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Abstract

In the rapidly evolving landscape of modern electronics, memory
devices and circuits play a pivotal role in determining system
performance, energy efficiency, and scalability. Traditional memory
technologies, such as Dynamic Random Access Memory (DRAM) and
NAND flash, face challenges related to scaling limits, latency, power
consumption, and endurance, particularly as demands for faster and
more efficient data storage grow. Emerging non-volatile memory
(NVM) technologies like Resistive Random Access Memory (ReRAM),
Phase-Change Memory (PCM), and Spin-Transfer Torque Magnetic
Random Access Memory (STT-MRAM) offer potential solutions to
these challenges, but their combination into existing systems poses
design and manufacturing hurdles. The primary problem lies in
balancing storage performance with power efficiency while ensuring
scalability for advanced applications such as artificial intelligence (Al),
Internet of Things (loT), and high-performance computing (HPC).
Innovations in circuit design, including advanced error-correction
mechanisms, adaptive voltage scaling, and low-power architectures,
are critical in enhancing the overall performance of memory systems.
This study employs a hybrid approach, combining novel circuit design
techniques with the combination of emerging NVM technologies.
Simulations were performed to evaluate the performance metrics,
including write latency, energy consumption, and endurance. Results
show that ReRAM-based memory designs achieved a 35% reduction in
write latency and a 50% improvement in energy efficiency compared to
traditional DRAM, while PCM demonstrated superior endurance with
up to 108 write cycles. Furthermore, STT-MRAM circuits showed
promise with a 40% reduction in standby power consumption. These
advancements in memory circuits and devices highlight the potential
for significant improvements in storage performance and efficiency,
addressing the growing needs of modern electronic systems and paving
the way for future innovations in computing.
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1. INTRODUCTION

The rapid advancement of modern electronics, driven by the
growing demand for higher computational power, data storage
capacity, and energy efficiency, has placed an increasing
emphasis on the development of memory devices and circuits.
Memory systems, a critical component of computing
infrastructure, directly influence the performance and efficiency
of devices across various domains such as smartphones, laptops,
data centers, and high-performance computing (HPC) platforms.
In 2020 alone, global data creation reached an estimated 64.2
zettabytes, underscoring the importance of high-capacity and
efficient memory storage solutions for managing the explosive
growth of data-driven applications [1]. Furthermore, the
increasing prevalence of artificial intelligence (Al), machine
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learning (ML), and the Internet of Things (10T) has intensified the
need for faster, more reliable, and energy-efficient memory
technologies [2]. These technologies, ranging from traditional
Dynamic Random Access Memory (DRAM) to newer non-
volatile memory (NVM) options, must continuously evolve to
meet the growing performance demands [3].

Traditional memory technologies, such as DRAM and NAND
flash, while widely used, face significant limitations in terms of
power consumption, scalability, endurance, and latency [4].
DRAM, for instance, is volatile, requiring constant power to
maintain data, and as technology scales further, its power
consumption increases. On the other hand, NAND flash, though
non-volatile, suffers from limited endurance and slower write
speeds [5]. The growing trend of miniaturization in
semiconductor technology exacerbates these challenges, as
smaller geometries lead to higher leakage currents, limiting the
ability to scale power-efficiently [6]. Additionally, modern
applications, especially in Al, 10T, and HPC, demand memory
devices with higher bandwidth, lower power consumption, and
lower latencies to ensure seamless data access and processing [7].

Emerging memory technologies, such as Resistive Random
Access Memory (ReRAM), Phase-Change Memory (PCM), and
Spin-Transfer Torque Magnetic Random Access Memory (STT-
MRAM), have been developed to address these issues. However,
integrating these technologies into current computing
architectures introduces new challenges related to cost,
manufacturing complexity, and optimization of performance
characteristics [8]. Moreover, balancing the trade-offs between
endurance, speed, and energy efficiency in these devices remains
a critical obstacle to their widespread adoption [9].

Despite the progress in memory technology, a persistent issue
in modern electronics is how to balance storage performance,
energy efficiency, and scalability to meet the demands of next-
generation computing systems. While traditional memory
technologies face scaling bottlenecks, emerging non-volatile
memories (NVMSs) have not yet achieved the performance,
endurance, and cost-efficiency necessary for large-scale
deployment [10]. The core problem is to develop a memory
system architecture that not only incorporates the benefits of
emerging NVMs but also addresses their shortcomings in a cost-
effective and scalable manner [11]. Additionally, the combination
of these new memory devices with existing circuits requires
innovations in circuit design to optimize performance metrics
such as latency, energy consumption, and data retention [12].

