically around 30%—40%. At higher supply voltages, 1.2—1.3 V, the reduction
tapers to approximately 15%—25%.

The reduction decreases at higher Vpp because all cells experience a stronger dynamic-energy
increase as the supply voltage rises. As the VI%D component becomes dominant, the relative
advantage of reducing capacitance or modifying the compute path becomes smaller. Nevertheless,
the 8TD cell maintains a positive energy benefit across the entire voltage range. This is important
because it confirms that the proposed architecture does not provide an isolated advantage at one
operating point; rather, it consistently reduces compute energy over a broad supply range.

The heatmap also shows that the energy advantage is comparable across the 6T, 8TB, and 8TE
baselines, although the exact reduction varies slightly with the reference architecture and supply
voltage. This suggests that the proposed 8TD cell reduces the effective switching activity of the
compute operation in a way that is not limited to one particular comparison. In other words, the

energy improvement is not simply the result of selecting a weak reference cell; it remains visible
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Figure 4.12: Energy reduction of the proposed 8TD SRAM-IMC cell with respect to 6T, 8TB, and 8TE
SRAM-IMC macros across Vpp.

even when compared against the faster and more competitive 8TB and 8TE structures.

Table 4.1 summarizes the latency statistics extracted from the mismatch study in Fig. 4.10.
The values reinforce the clustering visible in the violin plot. The 6T, 8TB, and 8TE cells exhibit
nearly identical mean latency and low statistical spread. The 8TC and 8TD cells have higher
mean latency and larger spread, but the proposed 8TD still reduces the mean delay relative to
8TC. Therefore, the latency statistics confirm that the proposed 8TD architecture improves the
speed of the energy-oriented 8TC-style operating regime, while the 8TE cell remains the best
option when maximum latency and throughput performance are prioritized.

Table 4.2 provides a representative operating-point comparison at Vpp = 0.8 V. The table
highlights the different roles of the evaluated cells. The 8TC cell achieves the lowest energy
per bit, 1.647 fJ, but it also has the highest latency, 586.166 ps, and the lowest throughput,
1.706 GOPS. The 8TB and 8TE cells provide the lowest latency and highest throughput, with
the 8TE cell reaching 381.097 ps and 2.624 GOPS. Compared with 8TC, the 8TE cell reduces
latency by approximately 35.0% and improves throughput by approximately 53.8%, while
maintaining much lower normalized area than 8TB. The 6T cell is also competitive in speed and
area, but its IMC reliability is constrained by the shared read/write path and the possibility of
read disturb under multi-row activation.

The overall performance comparison leads to three important conclusions. First, the 6T,

8TB, and 8TE cells form the speed-oriented group, with low latency, high throughput, and
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Table 4.1: Latency statistics of SRAM-IMC cells under device mismatch at Vpp = 0.8 V and AVy =
50 mV.

Cell upums) o (ms) CV (%)

6T 0.38153 0.0027 0.71
8TC 0.57549 0.0140 243
8TB 0.38189 0.0028  0.73
8TE 0.38137 0.0029  0.76
8TD 0.55495 0.0165  2.97

narrow delay spread. Second, the 8TC cell forms the energy-oriented baseline, achieving the
lowest average energy per bit but suffering a large speed penalty. Third, the proposed 8TD cell
improves the energy profile relative to the fast reference macros and reduces latency relative to
8TC, making it useful for applications where energy efficiency is more important than absolute
maximum speed.

The layout comparison in Fig. 4.13 provides the physical basis for the normalized area values
reported in Table 4.2. The 6T cell has the smallest normalized area and is therefore the density
baseline. The 8TC and 8TB cells introduce additional transistors and routing complexity due
to their read-decoupled and differential structures, resulting in higher normalized area. The
8TE cell provides a more favorable physical trade-off: it retains the latency and throughput
advantage of the fast differential group while requiring only a modest area overhead over the 6T
baseline. This makes it attractive for speed-oriented SRAM-IMC operation where the added
logic capability must not significantly compromise array density.

Overall, the comparison establishes two complementary SRAM-IMC design directions. The
8TE cell provides the strongest latency-throughput position among the evaluated reference cells
while maintaining only modest area overhead. The 8TC cell provides the lowest energy per bit
but suffers a clear delay and throughput penalty. The proposed 8TD cell improves the energy
profile relative to the faster 6T, 8TB, and 8TE baselines, while reducing the latency penalty

Table 4.2: Representative SRAM-IMC performance at Vpp = 0.8 V.

Latency Avg. Energy/bit Throughput Normalized

SRAM-IMC

(ps) (£)) (GOPS) Area
6T 386.982 17.805 2.584 1.000
8TC 586.166 1.647 1.706 1.264
8TB 381.675 17.628 2.620 1.394
8TE 381.097 18.0895 2.624 1.065
8TD 445.920 8.136 2.242 1.067
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(a) (b) )

(d) (e)

Figure 4.13: Layout views of the SRAM cells considered for IMC implementation: (a) 8TE, (b) 6T, (c)
8TC, (d) 8TB and (e) 8TD. The layouts are used to support the normalized area comparison reported in
Table 4.2.

associated with 8TC. Therefore, the 8TE structure is better suited for speed-oriented IMC
operation, whereas the proposed 8TD cell is more suitable when energy reduction is prioritized
without accepting the full speed penalty of conventional 8T'C-based IMC.

4.6 SUMMARY OF IMPORTANT RESULTS

This chapter presented SRAM-based in-memory computation for bitwise logic implementation
using conventional and proposed SRAM cell structures. The proposed 8TD SRAM-IMC macro
was evaluated for NAND/NOR and XOR/XNOR operation, and the resulting designs were
compared in terms of latency, energy, throughput, variation tolerance, and area. The important

results are summarized below.

1. Conventional 6T, 8TC, 8TB, and 8TE SRAM-IMC structures show distinct speed—energy—
reliability trade-offs. The 6T cell is compact and fast but may suffer from read disturb
under multi-row activation, whereas 8TC improves read isolation and energy efficiency at
the cost of higher latency. The 8TB and 8TE cells provide stronger differential operation
and better timing behavior.

2. The proposed 8TD SRAM-IMC macro realizes NAND/NOR and XOR/XNOR logic by
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connecting two SRAM cells in a column-wise configuration. The stored operands A and
B interact through the shared bit-line and sensing path, allowing Boolean computation to
be performed inside the memory structure without transferring data to external logic.

3. Functional simulations confirm correct logic operation for all input combinations, AB =
00,01, 10, and 11. Both concurrent and sequential word-line activation schemes were
analyzed, showing that the proposed structure supports logic evaluation while controlled

activation helps reduce read-disturb concerns.

4. Monte Carlo analysis confirms robust NAND/NOR operation under mismatch. For 6000
runs at Vpp = 0.8 V, T = 300.15 K, and AVty = 50 mV, the outputs remain clearly
separated for all input cases. The worst-case mean delay remains close to 0.4 ns, and the

coefficient of variation stays below approximately 2.5%.

5. XOR/XNOR operation also remains stable under mismatch. For 2000 Monte Carlo runs,
the XNOR and XOR mean delays are 0.55450 ns and 0.55425 ns, respectively, with
standard deviations close to 0.0165 ns. The very small mean-delay difference confirms
that the complementary XOR/XNOR paths are well balanced.

6. The mismatch-based latency comparison separates the cells into two timing groups. The
6T, 8TB, and 8TE cells form the fast cluster with mean delays near 0.381 ns, while 8TC
and 8TD form the higher-latency group. The proposed 8TD still improves over 8TC by
reducing the mean delay from 0.57549 ns to 0.55495 ns.

7. The voltage-sweep comparison shows that increasing Vpp reduces latency and improves
throughput, while average energy per bit increases. At Vpp = 0.8 V, the 8TE cell gives the
best speed-oriented result with 381.097 ps latency and 2.624 GOPS throughput, whereas
8TC gives the lowest energy per bit but the highest latency.

8. The proposed 8TD cell provides consistent energy reduction with respect to 6T, 8TB,
and 8TE baselines. The reduction reaches approximately 60%—70% at Vpp = 0.5-0.7 V,
remains around 30%—40% near nominal supply, and tapers to approximately 15%—-25% at
higher supply voltages.

9. The layout and normalized-area comparison show that 6T remains the density baseline,
while 8TC and 8TB introduce larger area overhead due to additional read and differential
paths. The 8TE cell achieves a favorable physical trade-off by retaining high latency-

throughput performance with only modest area overhead.

In summary, the chapter shows that SRAM-IMC performance depends on the combined
choice of bit-cell structure, sensing strategy, and supply voltage. The proposed 8TD SRAM-IMC
macro provides robust NAND/NOR and XOR/XNOR computation under mismatch, while the
comparative analysis identifies 8TE as preferable for speed-oriented operation and 8TD as

preferable for energy-oriented operation.
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CHAPTER-5

RECONFIGURABLE SRAM-IMC ARRAY FOR THROUGHPUT
ENHANCEMENT

5.1 OVERVIEW OF THE CHAPTER

The preceding chapters established the three circuit-level foundations required for an SRAM-
based in-memory computing (SRAM-IMC) platform: a modified differential sensing strategy, a
robust 8T SRAM bit-cell, and an SRAM-IMC macro capable of Boolean logic evaluation. While
the cell-level and macro-level results demonstrate improvements in stability, latency, energy, and
variation tolerance, a practical SRAM-IMC system must also preserve these advantages when the
design is extended to an array-level organization. Array scaling introduces longer bit-lines, larger
parasitic capacitance, higher interconnect loading, and stronger interaction between the selected
cells and peripheral circuitry. Consequently, the design challenge moves beyond demonstrating
correct logic functionality in a small macro; the complete array must support reliable memory
access and compute-mode evaluation under the same physical bit-line and sensing constraints.

Recent SRAM-CIM and SRAM-IMC designs have shown that configurable SRAM macros
can support logic, arithmetic, and machine-learning-oriented computation by reusing the memory
array for bit-line processing, precision-configurable operation, and column-parallel data paths
[84, 88, 104, 106]. However, array-level reconfigurability also introduces new trade-offs. The
same peripheral circuits must satisfy the requirements of conventional memory operation, where
static noise margin, write margin, read delay, and read power are critical, as well as compute
operation, where latency, average energy per bit, and throughput determine the usefulness of the
IMC mode. Therefore, the design of a reconfigurable SRAM-IMC array requires co-optimization
of the bit-cell, sense amplifier, timing-control scheme, and compute data path rather than
independent optimization of each block [7].

In this chapter, the modified sense-amplifier strategy, the proposed 8T SRAM cell, and
the SRAM-IMC logic macro developed in the preceding chapters are integrated into a unified
dual-mode architecture. The proposed architecture operates as a conventional SRAM array in
memory mode and as a logic-enabled SRAM-IMC array in compute mode. In memory mode,
the selected cell develops a differential bit-line signal that is resolved by the sense amplifier to
generate full-swing read outputs. In compute mode, the same bit-line and sensing infrastructure
is reused to evaluate Boolean logic functions through the IMC path. This shared organization
reduces peripheral duplication and establishes a direct path from circuit-level improvement to
array-level throughput enhancement.

In light of the preceding requirement, the objective of this chapter is articulated as follows:

“Design and optimization of a reconfigurable SRAM-IMC array using modified sense amplifier

and computation macro for throughput enhancement”
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Methodology

1. Develop a dual-mode SRAM-IMC array architecture that integrates the modified sensing
strategy, the proposed 8T SRAM cell, and the Boolean compute macro into a shared
memory/compute data path.

2. Define the required control sequence for memory-mode and compute-mode operation,
including precharge, word-line activation, complementary word-line control, virtual-

ground control, and sense-amplifier enable timing.

3. Evaluate memory-mode scalability for array sizes from 2 X 2 to 32 x 32 across a supply-
voltage range of Vpp = 0.6 V to 1.2 V, using static noise margin, write-margin deviation,

read delay, and read power as the key metrics.

4. Evaluate compute-mode scalability using NAND-evaluation latency, average energy per

bit, and throughput across the same array-size and supply-voltage range.

5. Identify the dominant scaling penalties in memory and compute modes, and use these
results to assess the suitability of the proposed reconfigurable SRAM-IMC array for
throughput-enhanced operation.

The chapter is organized as follows. Section 5.2 introduces the need for reconfigurable
SRAM-IMC arrays and motivates the transition from cell-level and macro-level design to
array-level evaluation. Section 5.3 presents the proposed dual-mode SRAM-IMC architecture
and explains the shared data path used for memory and compute operation. Section 5.4 analyzes
the memory-mode behavior of the proposed array in terms of SNM, write-margin deviation, read
delay, and read power. Section 5.5 evaluates the compute-mode latency, average energy per bit,
and throughput under array-size and supply-voltage scaling. Finally, Section 5.6 summarizes the
key findings and highlights the dominant trade-offs in the proposed reconfigurable SRAM-IMC

array.

5.2 INTRODUCTION

The SRAM-IMC macro developed in Chapter 4 demonstrated that Boolean logic can be
evaluated directly inside the SRAM data path using the proposed differential 8T SRAM cell
and modified sensing strategy. At the macro level, the proposed structure was shown to support
NAND/NOR and XOR/XNOR operation for all possible input combinations of the stored
operands. The corresponding Monte Carlo analysis further confirmed that the compute outputs
remain distinguishable under threshold-voltage mismatch. However, a macro-level demonstration
does not fully establish the suitability of the design for practical memory-compute integration.
Once the same compute mechanism is embedded within an array, the selected cells interact
with longer bit-lines, larger parasitic capacitance, precharge devices, row-selection circuitry,
timing-control signals, and shared sense-amplifier paths. Therefore, the design must be evaluated
beyond the isolated cell or two-cell macro level to determine whether the proposed SRAM-IMC

approach remains reliable when extended to an array-level organization.
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In this chapter, the term reconfigurable SRAM-IMC array refers to an SRAM architecture
that can operate in two modes using a largely shared circuit infrastructure. In memory mode,
the array behaves as a conventional SRAM: the row decoder selects the required word line, the
selected cell develops a differential bit-line signal, and the sense amplifier resolves the stored
data. In compute mode, the same stored operands, bit-line pair, and sensing path are reused to
evaluate Boolean logic locally inside the memory array. Thus, reconfigurability in this work
does not imply a separate programmable logic fabric added beside the SRAM. Instead, it refers
to the ability of the same memory array and peripheral data path to support both storage and
in-memory computation with minimal duplication of circuitry.

This dual-mode requirement is consistent with the broader development of SRAM-based
compute-in-memory and in-memory computing architectures. Early configurable SRAM designs
showed that conventional SRAM arrays could be reused for search and logic operations through
suitable word-line control and sensing techniques [5]. Logic-centric SRAM-IMC designs such as
X-SRAM further demonstrated that Boolean operations can be performed inside CMOS SRAM
by modifying the access scheme and sensing strategy [6]. Subsequent SRAM-CIM macros
extended this idea toward vector computing, configurable precision, and neural-network-oriented
workloads using bit-serial arithmetic, configurable unit macros, and multi-bit input/output
support [84, 88, 106]. These works establish that SRAM arrays can be adapted for computation,
but they also show that the cell, bit-line, sense amplifier, and control circuitry must be treated as
a coupled system rather than as independent design blocks.

Recent SRAM-CIM and SRAM-IMC works further emphasize the importance of multi-mode
and reconfigurable array operation. A 9T-SRAM IMC macro has been reported for Boolean
logic and multiply-and-accumulate operation, illustrating the trend toward combining logic
and arithmetic functionality within the same memory-oriented structure [197]. A configurable
IMC architecture based on dual-port SRAM has also been proposed to exploit the flexibility
of multi-port access and bit-line accumulation for compute operation [198]. Other recent
designs have explored 9T SRAM-based CIM with capacitance weighting and redundant-array-
assisted conversion, PVT-insensitive 7T SRAM-CIM using dynamic matching quantization,
and 1-16b reconfigurable 7T SRAM-based digital near-memory computing for neural-network
processing [199-201]. These developments indicate that SRAM-CIM research is moving beyond
isolated Boolean demonstrations toward configurable array-level architectures that must balance
memory reliability, compute speed, energy efficiency, and peripheral complexity.

Array-level evaluation is essential because the dominant design constraints change as the
circuit is scaled from a single cell to a complete array. At the bit-cell level, static noise margin,
write margin, read delay, and cell-level power are the primary reliability and performance metrics.
At the macro level, the main concern is whether the bit-line response can be correctly sensed
for each operand combination. At the array level, however, bit-line capacitance, word-line
loading, interconnect parasitics, precharge energy, sense-amplifier offset, and peripheral timing
begin to dominate the overall behavior. Prior SRAM array studies have shown that array

organization, statistical variation, and bit-line loading directly influence yield, access time, and
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energy efficiency [2, 8, 73, 74]. These challenges are even more critical in SRAM-IMC because
the same array must satisfy both conventional memory-mode requirements and compute-mode
logic-evaluation requirements [7].

Accordingly, this chapter integrates the modified sense-amplifier concept, the proposed
differential 8T SRAM cell, and the SRAM-IMC logic macro into a unified reconfigurable array
framework. The proposed architecture uses the same bit-line and sensing resources for both
modes of operation. In memory mode, the array is evaluated in terms of static noise margin,
write-margin deviation, read delay, and read power. In compute mode, the array is evaluated
in terms of NAND-evaluation latency, average energy per bit, and throughput. The analysis
is carried out for array sizes ranging from 2 X 2 to 32 X 32 over a supply-voltage range of
Vpp = 0.6-1.2 V. This evaluation range allows the influence of array scaling to be studied
together with voltage scaling, which is important for assessing the feasibility of the proposed
architecture under both low-voltage and nominal-voltage operating conditions.

The contribution of this chapter is therefore twofold. First, it demonstrates how the circuit
blocks developed in the preceding chapters can be combined into a dual-mode SRAM-IMC array
that supports both memory access and in-memory Boolean computation through a shared data
path. Second, it identifies the dominant scaling trends that appear when the proposed architecture
is extended from small arrays to larger organizations. In particular, the analysis distinguishes
between metrics that remain weakly affected by array size, such as static stability, and metrics
that become more strongly dependent on array expansion, such as read power and compute
energy. This distinction is important because an SRAM-IMC architecture is only useful if the
compute capability is achieved without sacrificing the basic memory function. The following
sections therefore present the proposed array architecture and then analyze its memory-mode

and compute-mode behavior under voltage and array-size scaling.