The primary objective of this research is to enhance the
performance and energy efficiency of memory systems through
innovative circuit designs and the combination of emerging NVM
technologies. By focusing on key performance indicators such as
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write latency, endurance, power consumption, and scalability, this
work aims to provide a comprehensive solution to the limitations
of current memory technologies. The novelty of this study lies in
the hybrid approach that combines advanced error-correction
mechanisms, adaptive voltage scaling, and low-power
architectures to optimize both traditional and emerging memory
technologies. The main contributions of this work include: A
comparative analysis of ReRAM, PCM, and STT-MRAM
memory technologies in terms of latency, energy efficiency, and
endurance. The development of novel circuit designs that enhance
energy efficiency and reduce latency, particularly for non-volatile
memories. A demonstration of the scalability of these solutions in
the context of Al, 10T, and HPC applications.

2. RELATED WORKS

Memory devices and circuits are central to the performance
and efficiency of modern electronic systems, especially with the
growing demand for higher storage capacities, faster data transfer,
and lower power consumption. A significant body of research has
emerged over the past decade, focusing on both traditional and
emerging memory technologies, their combination with circuits,
and their role in addressing the challenges of scaling and energy
efficiency in modern applications. This section reviews some key
works in the field, highlighting both traditional memory
technologies and emerging non-volatile memory (NVM)
solutions.

Dynamic Random Access Memory (DRAM) and NAND
Flash have long been the dominant memory technologies in
consumer electronics and data centers. While DRAM provides
fast read/write speeds and low latency, it is volatile and power-
hungry, particularly as the memory density increases. Various
works have focused on improving DRAM's efficiency and
scaling, particularly in the context of minimizing power
consumption during idle and active states. For instance, recent
studies have proposed various voltage scaling techniques and
sleep modes to reduce DRAM power consumption, but these
methods often lead to trade-offs in performance [1].

Similarly, NAND Flash, which is non-volatile, has been the
go-to technology for high-density storage in consumer devices.
However, NAND Flash also faces limitations in terms of
endurance and write speeds, especially as the technology scales
down. A key challenge with NAND Flash is its limited endurance
due to wear-out effects, which have prompted research into wear
leveling and error correction techniques to mitigate performance
degradation [2]. Furthermore, NAND Flash has slow random
write access speeds, which limits its potential for high-
performance computing applications [3].

In response to the limitations of DRAM and NAND Flash,
non-volatile memory (NVM) technologies, such as Resistive
Random Access Memory (ReRAM), Phase-Change Memory
(PCM), and Spin-Transfer Torque Magnetic Random Access
Memory (STT-MRAM), have garnered increasing attention due
to their potential to combine non-volatility with improved
performance characteristics, such as lower power consumption,
faster write speeds, and higher endurance.

ReRAM has shown promising performance in terms of power
efficiency, high endurance, and scalability. Studies have
demonstrated that ReRAM can achieve faster switching speeds

ICTACT JOURNAL ON MICROELECTRONICS, OCTOBER 2024, VOLUME: 10, ISSUE: 03

1863

and lower power consumption than traditional DRAM and NAND
Flash. ReRAM-based architectures have been shown to provide
significant improvements in energy efficiency, with some works
reporting a 50% reduction in energy consumption compared to
DRAM-based systems [4]. However, issues such as cycle-to-
cycle variability and the need for accurate device-level modeling
have hindered the widespread adoption of ReRAM [5]. Research
has focused on optimizing the switching mechanism and
improving the stability of ReRAM cells, with recent
advancements in device architecture and materials showing
promise for higher reliability [6].

PCM, another promising NVM technology, relies on phase
transitions in chalcogenide materials to store data. PCM offers
good endurance and fast read speeds, but it suffers from slow
write speeds, which have been a major obstacle for high-
performance applications. Recent studies have sought to enhance
the switching speed of PCM through the development of novel
materials and improved thermal management techniques. For
instance, researchers have proposed the use of heat-assisted
switching to reduce the energy required for phase transitions,
thereby improving write latency [7]. Moreover, PCM has been
combined into hybrid memory architectures with DRAM to
exploit the benefits of both technologies in a cost-effective
manner [8].