5.3 PROPOSED RECONFIGURABLE SRAM-IMC ARRAY ARCHITECTURE

Figure 5.1 shows the proposed reconfigurable SRAM-IMC array architecture. The architecture
combines the three major circuit-level blocks developed in the preceding chapters: the modified
sense-amplifier topology, the proposed differential 8T SRAM cell, and the SRAM-IMC logic
macro. The objective of this integration is to construct a dual-mode array that can operate either
as a conventional SRAM for data storage and readout or as an in-memory computing array for
Boolean logic evaluation. Instead of using separate memory and compute hardware paths, the
proposed architecture reuses the same bit-line pair, row-control network, timing-control signals,
and sensing circuitry for both modes of operation. This shared organization forms the basis of
the reconfigurable SRAM-IMC framework analyzed in this chapter.

The proposed array consists of differential 8T SRAM cells arranged in a row-column structure.
Each column is associated with a complementary bit-line pair, BL/BLB, and each row is
accessed through word-line control generated by the row decoder. The row decoder selects the
required row during memory access and also supports the controlled activation required during

compute-mode operation. The timing-control block generates and coordinates the key signals
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Figure 5.1: Proposed reconfigurable SRAM-IMC architecture showing the shared memory-mode and

compute-mode data paths.

required by the proposed cell and sensing structure, including WL, WLB, VGND, precharge
control, and sense-amplifier enable. Before each operation, the precharge circuit initializes BL
and BLB to a defined voltage level, so that the subsequent bit-line development depends only on
the selected storage nodes and the active operating mode.

In memory mode, the proposed architecture functions as a conventional differential SRAM
array. The selected word line is activated by the row decoder, allowing the stored data in the
accessed cell to develop a differential voltage on BL and BLB. After sufficient bit-line separation
is established, the modified sense amplifier is enabled to regenerate the small differential signal
into full-swing digital outputs. Thus, the memory-mode operation follows the standard SRAM
read sequence of precharge, word-line activation, bit-line development, and sense-amplifier
evaluation. Since the proposed cell provides differential internal storage nodes and a controlled
access path, the read operation benefits from improved signal separation and robust sensing.

In compute mode, the same array-level bit-line and sensing infrastructure is reused for logic
evaluation. Instead of transferring the stored operands from the SRAM array to an external logic
unit, the operands stored in selected cells interact through the shared bit-line structure. The
timing-control block activates the required control signals so that the selected cells generate a
logic-dependent response on BL and BLB. This response is then sensed and forwarded to the
IMC logic path to generate Boolean outputs such as NAND, NOR, XOR, and XNOR. Therefore,
the compute operation is performed using the stored data directly inside the SRAM array,

reducing the movement of operands between memory and external logic.
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The figure also highlights the manner in which the earlier objectives are combined within
the final array-level design. The proposed sense amplifier from the first objective provides the
high-speed and variation-tolerant readout mechanism. The proposed differential 8T SRAM cell
from the second objective provides the storage element and the controlled access paths required
for robust memory and compute operation. The SRAM-IMC macro and logic path developed
in the third objective provide the Boolean computation capability. In the present architecture,
these blocks are not treated as isolated contributions; rather, they are combined into a single
memory-compute data path to realize a reconfigurable SRAM-IMC array.

The key advantage of this architecture is peripheral reuse. The bit-line pair, precharge devices,
row-selection network, timing-control block, and sense amplifier are shared between memory
and compute modes. This avoids the need for a fully separate compute peripheral attached to the
SRAM array. As a result, the architecture retains the basic functionality of a conventional SRAM
array while adding in-memory Boolean computation capability. This is important because the
usefulness of SRAM-IMC depends not only on the correctness of logic operation, but also on
whether the compute function can be added without degrading normal memory access.

The proposed architecture therefore establishes a common framework for evaluating both
memory-mode and compute-mode behavior. In memory mode, the important metrics are
static noise margin, write-margin deviation, read delay, and read power. In compute mode, the
important metrics are logic-evaluation latency, average energy per bit, and throughput. Since
both modes share the same physical bit-line and sensing path, the array-level analysis must
consider how scaling the array size affects both storage reliability and compute performance.
The following sections therefore evaluate the proposed architecture from 2 X 2 to 32 x 32 array
sizes across the supply-voltage range of Vpp = 0.6-1.2 V.

5.4 MEMORY-MODE ANALYSIS UNDER ARRAY SCALING

The proposed SRAM-IMC array must retain reliable conventional SRAM operation before its
compute-mode functionality can be considered useful. Therefore, the first part of the array-level
evaluation focuses on memory-mode behavior. The memory-mode metrics considered in this
section are static noise margin (SNM), write-margin deviation, read delay, and read power. These
metrics are evaluated for array sizes ranging from 2 X 2 to 32 x 32 over a supply-voltage range
of Vpp = 0.6-1.2 V.

Array-level SRAM behavior is strongly affected by the interaction between the bit-cell,
bit-line loading, word-line loading, and peripheral circuitry. Previous SRAM array studies have
shown that access time, energy, and yield are governed not only by the intrinsic bit-cell design,
but also by array organization, bit-line capacitance, sense-amplifier behavior, and statistical
variation [2, 8, 73, 74]. In SRAM-CIM and SRAM-IMC arrays, these constraints become even
more important because the same memory infrastructure is expected to support both storage
and computation [7]. Hence, the memory-mode analysis in this section is used to verify that
the proposed reconfigurable architecture does not sacrifice the fundamental SRAM read/write

behavior when scaled to larger array sizes.

112

Page 145 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 146 of 188 - Integrity Submission Submission ID  trn:o0id:::27535:139751820

5.4.1 STATIC NOISE MARGIN

(a)

(b)

Figure 5.2: SNM scaling of the proposed SRAM cell for 2 X 2 to 32 x 32 arrays over Vpp = 0.6-1.2 V:
(a) absolute SNM and (b) relative SNM deviation, ASNM with respect to the 2 X 2 reference array.

Figure 5.2 shows the SNM variation of the proposed SRAM cell under array-size scaling.
Figure 5.2 (a) presents the absolute SNM values, while Fig. 5.2 (b) shows the relative SNM
deviation with respect to the 2 x 2 array. The relative deviation is defined as

ASNMpyxn = SNMpxy — SNMayo. (5.1)
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The absolute SNM increases with Vpp, as expected from the stronger inverter transfer
characteristics at higher supply voltage. From the plotted data, the SNM increases from
approximately 0.208 V at Vpp = 0.6 V to approximately 0.318-0.320 V at Vpp = 1.2V,
corresponding to an improvement of nearly 53%. Most of this improvement occurs between
0.6 V and 1.0 V, where the SNM rises from about 0.208 V to about 0.315 V. Beyond 1.0 V, the
SNM begins to saturate, and the additional improvement from 1.0 V to 1.2 V is less than 2%.

More importantly, the SNM values for all array sizes remain almost overlapped. The relative
SNM variation in Fig. 5.2 (b) remains within approximately —0.38 mV to +0.57 mV across
the complete voltage range. Even in the worst case, this corresponds to less than 0.3% of
the absolute SNM at the lowest supply voltage. At nominal and higher supply voltages, the
percentage deviation is even smaller. This confirms that increasing the array size from 2 X 2 to
32 x 32 introduces negligible degradation in static cell stability.

This behavior is consistent with the nature of SNM as a primarily local storage-node metric.
Since SNM is extracted from the butterfly characteristics of the cross-coupled storage inverters,
it is more strongly influenced by the bit-cell ratio, device mismatch, and supply voltage than
by the external array loading. Array parasitics have a stronger effect during dynamic read and
write operations, but they do not significantly alter the static hold condition when the storage
nodes are properly isolated. Similar observations have been reported in array-level SRAM
reliability studies, where statistical cell variation and supply scaling dominate SNM behavior,
while peripheral loading primarily affects access delay and energy [2, 73]. Therefore, the
proposed cell preserves its static stability when extended to larger SRAM-IMC arrays.

5.4.2 WRITE-MARGIN DEVIATION

Figure 5.3 presents the array-size dependence of the write-margin deviation. The plotted metric
is WM — Vpp/2|, which represents the distance of the write margin from the ideal midpoint
value. A smaller value indicates that the write operation is closer to the desired symmetric
switching condition.

Unlike SNM, the write-margin deviation shows stronger dependence on both supply voltage

Figure 5.3: Array-size dependence of write-margin deviation, [WM — Vpp /2|, across the supply-voltage

range.

114

Page 147 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 148 of 188 - Integrity Submission Submission ID  trn:o0id:::27535:139751820

and array size. At Vpp = 0.6 V, the 2 x 2 array shows the largest deviation, approximately
110 mV, indicating that write operation is most sensitive near the lowest evaluated supply voltage.
As Vpp increases, this deviation reduces to about 70 mV at 0.8 V, about 30 mV at 1.0 V, and
approaches the ideal midpoint at 1.1-1.2 V. Thus, for the 2 X 2 case, the write-margin deviation
reduces by approximately 73% between 0.6 V and 1.0 V.

For the larger 16 x 16 and 32 x 32 arrays, the deviation is approximately 25 mV at 0.6 V,
decreases to about 15 mV near 0.8 V, and further reduces to nearly 5 mV at higher supply voltages.
This corresponds to an approximate reduction of 80% from the low-voltage condition to the
high-voltage region. The 4 X 4 and 8 X 8 arrays remain in an intermediate range, with deviations
of the order of a few millivolts at low voltage and approximately 20 mV at higher supply voltage.
Overall, the plot indicates that write margin is more sensitive to array configuration than SNM,
particularly below 0.8 V.

This trend is expected because write operation depends on the ability of the access devices
and write drivers to overpower the existing stored state. At low Vpp, the reduced gate overdrive
weakens the access path and makes the switching point more sensitive to device strength, control
timing, and bit-line loading. Prior SRAM works have shown that writability and half-select
robustness become more difficult under low-voltage and array-level operation, often motivating
write-assist schemes, half-select mitigation, or modified cell structures [52, 55, 59, 73]. Therefore,
while the proposed cell maintains excellent static stability under scaling, write margin remains a

more informative metric for identifying low-voltage array-level limitations.

5.4.3 READ DELAY

Figure 5.4 shows the read-delay variation with array size across the supply-voltage sweep. The
read delay decreases strongly as Vpp increases, which reflects the improvement in bit-line
development and sense-amplifier regeneration at higher supply voltages.

At Vpp = 0.6 V, the read delay is approximately 212 ps for the 2 X 2 array and approximately
244 ps for the 32 x 32 array. This represents an array-size penalty of about 15% at the lowest
supply voltage. However, the penalty reduces rapidly as the supply voltage increases. At
Vop = 0.8 V, the read delay is approximately 50 ps for all array sizes, and beyond 0.9 V,
the difference between the smallest and largest arrays becomes only a few picoseconds. At
Vpp = 1.2V, the delay is close to 30-31 ps, indicating that the size-dependent read-delay penalty
is nearly suppressed in the high-supply region.

The voltage-scaling trend is also significant. For the 2 X 2 array, the read delay reduces from
about 212 ps at 0.6 V to about 30 ps at 1.2 V, corresponding to an approximate 86% reduction.
For the 32 x 32 array, the delay decreases from about 244 ps to about 31 ps, corresponding to an
approximate 87% reduction. Thus, the proposed array benefits strongly from supply-voltage
scaling in memory read mode, while the effect of array size becomes small at moderate and high
supply voltages.

The observed behavior agrees with the known dependence of SRAM read delay on bit-line

capacitance and sense-amplifier resolution. Larger arrays increase the effective bit-line and
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Figure 5.4: Read-delay variation with array size from 2 X 2 to 32 x 32 across the supply-voltage sweep.

interconnect loading, which slows the development of the differential signal at low voltage.
However, higher Vpp increases the read-current drive and strengthens the regenerative action
of the sense amplifier, thereby reducing the impact of the additional loading. Previous sense-
amplifier and array-level SRAM studies have similarly shown that access delay is strongly
linked to bit-line swing, capacitive loading, and latch resolution time [8, 30, 34]. Therefore,
the proposed architecture maintains good read-speed scalability, with the main delay penalty

appearing only under the combined condition of large array size and low supply voltage.

5.4.4 READ POWER

Figure 5.5 shows the read-power variation across array sizes and supply voltages. The y-axis is
plotted on a logarithmic scale because the read-power spread across the evaluated array sizes is
much larger than the spread observed for SNM or read delay.

Read power increases with both Vpp and array size. From the plotted data, the 2 X 2 array
increases from approximately 107> uW at 0.6 V to approximately 6 x 1072 yW at 1.2 V,
corresponding to roughly a 60X increase. For the 32 x 32 array, the power increases from
approximately 0.8 W at 0.6 V to approximately 40 uW at 1.2 V, corresponding to roughly a
50x increase. Therefore, although the read delay improves with increasing Vpp, the read-power
cost rises significantly.

At a fixed supply voltage, the array-size penalty is even more pronounced. At Vpp = 0.6 V,
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Figure 5.5: Read-power variation with array size from 2 X 2 to 32 x 32 across the supply-voltage sweep.

The logarithmic y-axis highlights the wide power spread under array scaling.

the 32 x 32 array consumes approximately 10°—10% times more read power than the 2 x 2 array.
A similar order-of-magnitude separation is visible at higher supply voltages. This large spread
shows that read power is the most strongly array-size-dependent memory-mode metric among
those evaluated in this section.

This trend is physically expected because read power is directly linked to switched capacitance,
bit-line length, peripheral activity, and interconnect loading. As the array grows, the bit-line
capacitance and the number of capacitively coupled nodes increase, so the energy required
for precharge, bit-line development, and sensing also increases. Energy-optimized SRAM
array studies have shown that array organization and bit-line segmentation strongly influence
read energy [8, 74]. In SRAM-CIM and SRAM-IMC architectures, peripheral and bit-line
energy can become a dominant scaling limitation, especially when the same array is reused for
compute-mode operation [7]. Hence, read power becomes the primary memory-mode scaling

penalty in the proposed reconfigurable array.

5.4.5 INTERPRETATION OF MEMORY-MODE RESULTS

Table 5.1 summarizes the dominant memory-mode trends extracted from Figs. 5.2-5.5. The
results show that the proposed SRAM-IMC array maintains strong static stability under scaling,
but the dynamic metrics become increasingly sensitive to array size and supply voltage.
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Table 5.1: Summary of memory-mode scaling trends for the proposed reconfigurable SRAM-IMC array.

Metric

Observed trend

Scaling implication

SNM

Increases from ~ 0.208 V at 0.6 V to ~
0.32 V at 1.2 V, while ASNM remains
within about +£0.6 mV.

Negligible array-size
impact; stability re-

mains well preserved.

Write-margin devia-

tion

Worst low-voltage deviation is ~ 110 mV
for2x2 at 0.6 V, reducing by about 73% by
1.0 V. Larger arrays show lower high-Vpp
deviations of only a few millivolts.

Moderate scaling sensi-
tivity, strongest below
0.8 V.

Read delay

For 2 x 2, delay reduces from ~ 212 ps
to ~ 30 ps; for 32 x 32, it reduces from
~ 244 ps to ~ 31 ps. The low-Vpp size
penalty is about 15%.

Moderate size penalty
at low voltage; small
penalty at  nomi-

nal/high voltage.

Read power

Increases strongly with both Vpp and array
size. The 32 x 32 array is roughly 10?103
times higher than the 2 X 2 case across the

sweep.

Dominant memory-
mode scaling cost due
to switched capaci-

tance and peripheral

loading.

Overall, the memory-mode analysis shows that array scaling has negligible impact on the
static stability of the proposed cell. The maximum SNM shift relative to the 2 X 2 reference
remains below 0.6 mV, which is less than 0.3% of the lowest absolute SNM value observed.
Write-margin deviation and read delay show moderate scaling sensitivity, especially at low Vpp,
where reduced device drive makes the array more sensitive to loading and control timing. Read
power exhibits the strongest dependence on array size because it scales directly with switched
capacitance and peripheral activity.

Therefore, the proposed reconfigurable SRAM-IMC array preserves reliable memory-mode
behavior up to the evaluated 32 X 32 size. The main limitation introduced by array scaling is
not static cell stability, but dynamic power consumption. This conclusion is important for the
compute-mode analysis in the next section, because the same bit-line and sensing resources are

reused for in-memory Boolean logic evaluation.

5.5 COMPUTE-MODE ANALYSIS UNDER ARRAY SCALING

The preceding section confirmed that the proposed reconfigurable SRAM-IMC array preserves
reliable memory-mode behavior under array-size scaling. The next step is to evaluate whether
the same array can also sustain efficient compute-mode operation. In compute mode, the stored

operands are not first read out and then processed by a separate external logic block. Instead, the
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selected SRAM cells generate a logic-dependent bit-line response that is sensed and interpreted
by the IMC data path. Therefore, the compute-mode delay and energy are governed not only by
the intrinsic switching behavior of the bit cell, but also by the bit-line capacitance, interconnect
loading, precharge activity, timing-control sequence, and sense-amplifier response.

The compute-mode analysis in this section considers NAND evaluation for the input case
A = 0and B = 0. This case is used as a representative logic-evaluation condition because it
exercises the complete SRAM-IMC compute path, including cell selection, bit-line development,
sensing, and output generation. The array sizes considered are 2 X 2,4 x4, 8 x 8, 16 X 16, and
32 x 32, and the supply voltage is swept from Vpp = 0.6 V to 1.2 V. The key compute-mode
metrics are logic-evaluation latency, average energy per bit, and throughput.

Prior SRAM-CIM and SRAM-IMC works have shown that compute performance at the array
level is frequently limited by the same factors that affect memory readout: bit-line loading,
sensing margin, peripheral timing, and control overhead [84, 88, 106]. More recent SRAM-CIM
designs have further emphasized that peripheral circuitry and bit-line energy can dominate the
overall energy efficiency, particularly when the array supports configurable precision, multi-bit
operation, or mixed memory/compute functionality [7, 82, 104]. Hence, the purpose of this
section is not only to verify that the proposed SRAM-IMC array computes correctly, but also
to identify how the latency, energy, and throughput scale when the macro is extended to larger

array organizations.

5.5.1 COMPUTE-MODE LATENCY

Figure 5.6 shows the compute-mode latency of the proposed SRAM-IMC array as a function of
Vpp and array size. The plotted delay corresponds to the NAND-evaluation delay for A = 0 and
B =0.

The compute latency decreases as Vpp increases for all array sizes. From the plotted data, the
latency at Vpp = 0.6 V lies approximately in the range of 493-517 ps, whereas at Vpp = 1.2V,
it reduces to approximately 380-388 ps. Thus, the compute delay improves by nearly 23%—-25%
across the supply-voltage sweep. This reduction is expected because a higher supply voltage
increases the overdrive of the access and evaluation transistors, accelerates bit-line voltage
development, and improves the regeneration speed of the sensing path.