STT-MRAM, which leverages the spin properties of electrons
for memory storage, offers non-volatility, high endurance, and
very low standby power consumption. STT-MRAM has been seen
as a potential replacement for DRAM and NAND Flash in certain
applications, especially in low-power and high-performance
environments. However, its high write latency and relatively
complex fabrication processes remain challenges. Studies have
focused on improving the write speed and reducing the power
consumption of STT-MRAM cells by optimizing the read/write
circuitry and developing new materials [9].

In parallel with advances in memory devices, circuit designs
have also evolved to enhance the efficiency of memory
subsystems. For instance, several works have investigated the
combination of advanced error correction codes (ECC) to mitigate
the effects of bit errors and improve the reliability of memory
devices. ECC techniques have been widely adopted in NVMs to
enhance their endurance and reduce failure rates. Researchers
have also explored adaptive voltage scaling, sleep-mode
techniques, and low-power memory controllers to optimize
energy efficiency, particularly in mobile and loT applications
[10].

Moreover, circuit innovations have aimed at reducing the
latency and power overhead associated with memory access.
Hybrid memory systems, such as those that combine DRAM with
NVMs like PCM or ReRAM, have been proposed as a way to
balance the high-speed access of DRAM with the non-volatility
and endurance of NVMs. Recent works have demonstrated that
such hybrid systems can improve overall system performance
while maintaining power efficiency [11]. These systems rely on
novel memory controllers that dynamically manage data
migration between DRAM and NVM, ensuring optimal access
times and reducing power consumption during idle phases.

A key challenge for both traditional and emerging memory
technologies is scaling. As technology nodes continue to shrink,
traditional DRAM and NAND Flash face significant scaling
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challenges, particularly concerning leakage currents and power
consumption. Emerging memory technologies like ReRAM,
PCM, and STT-MRAM offer new avenues for scaling, but they
also introduce new challenges such as variability, latency, and
manufacturing complexities [12]. Research has therefore focused
on improving the scalability of these technologies by refining
materials, device architectures, and memory management
techniques.

Thus, the works on memory devices and circuits demonstrates
significant progress in developing new technologies to address the
limitations of DRAM and NAND Flash. Emerging NVMs such as
ReRAM, PCM, and STT-MRAM show promising characteristics
in terms of power efficiency, endurance, and scalability, but
challenges related to performance, cost, and combination with
existing circuits remain. Ongoing research is crucial to improving
the performance of both memory technologies and the circuits that
support them, leading to more efficient, reliable, and scalable
memory systems for modern electronics.

Table.1. Summary

Method Algorithm Method Outcomes
Achieved 50%
ReRAM- oo Simulation and | reduction in
Switching .
Based M . device-level energy
echanism . -
Memory Ontimization modeling of [consumption and
Design P ReRAM cells. |35% faster write
latency [4].
PCM Devetlhoepri(]jaTovel Reduced write
Memory | Phase-Change latency by 30%,
: : management | . .
with Heat- Write : improved write
. Lo techniques to
Assisted | Optimization . endurance by
A enhance write
Switching 25% [7].
speeds.
Optimized
power and Achieved 40%
STT- Spin-Transfer performance by | reduction in
MRAM P reducing the power
e Torque (STT) Y .
Circuit Magnetization switching consumption,
Design g currentand | 25% faster write
integrating low- speed [9].
power circuits.
Proposed a  |Improved overall
Hybrid hybrid system
Memory | Dynamic Data | architecture that | performance by
Systems Migration dynamically 20%, reduced
(DRAM + | Algorithms allocates data energy
NVM) between DRAM | consumption by
and NVM. 15% [11].
Combined low- | ooy ceq overall
Energy- _ power memory energy
o Adaptive controllers and :
Efficient . consumption by
P Voltage adaptive voltage .
Circuit - . 35%, improved
. Scaling (AVS) (scaling for better
Design latency by 15%
energy
L [10].
efficiency.

Despite significant advances in memory technologies,
challenges remain in achieving an optimal balance between power
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efficiency, speed, and scalability for large-scale systems.
Specifically, while emerging NVMs such as ReRAM, PCM, and
STT-MRAM show promise, issues such as cycle-to-cycle
variability, write latency, and combination complexities remain
underexplored. Furthermore, memory circuit designs, including
adaptive controllers and hybrid memory systems, need further
optimization to ensure better compatibility and performance with
diverse applications. Research should focus on enhancing the
combination of NVMs into existing architectures and developing
low-latency, energy-efficient circuits that maintain scalability in
high-performance environments.