The array-size dependence is most visible at the lowest supply voltage. At 0.6 V, the difference
between the fastest and slowest array cases is approximately 20-25 ps, corresponding to an
array-size-induced spread of about 4%—-5%. As Vpp increases, this spread becomes smaller. At
1.2 V, the latency spread reduces to approximately 8—10 ps, or about 2%—3%. Therefore, while
larger arrays do introduce additional loading, the delay penalty does not grow proportionally
with array size.

This trend indicates that the proposed compute path remains sensing-limited rather than
severely load-limited up to the evaluated 32 x 32 array size. In other words, the additional
bit-line and interconnect capacitance of the larger arrays affects the low-voltage case, but the

sensing path still resolves the compute output within a narrow delay window. This observation is

119

Page 152 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820



Page 153 of 188 - Integrity Submission Submission ID  trn:oid:::27535:139751820

Figure 5.6: Compute-mode NAND-evaluation latency of the proposed SRAM-IMC array for 2 X 2 to
32 % 32 organizations across Vpp = 0.6-1.2 V.

consistent with prior SRAM-CIM analyses, where higher Vpp reduces the sensitivity of bit-line
evaluation to parasitic loading, while low-voltage operation exposes the delay penalty associated
with weaker current drive and larger effective capacitance [7, 106]. Consequently, the proposed
SRAM-IMC architecture shows favorable latency scalability, especially at nominal and higher
supply voltages.

The latency behavior can be interpreted as the sum of three main components:
fcomp = IBL t ISA *+ Tlogics (5.2)

where gy, is the time required to develop the compute-dependent bit-line response, fsa is the
sense-amplifier resolution delay, and #jogic is the output logic delay. Increasing the array size
mainly increases tg;, through additional capacitance, whereas increasing Vpp reduces both g
and rsa. This explains why the array-size penalty is more visible at 0.6 V, but becomes small as

the supply voltage approaches 1.0-1.2 V.

5.5.2 AVERAGE COMPUTE ENERGY PER BIT

Figure 5.7 shows the average energy per bit consumed during compute-mode NAND evaluation.
The y-axis is plotted on a logarithmic scale because the energy spread across array sizes is much
larger than the corresponding latency spread.

The average compute energy per bit increases with both supply voltage and array size. For the
2 x 2 array, the energy is approximately 0.008-0.01 nJ at 0.6 V, and it increases to approximately
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Figure 5.7: Average compute energy per bit of the proposed SRAM-IMC array for 2 X 2 to 32 x 32

organizations across Vpp = 0.6-1.2 V.

0.13-0.15nJ at 1.2 V. This corresponds to an increase of roughly 15x—18x. For the 32 x 32
array, the energy increases from approximately 1 nJ at 0.6 V to approximately 25-30nJ at 1.2 V,
corresponding to an increase of about 25x-30x.

The array-size dependence is even more significant than the voltage dependence. At
Vpp = 0.6 V, the 32 X 32 array consumes roughly two orders of magnitude more energy per bit
than the 2 X 2 array. A similar separation is observed at higher supply voltages; at 1.2 V, the
32 x 32 energy is approximately 150x-200x larger than that of the 2 x 2 array. This shows that
compute energy is the dominant scaling penalty of the proposed architecture.

The physical reason for this behavior is the increase in effective switched capacitance. During
compute evaluation, energy is consumed in precharging, conditionally discharging, and sensing

the bit-line and compute-path nodes. The dynamic energy can be approximated by
Edyn ~ a'CeffV]%Da (5.3)

where « is the activity factor and C is the effective switched capacitance seen by the compute

path. Increasing Vpp raises the energy approximately with VSD,

size raises Ceg through longer bit-lines, larger interconnect networks, and increased peripheral

while increasing the array

loading. Therefore, even though the latency penalty remains modest, the compute-energy penalty
becomes large.
This observation is aligned with the broader SRAM-CIM literature. Several SRAM-
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Figure 5.8: Compute-mode throughput of the proposed SRAM-IMC array for 2x?2 to 32 x32 organizations
across Vpp = 0.6-1.2 V.

CIM macros achieve high throughput by exploiting column-parallelism and internal bit-line
bandwidth, but the total energy efficiency is often determined by peripheral switching, bit-line
capacitance, and sensing/ADC overhead rather than by the Boolean or arithmetic operation
alone [82, 84, 88, 104]. In the proposed design, the same principle is observed at the Boolean-
logic level: the compute operation remains fast, but the energy cost increases substantially as
more capacitance is associated with the array-level data path. Thus, energy per bit is the most

important compute-mode metric for future optimization.

5.5.3 COMPUTE THROUGHPUT

Figure 5.8 presents the compute-mode throughput of the proposed SRAM-IMC array. Since the
plotted operation is a single-bit NAND evaluation through the SRAM-IMC path, the throughput
follows the inverse trend of compute latency.

The throughput increases with Vpp for all array sizes. From the plotted data, the throughput
is approximately 2.1-2.3 GOPS at 0.6 V, and it increases to approximately 2.75-2.85 GOPS at
1.2 V. This corresponds to an improvement of about 25%—-32%, depending on the array size.
The trend is consistent with Fig. 5.6, since reducing the compute delay directly increases the
number of logic evaluations that can be completed per second.

The throughput is defined as

1
Throughput = , 5.4)

comp
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where 7comp 1s the compute-mode latency. Therefore, the observed improvement in throughput is
a direct consequence of the reduction in bit-line evaluation and sensing delay at higher supply
voltage. For example, reducing the latency from about 500 ps to about 385 ps corresponds to
an increase from about 2.0 GOPS to about 2.6 GOPS, which is consistent with the measured
throughput range.

The array-size dependence of throughput is comparatively small. At 0.6 V, the spread between
the smallest and largest array sizes is approximately 0.2—0.25 GOPS, or around 9%—11%. At
1.2 V, the spread reduces to less than 0.05 GOPS, corresponding to below about 2%. This
confirms that the proposed array does not suffer a large throughput penalty when scaled from
2 x 2 to 32 x 32, particularly in the nominal and high-supply regions.

This result is significant because it separates the speed-scaling behavior from the energy-
scaling behavior. The proposed SRAM-IMC array remains throughput-stable under array-size
scaling, but the energy per bit increases strongly. Similar speed—energy separation has been
observed in SRAM-CIM macros, where bit-line parallelism supports high compute throughput,
while peripheral and capacitive switching determine the energy cost [7, 84, 88, 106]. Therefore,
the proposed architecture is promising from a compute-throughput perspective, but energy-aware

array partitioning and peripheral optimization are necessary for larger implementations.

5.5.4 INTERPRETATION OF COMPUTE-MODE RESULTS

Table 5.2 summarizes the compute-mode trends extracted from Figs. 5.6-5.8. The results
show that the proposed reconfigurable SRAM-IMC array scales well in terms of latency and
throughput, while energy per bit becomes the dominant limitation as the array size increases.

Overall, the compute-mode analysis demonstrates that the proposed SRAM-IMC array
maintains stable logic-evaluation behavior when scaled from 2 X 2 to 32 x 32. The latency
decreases by approximately one-fourth across the voltage sweep, and the throughput improves
correspondingly. The array-size penalty in latency and throughput is modest, especially above
0.9 V, where the bars for different array sizes become closely grouped. This indicates that the
shared bit-line and sensing infrastructure can support compute-mode operation without a major
degradation in speed.

In contrast, the average compute energy per bit increases substantially with array size. This
is because array expansion increases the effective switched capacitance of the compute data
path, including the bit-lines, interconnects, precharge devices, and peripheral sensing circuits.
Therefore, the principal trade-off of the proposed reconfigurable SRAM-IMC array is not
compute speed, but compute energy. This conclusion is consistent with the memory-mode
analysis, where SNM and read delay remained well controlled, while read power increased
strongly with array size.

The combined memory-mode and compute-mode results show that the proposed architecture
remains functionally robust and throughput-efficient up to the evaluated 32 X 32 array size. How-
ever, the energy trend indicates that future scaling should focus on reducing capacitance-related

overhead. Possible directions include bit-line segmentation, local precharge gating, selective
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Table 5.2: Summary of compute-mode scaling trends for the proposed reconfigurable SRAM-IMC array.

Metric Observed trend Design implication

Compute latency Reduces from approximately 493-517 ps at Latency scales favor-
0.6 V to approximately 380-388 ps at 1.2 V, ably; size penalty is
giving nearly 23%-25% delay reduction. The mainly visible at low
array-size spread reduces from about 4%—-5% voltage.
at low Vpp to about 2%—3% at high Vpp.

Average energy per Increases strongly with both Vpp and array Energy is the domi-
bit size. The 32 x 32 array is roughly 10? times nant compute-mode
more energy-consuming than the 2 X 2 array, scaling penalty.
and the energy of the 32 X 32 case rises by
about 25x-30x from 0.6 Vto 1.2 V.

Throughput Increases from approximately 2.1-2.3 GOPS Throughput remains
at 0.6 V to approximately 2.75-2.85 GOPS at stable across array
1.2 V. The array-size spread falls below about sizes, especially near
2% at high Vpp. nominal supply.

row/column activation, reduced-swing compute signaling, and more aggressive peripheral
sharing. These optimizations would directly target the dominant energy component while
preserving the latency and throughput advantages demonstrated by the proposed SRAM-IMC
data path.

5.6 ARRAY-LEVEL SCALABILITY AND DESIGN TRADE-OFFS

The memory-mode and compute-mode analyses together show that the proposed reconfigurable
SRAM-IMC architecture can be extended from small arrays to larger organizations without
losing its basic memory or compute functionality. However, the different performance metrics
do not scale in the same manner. Static stability, read delay, compute latency, and throughput
remain relatively well controlled as the array size increases, whereas read power and compute
energy show a much stronger dependence on array dimension. This indicates that the dominant
limitation of the proposed array is not functional correctness or timing scalability, but energy
growth caused by larger switched capacitance.

In memory mode, the most favorable result is the weak dependence of SNM on array size.
The relative SNM deviation with respect to the 2 X 2 reference remains within the sub-mV range
across the complete supply-voltage sweep. This confirms that the intrinsic storage stability of the
proposed bit cell is preserved even when the array is scaled to 32 x 32. The result is important
because it shows that the proposed differential 8T cell does not suffer a significant static-stability

penalty when embedded in a larger memory structure. Since SNM is primarily governed by the
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local cross-coupled storage nodes and supply voltage, the external array parasitics have only
limited influence on the hold condition.

Write-margin deviation and read delay show a stronger dependence on supply voltage and
array size. At low Vpp, the reduced device drive makes the cell more sensitive to bit-line loading
and control-signal timing. Therefore, larger arrays exhibit a more noticeable penalty in write
and read behavior near 0.6 V. As the supply voltage increases, the stronger access and sensing
currents reduce this penalty, and the delay spread across array sizes becomes smaller. This shows
that the proposed architecture is more suitable for nominal-voltage operation when larger arrays
are used, while low-voltage operation requires more careful timing and write-assist consideration.

The strongest memory-mode scaling penalty appears in read power. Unlike SNM, read
power is directly related to the amount of capacitance that is charged, discharged, and sensed
during access. As the array grows, longer bit-lines, larger interconnect networks, and increased
peripheral loading raise the effective switched capacitance. This causes the read power to
increase by orders of magnitude from the smallest to the largest evaluated array. Thus, while the
proposed bit cell remains stable under scaling, the energy cost of accessing larger arrays becomes
the main memory-mode concern. This observation is consistent with SRAM array studies
where bit-line and peripheral capacitance dominate energy consumption in scaled memory
organizations [8, 74].

A similar trend is observed in compute mode. The NAND-evaluation latency decreases
with increasing Vpp, and the array-size-induced delay spread remains limited. From the plotted
data, the compute latency reduces from approximately 493—517 ps at 0.6 V to approximately
380-388 ps at 1.2 V. This corresponds to a delay reduction of nearly 23%—25%. The array-size
penalty is most visible at low supply voltage, but it becomes small in the nominal and high-Vpp
regions. Therefore, the shared bit-line and sensing infrastructure can support compute-mode
operation without introducing a large delay penalty up to the evaluated 32 X 32 array size.

Throughput follows the same trend as compute latency. Since throughput is inversely related
to the compute-evaluation time, it increases as Vpp increases. The throughput values for different
array sizes remain closely grouped at higher supply voltages, indicating that array expansion
does not severely reduce compute-rate capability. This is a favorable result for the proposed
SRAM-IMC architecture because the objective of the design is throughput enhancement through
in-array Boolean evaluation. The results show that the compute data path remains fast enough to
preserve this advantage under moderate array scaling.

However, the average compute energy per bit increases strongly with both Vpp and array
size. This is the dominant compute-mode trade-off. Although larger arrays do not significantly
degrade latency or throughput, they require substantially more energy because the compute
operation charges, discharges, and senses larger bit-line and peripheral capacitances. Therefore,
the proposed architecture is speed-scalable but energy-limited. This behavior is consistent
with recent SRAM-CIM literature, where bit-line switching, sensing circuitry, and peripheral
overhead are often the main contributors to total energy even when the computational operation
itself is simple [7, 84, 88, 104].
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Table 5.3: Overall array-level scaling behavior of the proposed reconfigurable SRAM-IMC architecture.

Operating mode Metric Scaling behavior and implication

Memory mode SNM Weakly affected by array size; relative
shift remains within the sub-mV range,
confirming stable storage behavior up to
32 x32.

Memory mode Write-margin deviation ~ Moderately affected by array size
and low-Vpp operation; indicates that
writability is more sensitive to scaling
than hold stability.

Memory mode Read delay Moderate low-voltage size penalty; delay
spread reduces at higher Vpp, showing

good read-speed scalability near nominal
supply.

Memory mode Read power Strongest memory-mode scaling penalty;
increases with array size because of
larger switched bit-line and peripheral
capacitance.

Compute mode Latency Reduces by nearly 23%—25% across the
voltage sweep; array-size penalty re-

mains limited, especially above 0.9 V.

Compute mode Average energy per bit ~ Dominant compute-mode  scaling
penalty; increases strongly with both
Vbp and array size due to higher

effective switched capacitance.

Compute mode Throughput Improves with Vpp and remains closely
grouped across array sizes at higher sup-
ply voltages, indicating stable compute-

rate scalability.

The combined results suggest that the proposed architecture is most effective when the design
goal is to improve throughput by reducing data movement while maintaining conventional
SRAM functionality. The shared data path allows the same array to operate in memory and
compute modes, avoiding the need for a completely separate compute peripheral. This improves

architectural compactness and supports local Boolean evaluation. However, because both modes
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rely on the same physical bit-line infrastructure, energy optimization becomes increasingly
important as the array grows.

Table 5.3 summarizes the overall scaling behavior observed in the proposed reconfigurable
SRAM-IMC array.

From the design perspective, these trends indicate that future improvements should primarily
target capacitance-related energy overhead rather than the basic logic-evaluation mechanism.
Possible optimization strategies include bit-line segmentation, selective row and column activa-
tion, local precharge gating, reduced-swing compute operation, and more aggressive sharing of
peripheral circuits. These techniques would reduce the switched capacitance seen during both
read and compute operations, directly addressing the strongest scaling penalty observed in this
chapter.

Overall, the array-level analysis confirms that the proposed SRAM-IMC design preserves
the key benefits established in the previous chapters. The modified sensing strategy supports
fast differential readout, the proposed 8T cell maintains stable memory behavior, and the IMC
macro enables in-array Boolean logic evaluation. When these blocks are integrated into one
reconfigurable array, the architecture remains stable and throughput-efficient up to the evaluated
32 x 32 size. The main limitation is the increase in energy and power under array expansion,
which identifies energy-aware peripheral and bit-line optimization as the most important direction

for further scaling.

5.7 SUMMARY OF IMPORTANT RESULTS
This chapter integrated the proposed sense amplifier, differential 8T SRAM cell, and SRAM-IMC

logic path into a reconfigurable array-level architecture. The array was evaluated in both memory
and compute modes for sizes ranging from 2 X 2 to 32 x 32 across Vpp = 0.6-1.2 V. The

important results obtained from this analysis are summarized below.

1. The proposed architecture establishes a unified dual-mode SRAM-IMC array in which the
same bit-line and sensing infrastructure is used for both conventional memory operation
and in-memory Boolean computation. In memory mode, the selected cell develops a
differential BL/BLB signal that is amplified by the sense amplifier. In compute mode, the
sensed bit-line response is forwarded to the IMC logic path to generate outputs such as
NAND, NOR, XOR, and XNOR.

2. The static noise margin remains nearly unaffected by array scaling. From 2 X 2 to 32 x 32
arrays, the relative SNM variation with respect to the 2 X 2 reference remains within
approximately +£0.6 mV over the complete supply-voltage range. This confirms that the
proposed bit cell preserves its static storage stability even when embedded in larger array

organizations.

3. The write-margin deviation, expressed as |WM — Vpp/2|, shows a stronger dependence
on supply voltage and array size than SNM. The largest deviations occur at lower supply

voltages, especially below 0.8 V, where reduced device drive makes the write operation
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more sensitive to bit-line loading and control timing. As Vpp increases, the deviation

compresses and the write behavior approaches the ideal midpoint more closely.

4. The read delay decreases strongly with increasing Vpp for all array sizes. The array-size
penalty is most visible at low supply voltage because larger arrays introduce heavier bit-line
and interconnect loading. However, beyond approximately 0.9-1.0 V, the delay values for
different array sizes become closely grouped, indicating good read-speed scalability in the

nominal operating region.

5. The read power shows the strongest memory-mode dependence on array size. Unlike SNM,
which is mainly governed by the local storage-node stability of the cell, read power depends
directly on switched capacitance, bit-line length, interconnect loading, and peripheral

activity.

6. The compute-mode NAND-evaluation latency for A = 0 and B = 0 decreases from
approximately 493-517 ps at Vpp = 0.6 V to approximately 380-388 ps at Vpp = 1.2 V.
This represents a delay reduction of nearly 23%—-25% across the supply-voltage sweep.
The array-size penalty remains limited, especially at higher supply voltages, showing that

compute-mode speed is not severely degraded by scaling up to 32 x 32.

7. The average compute energy per bit increases significantly with both supply voltage and
array size. This increase is caused by the larger effective switched capacitance associated
with longer bit-lines, larger interconnect networks, and additional peripheral loading in
larger arrays. Thus, although compute latency remains well controlled, compute energy

becomes the dominant compute-mode scaling penalty.