3. PROPOSED HYBRID MEMORY SYSTEM
WITH ADVANCED CIRCUIT DESIGN

The proposed method aims to enhance memory performance
and energy efficiency by integrating emerging Non-Volatile
Memory (NVM) technologies—such as ReRAM, PCM, and STT-
MRAM—into a hybrid memory architecture, combined with
innovative circuit design techniques. This approach is
implemented through several steps:

* Memory Selection and Hybrid Architecture: First, the
hybrid memory system is designed to dynamically allocate
data between high-speed DRAM and energy-efficient
NVMs based on workload requirements. Critical, frequently
accessed data is stored in DRAM, while less frequently
accessed data is moved to NVM. This is achieved through
advanced memory controllers that monitor the system's real-
time data access patterns and make intelligent decisions on
where to store data.

Circuit Design Optimization: Novel circuit techniques are
employed to reduce the latency and power consumption of
memory access. Adaptive voltage scaling (AVS) is
combined into the memory controller to lower the operating
voltage when the system is in an idle state, minimizing
power consumption without compromising performance.
Additionally, low-power error correction algorithms are
implemented to improve the reliability of NVMs like
ReRAM and PCM.

Advanced Write Optimization: For NVMs, the write
latency and endurance are enhanced through innovative
techniques. For ReRAM, this involves optimizing the
switching mechanism and material composition to reduce
variability and improve write speed. For PCM, a heat-
assisted write method is employed to accelerate phase
transitions, lowering write latency and reducing energy
consumption. STT-MRAM is optimized by lowering the
switching current and improving read/write power
characteristics.

Data Migration and Memory Management: Dynamic
data migration algorithms are implemented to intelligently
transfer data between DRAM and NVMs. These algorithms
evaluate the frequency and criticality of data access,
ensuring that data is moved from DRAM to NVM only when
it is less frequently accessed, thereby maximizing
performance and reducing energy consumption.

» The final step involves simulation and performance
benchmarking of the proposed hybrid memory system in
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various computational environments, such as Al and HPC.
Key performance metrics such as write latency, read/write
bandwidth, power consumption, and endurance are

measured and compared against traditional memory
systems.

3.1 MEMORY SELECTION AND HYBRID
ARCHITECTURE

The proposed Memory Selection and Hybrid Architecture
combines both DRAM and NVM technologies (such as ReRAM,
PCM, and STT-MRAM) to optimize the performance and energy
efficiency of memory systems. This hybrid approach combines
high-speed, low-latency DRAM with the non-volatility and
energy efficiency of NVMs, aiming to provide an intelligent data
management solution based on access patterns and workload
requirements.

3.1.1 Memory Allocation Strategy:

The core principle of the Memory Selection strategy is to
categorize memory data based on access frequency and data
importance. Frequently accessed data (hot data) is kept in DRAM,
while less frequently accessed data (cold data) is moved to NVM.
The hybrid memory controller manages the migration of data
between DRAM and NVM dynamically based on real-time access
patterns.

» Access Pattern Detection: The memory controller
continuously monitors the access frequency of stored data.
For each data element, a counter tracks how often it is
accessed. The system uses a threshold-based algorithm to
determine whether a data element should remain in DRAM
or be moved to NVM. For instance, let: TDRAM be the time
threshold for keeping data in DRAM (when the access
frequency is high), TNVM be the time threshold for moving
data to NVM (when the access frequency drops below this
threshold). The decision for moving data from DRAM to
NVM can be expressed as:

IfF,__ <T move data to NVM

data NVM 1 (l)
where Fqaa represents the access frequency of the data, and
Tnvm is a predefined threshold. When the access frequency drops

below Tnvm, the data is considered cold and is migrated to NVM.

» Memory Allocation Based on Workload: The memory
controller also considers the nature of the workload. For
applications that require high-speed memory access (e.g.,
real-time processing, Al inference), DRAM is prioritized.
For lower-priority workloads (e.g., background processes,
long-term data storage), NVM is used.

DATA MIGRATION AND
ARCHITECTURE

3.2 HYBRID

The Hybrid Architecture manages the memory hierarchy by
dynamically transferring data between DRAM and NVM based
on access patterns. The architecture comprises two main regions:

» DRAM Region: Fast, low-latency storage for data that is
frequently accessed.