8. The compute throughput increases with Vpp, following the reduction in compute-mode
latency. The throughput values for different array sizes remain closely grouped at higher
supply voltages, indicating that array expansion does not introduce a large throughput

penalty.

9. The combined memory-mode and compute-mode results show that the proposed SRAM-
IMC array remains functionally robust up to the evaluated 32 x 32 size. Static stability
is preserved, read and compute delays remain controlled, and throughput remains stable.
The dominant trade-off introduced by scaling is the increase in read power and compute

energy, both of which are linked to larger switched capacitance and peripheral activity.

Overall, the proposed reconfigurable SRAM-IMC array successfully extends the circuit-level
improvements of the earlier chapters to an array-level memory-compute platform. The results
show that the architecture is stable and throughput-efficient under scaling, with energy reduction
identified as the main direction for further optimization.
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CHAPTER-6

CONCLUSION, FUTURE SCOPE AND SOCIAL IMPACT

The present research work is focused on SRAM design for throughput enhancement using
a circuit-to-array design approach. The proposed work begins with variation-tolerant sense-
amplifier design, extends to robust SRAM bit-cell development, and then progresses toward
SRAM-based in-memory computation at the macro and array levels. In this chapter, the important
findings and outcomes of the proposed work are summarized. The possible future extensions of
the work are then discussed, followed by the potential social impact of the proposed SRAM-IMC
design approach.

6.1 CONCLUSION

The present research work focused on SRAM design for throughput enhancement using a
circuit-to-array design approach. The work was motivated by the increasing cost of data
movement in conventional memory-centric systems and by the growing interest in SRAM-based
in-memory computing, where selected logic operations are performed within or near the memory
array. The thesis therefore did not treat SRAM-IMC only as a macro-level logic problem.
Instead, it examined the complete design path consisting of the sense amplifier, SRAM bit-cell,
SRAM-IMC macro, and reconfigurable SRAM-IMC array. This approach was necessary because
the reliability and speed of SRAM-IMC depend not only on the compute logic but also on bit-line
development, sensing margin, storage-node stability, and array-level capacitance.

The first important outcome of this thesis is that the sense amplifier remains a critical block
for both conventional SRAM readout and SRAM-IMC operation. In scaled SRAM arrays, the
bit-line voltage difference available before sensing is small, and the read decision is affected
by bit-line capacitance, supply voltage, and device mismatch. To address this issue, modified
decoupled sense amplifier structures, namely MDSA and MDSANF, were proposed. Both
designs decouple the regenerative latch from the bit-lines during precharge and allow the latch
to evaluate only after the input differential is available. This reduces unnecessary bit-line
disturbance and improves sensing speed under low-voltage differential read conditions.

At Vpp = 0.8 V and CgL = 50 fF, the MDSA achieved read-delay reductions of 28.6%,
41.79%, 37.74%, and 30.94% over MCSA, DTSA, MHSA, and LSA, respectively. The
MDSANTF provided comparable reductions of 26.13%, 39.78%, 35.58%, and 28.55% over the
same reference topologies. Monte Carlo analysis with 10,000 samples and +30 mV threshold-
voltage variation confirmed improved variation tolerance, while sizing analysis identified an
88 nm decoupling PMOS width as a suitable power—delay design point. The layout areas of
0.297 um? for MDSA and 0.5192 pm? for MDSANTF further indicate that the speed improvement
is obtained with practical column-level overhead. Thus, the proposed sensing approach establishes
a faster and more variation-tolerant read path for differential SRAM and SRAM-IMC designs.
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The second important outcome is that SRAM bit-cell design must be evaluated not only
for storage stability but also for its suitability under array and compute-mode conditions. The
proposed 8TS SRAM bit-cell was designed as a half-select-free single-ended cell in 32 nm
CMOS. It achieved an SNM of 0.232 V at Vpp = 0.8 V, while limiting layout overhead to 4.86%
relative to the 7T baseline. Monte Carlo analysis confirmed robust behavior for SNM, write
margin, and access delay under threshold-voltage variation, supply fluctuation, and temperature
variation. The cell also achieved WM1 = 0.515 V, read power of 0.186 uW, and write powers
of 0.247 uW and 8.89 uW for write-1 and write-0 operations, respectively. These results show
that the 8TS cell is suitable when half-select resilience and energy-aware operation are important.

In addition to the single-ended 8TS cell, the differential 8TD cell was analyzed to study
the benefit of differential operation under low-voltage and variation-sensitive conditions. At
Vbp = 0.6 V, Monte Carlo analysis showed that the 8TD cell achieved a mean SNM of
approximately 0.1932 V with a standard deviation of 0.0056 V, whereas the 8TS cell achieved a
lower mean SNM of approximately 0.1525 V with a higher standard deviation of 0.0152 V. This
indicates that the differential cell provides better noise immunity and tighter variation spread.
The conclusion from the bit-cell study is therefore not that one cell is universally best, but that
different cell structures serve different design goals: 8TS is attractive for half-select-free and
energy-aware storage, while 8TD is better suited for robust differential sensing and low-voltage
SRAM-IMC operation.

The third important outcome is that the proposed 8TD SRAM-IMC macro demonstrates
reliable bitwise Boolean computation using stored operands and a modified sensing path. In the
proposed 8TD macro, two SRAM cells store operands A and B, and the shared bit-line/sensing
response is used to generate NAND/NOR and XOR/XNOR logic outputs. This avoids moving
the operands to an external logic unit and follows the main SRAM-IMC principle of using the
memory access path itself for computation. Functional simulations verified correct operation for
all input combinations, AB = 00,01, 10, and 11, under both concurrent and sequential word-line
activation schemes.

Monte Carlo simulations confirmed that the proposed 8TD SRAM-IMC macro remains
reliable under device mismatch. For NAND/NOR operation, 6000 Monte Carlo runs were
performed at Vpp = 0.8 V, T = 300.15 K, and AVt = 50 mV. The outputs remained separated
for all input cases, the worst-case mean delay remained close to 0.4 ns, and the coefficient of
variation stayed below approximately 2.5%. For XOR/XNOR operation, 2000 Monte Carlo runs
gave mean delays of 0.55450 ns and 0.55425 ns, respectively, with standard deviations close to
0.0165 ns. The mean-delay difference of only about 0.25 ps indicates that the complementary
XOR/XNOR paths are well balanced. This is important because SRAM-IMC correctness depends
not only on average delay but also on the separation and consistency of operand-dependent
bit-line responses.

The SRAM-IMC cell comparison further shows that different cell structures occupy different
positions in the speed—energy design space. At Vpp = 0.8 V, the 8TE cell achieved 381.097 ps
latency and 2.624 GOPS throughput, making it suitable for speed-oriented IMC operation. The
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8TC cell achieved the lowest average energy per bit of 1.647 {J, but with the largest latency
penalty. The proposed 8TD cell reduced the mean delay relative to 8TC from 0.57549 ns to
0.55495 ns, while providing energy reduction of about 60%—70% at Vpp = 0.5-0.7 V, about
30%—40% near nominal supply, and about 15%—25% at higher supply voltages with respect
to the 6T, 8TB, and 8TE reference cells. Therefore, the macro-level conclusion is that 8TE is
more suitable for latency- and throughput-oriented IMC, whereas the proposed 8TD cell is more
suitable when energy reduction is the primary design target.

The fourth important outcome is that the proposed reconfigurable SRAM-IMC array preserves
the benefits of the earlier circuit-level blocks when extended to array-level operation. The
architecture uses the same bit-line and sensing infrastructure for memory-mode readout and
compute-mode Boolean evaluation. In memory mode, the selected cell develops a differential
BL/BLB signal that is amplified by the sense amplifier. In compute mode, the sensed response is
forwarded to the IMC logic path to generate outputs such as NAND, NOR, XOR, and XNOR.
This dual-mode organization is significant because it avoids a fully separate compute datapath
and allows the same SRAM structure to support both storage and local computation.

The memory-mode analysis from 2 X 2 to 32 X 32 arrays over Vpp = 0.6—1.2 V shows that
static storage stability is preserved under scaling. The relative SNM deviation with respect to
the 2 X 2 reference remains within approximately +0.6 mV, showing that the intrinsic storage
behavior of the proposed cell is not strongly disturbed by the evaluated array sizes. Write-margin
deviation and read delay show greater dependence on low-voltage operation and array loading,
but the delay spread becomes closely grouped near nominal supply. In contrast, read power
increases strongly with array size because of larger switched bit-line and peripheral capacitance.
Therefore, in memory mode, the main scaling cost is not static stability but dynamic power.

The compute-mode analysis leads to an even clearer design inference. NAND-evaluation
latency reduces from approximately 493—-517 ps at Vpp = 0.6 V to approximately 380-388 ps
at Vpp = 1.2V, giving nearly 23%-25% delay reduction. Throughput increases from approxi-
mately 2.1-2.3 GOPS to approximately 2.75-2.85 GOPS, corresponding to about 25%—-32%
improvement depending on array size. The throughput spread also becomes small at higher
supply voltage, confirming that the proposed array does not suffer a large speed penalty when
scaled up to 32 x 32. However, average compute energy per bit increases strongly with both Vpp
and array size. The 32 x 32 array is roughly 10? times more energy-consuming than the 2 x 2
array, and its energy increases by about 25xX-30x from 0.6 V to 1.2 V.

Thus, the most important array-level conclusion is the separation between speed scaling and
energy scaling. The proposed SRAM-IMC array remains functionally robust and throughput-
efficient up to the evaluated 32 x 32 size, but the energy per bit increases substantially because of
the larger effective switched capacitance of the bit-lines, interconnects, precharge devices, and
peripheral circuits. This finding is consistent with the broader understanding of SRAM-CIM
systems, where internal memory parallelism can support high throughput, but the final energy cost
is often dominated by bit-line and peripheral activity rather than by the Boolean operation alone.

Therefore, future improvement of the proposed array should focus primarily on capacitance-aware
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energy reduction rather than on changing the basic logic-evaluation mechanism.

Overall, this thesis establishes that SRAM throughput enhancement cannot be achieved
by optimizing only one block. Faster sensing improves read and compute decision time, but
it must be supported by a robust bit-cell. A robust bit-cell improves storage behavior, but it
must also support safe compute-mode access. A correct SRAM-IMC macro demonstrates local
Boolean logic, but its usefulness depends on whether the same operation remains stable and
energy-efficient when placed in an array. The proposed work connects these levels through a
common differential bit-line and sensing framework. The MDSA/MDSANF improve the read
decision, the 8TS and 8TD cells improve robustness and application-specific operation, the
proposed 8TD SRAM-IMC macro enables reliable NAND/NOR and XOR/XNOR logic, and the
reconfigurable array demonstrates dual-mode memory and compute operation.

To conclude, the present research work confirms that SRAM-IMC design is a co-design
problem involving bit-cell stability, bit-line behavior, sense-amplifier timing, and array-level
capacitance. The proposed circuits and architectures provide a practical path for low-voltage
SRAM readout and local Boolean computation. At the same time, the results show that the
optimized choice depends on the target design requirement. The 8TE structure is preferable
when speed and throughput are dominant, the 8TS cell is preferable for energy-aware and
half-select-resilient storage, and the proposed 8TD cell provides a stronger energy-oriented
SRAM-IMC option while supporting robust differential SRAM-IMC operation. The proposed
reconfigurable array is most promising when local Boolean computation is required without
sacrificing conventional SRAM functionality. The main limitation identified by the thesis is the
growth of read power and compute energy under array scaling, which defines the most important
direction for future SRAM-IMC optimization.

6.2 FUTURE SCOPE

The present work addresses SRAM design for throughput enhancement through circuit-level
and array-level simulation of sense amplifiers, SRAM bit-cells, SRAM-IMC macros, and
a reconfigurable SRAM-IMC array. However, there are several aspects that can be further
investigated to improve the practical applicability of the proposed designs. The first important
direction is complete post-layout validation. Although layout-based area analysis has been
performed for selected blocks, a full post-layout extracted evaluation of the proposed sense
amplifiers, SRAM bit-cells, SRAM-IMC macro, and reconfigurable array would provide a
more accurate estimate of bit-line resistance, interconnect capacitance, coupling effects, routing
overhead, and timing skew. This is especially important for SRAM-IMC arrays because the
results of this thesis show that array-size scaling mainly increases energy through larger bit-line
and peripheral capacitance.

Future work may also focus on larger array organizations beyond the evaluated 32 x 32 array
size. Larger SRAM-IMC arrays would allow the impact of long bit-lines, word-line loading,
sense-amplifier sharing, row/column segmentation, local precharge, and hierarchical sensing to

be studied in more realistic memory organizations. The present work shows that compute latency
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and throughput scale more favorably than compute energy. Therefore, further work should
particularly examine energy-aware array techniques such as bit-line segmentation, selective row
activation, local compute sub-arrays, reduced-swing evaluation, precharge gating, and peripheral
power reduction. These approaches can help reduce average energy per bit while preserving the
throughput benefit of SRAM-IMC.

Another important future direction is the development of more robust sensing and timing
schemes for compute-mode operation. In conventional SRAM read operation, the sense amplifier
distinguishes between two stored states. In SRAM-IMC, the sensing path may have to distinguish
bit-line responses corresponding to several operand combinations. Therefore, future work may
include offset-aware sensing, adaptive sense-amplifier enable timing, self-timed read/compute
control, reference-assisted evaluation, and mismatch-compensated sensing. Such improvements
would be useful for maintaining output separability under process-voltage-temperature variations,
especially at low supply voltages and in larger arrays.

The proposed SRAM-IMC macro may also be extended beyond NAND/NOR and XOR/XNOR
logic. Since these Boolean functions form the basis of many bitwise operations, the same
framework can be further developed for bit-serial arithmetic, comparison, population count,
addition support, and low-precision multiply—accumulate operations. This would make the
proposed design more useful for digital compute-in-memory applications such as binary neural
networks, ternary neural networks, search operations, lightweight encryption, and edge-Al
preprocessing. In this direction, the main challenge would be to extend the compute functionality
without adding excessive sensing, control, or area overhead.

Future research may further include system-level evaluation of the proposed SRAM-IMC
framework. A memory-compute circuit can provide useful benefits only when the data mapping,
control sequence, and workload requirements are properly matched to the array organization.
Therefore, the proposed array can be evaluated using representative bitwise and low-precision
workloads to estimate effective throughput, energy per operation, area efficiency, and memory
bandwidth reduction. Such analysis would help connect the circuit-level improvement to
architecture-level benefits and clarify the application domains where the proposed SRAM-IMC
structure is most useful.

The proposed designs can also be studied under additional reliability conditions. The present
work includes process-induced variation analysis and Monte Carlo evaluation for different blocks.
Future work may include aging effects, supply noise, temperature corners, soft errors, read
disturb under repeated compute access, half-select stress in larger arrays, and long-duration
retention behavior. Such studies would strengthen the reliability assessment of the proposed
SRAM and SRAM-IMC structures, particularly for low-power embedded systems, edge devices,
and applications operating under variable environmental conditions.

Finally, fabrication and silicon measurement would be an important step toward practical
validation. A test chip containing the proposed sense amplifier, SRAM bit-cell, SRAM-IMC
macro, and a small dual-mode SRAM-IMC array would allow the simulated trends to be verified

under real process variations. Measured silicon results would provide deeper insight into practical
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timing margins, precharge behavior, sense-amplifier offset, compute-mode correctness, leakage,
and energy per operation. This would also help identify the additional peripheral and control
overhead required for integrating the proposed SRAM-IMC architecture into a larger memory
subsystem.

6.3 SOCIAL IMPACT

The proposed work has potential social impact through its contribution to energy-efficient and
memory-centric computing. Modern digital systems increasingly process large volumes of
data generated by artificial intelligence, communication systems, sensors, mobile devices, and
embedded platforms. A large part of the energy and delay in such systems is spent in moving data
between memory and logic. SRAM-based in-memory computing directly addresses this issue by
allowing selected operations to be performed within or near the memory array. By reducing
unnecessary data movement, the proposed design approach can support more energy-efficient
digital systems.

The improved sense-amplifier and SRAM bit-cell designs developed in this thesis can
also contribute to more reliable low-voltage memory operation. Low-voltage operation is
important for reducing dynamic power, but it usually reduces sensing margin and increases
sensitivity to device mismatch. The proposed sensing and bit-cell techniques improve read
speed, variation tolerance, storage stability, and half-select resilience. These improvements are
useful for low-power electronics, where reliable memory operation is required under tight energy
constraints.

The proposed SRAM-IMC macro and reconfigurable array can support efficient local
processing in edge-computing platforms. Edge devices such as wearable systems, 0T nodes,
smart sensors, biomedical monitors, and compact Al accelerators often need to process data close
to the source while operating from limited energy resources. By enabling Boolean computation
inside the SRAM structure, the proposed architecture can reduce the need for repeated data
transfer to external logic. This can improve battery life, reduce access latency, and support faster
response in embedded applications.

The work may also support privacy-aware local computation. In many sensor-based systems,
raw data are transferred to external processors or cloud platforms for analysis. If simple filtering,
comparison, search, or bitwise preprocessing can be performed closer to the memory, the amount
of raw data movement can be reduced. Although this thesis does not implement a privacy
protocol, the SRAM-IMC direction supports the broader trend of local data processing, which
can reduce communication overhead and limit unnecessary exposure of raw data.

The proposed research also contributes to sustainable electronics. Energy-efficient SRAM
and SRAM-IMC circuits can reduce the power consumed by memory-bound operations. This
is important not only for battery-operated devices but also for large-scale computing systems
where repeated memory access contributes significantly to total energy consumption. Even
modest reductions in memory-access energy can become meaningful when applied across many

devices or many repeated operations. Therefore, the work supports the development of more
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energy-aware digital hardware.

The thesis also has educational and research value. It connects four important levels of
SRAM design: sense amplifier, bit-cell, SRAM-IMC macro, and reconfigurable SRAM-IMC
array. This integrated view can help future researchers understand that SRAM-IMC cannot
be optimized by considering only one block. The bit-cell, bit-lines, sense amplifier, compute
logic, and array-level parasitics must be considered together. Thus, the work can serve as a
useful reference for researchers working on low-power VLSI design, embedded memory, and
compute-in-memory architectures.

At the same time, the social impact of this work should be understood realistically. The
proposed designs are based on circuit- and array-level simulation and require further post-
layout validation, larger-array evaluation, and silicon measurement before practical deployment.
Nevertheless, the results provide useful design guidelines for developing faster, more reliable,
and more energy-efficient SRAM-IMC systems. In summary, the social relevance of this thesis
lies in its contribution toward reducing data-movement overhead, improving low-power memory

operation, and supporting future memory-centric computing platforms.
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