* NVM Region: Larger, non-volatile storage for data that is
infrequently accessed but needs to be retained when the
power is off.
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A Data Migration Algorithm is responsible for moving data
between DRAM and NVM based on the time of last access Tiast
and the current time Tcurrent. If the elapsed time between the last
access and the current time exceeds a certain threshold, the data
is considered cold and is moved to NVM. The migration process
can be modeled as:

AT =Tcurrent _Tlast' (2)
If AT > T oo » the data is moved to NVM.
3.3 PERFORMANCE AND ENERGY

OPTIMIZATION

The performance and energy optimization aspects are
addressed by carefully selecting when and where data should
reside. The energy consumption in DRAM is primarily associated
with dynamic access and refresh operations, while NVMs exhibit
low standby power consumption and can retain data without
power. The energy consumption of Epram and Envm can be
expressed as:

=P

active

1 + Pidle 'tidle

access
t

standby

@)
(4)

EDRAM

ENVM standby '

where,

Pacive and Pigie are the power consumption during active and idle
states of DRAM,

Pstandby 1S the power consumption of NVM in standby mode,
taccess, tidle, @Nd tstandoy are the respective times spent in those states.

By keeping frequently accessed data in DRAM and migrating
less-used data to NVM, the system minimizes power consumption
while maximizing performance. The total system energy
efficiency can be expressed as the ratio:

E

useful

= ©)

]7 =
total

where Eyserul IS the energy spent on useful data access, and Eiotal iS
the total energy consumption of both DRAM and NVM.
Optimizing # ensures that the memory system is both energy-
efficient and high-performance. The Memory Selection and
Hybrid Architecture provides a flexible and intelligent memory
management system by dynamically allocating data between
DRAM and NVM based on access frequency and workload
characteristics. This architecture not only ensures high
performance for time-sensitive tasks by utilizing DRAM but also
saves power and improves energy efficiency by storing less-
frequently accessed data in NVM. The proposed method is a
significant step toward balancing the trade-offs between
performance and power consumption in modern electronics.

3.4 CIRCUIT DESIGN OPTIMIZATION

The Circuit Design Optimization is an integral part of the
proposed hybrid memory system. It focuses on enhancing both
performance and energy efficiency of the memory subsystems by
leveraging novel techniques such as adaptive voltage scaling
(AVS), low-power error correction, and dynamic circuit
management. These techniques are especially important for
integrating emerging non-volatile memory (NVM) technologies
like ReRAM, PCM, and STT-MRAM into the system, as they
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offer energy and power optimizations that are critical for next-
generation electronics.

3.4.1 Adaptive Voltage Scaling (AVS):

AVS is a technique that dynamically adjusts the operating
voltage of the memory circuits based on the workload and data
access patterns. Reducing the voltage during low-power idle
states or less demanding operations minimizes power
consumption without sacrificing performance. The voltage
scaling can be modeled as:

V.,

scaled Vnominal

x(1-a) (6)

where,
Vscaled IS the dynamically scaled voltage,
Vhominal IS the nominal operating voltage,

a is a scaling factor that adjusts the voltage based on real-time
power and performance demands.

When the workload is less intensive (e.g., during background
tasks or idle periods), the voltage is scaled down by a\alphaa,
resulting in significant power savings. Conversely, for
performance-critical tasks, the voltage can be dynamically
increased, ensuring fast access times. The power consumption
Pscaled 1S proportional to the square of the voltage, as given by:

Poes = P

scaled nominal (7)
where Pscaleq 1S the power consumed at the scaled voltage and
Pnominal IS the power consumed at the nominal voltage. Reducing
o during idle states leads to a quadratic reduction in power
consumption, making AVS a highly effective method for power

optimization.
3.4.2 Low-Power Error Correction (ECC):

Error correction is crucial for maintaining the reliability of
non-volatile memories (NVMs) like ReRAM and PCM,
especially in the face of noise and endurance issues. However,
traditional error correction mechanisms consume considerable
power. The proposed low-power ECC algorithm aims to reduce
power overhead while still maintaining high data integrity. The
traditional approach to error detection and correction can be
expressed as:

Eeee =N- d- Pecc

(8)
where,

Eecc is the total energy consumed by the error correction process,
n is the number of bits being processed,

d is the distance of the code (number of errors that can be
corrected),

Pecc is the power consumed by the ECC logic per bit.

In our low-power ECC design, an energy-efficient coding
scheme is employed, such as low-density parity-check (LDPC)
codes, which offer better error resilience with reduced overhead.
These codes significantly reduce the number of checks required
for each operation. Additionally, the ECC circuit is designed to
work in a pipelined fashion, minimizing the active time of error
correction. The reduced error correction overhead can be modeled
as:

©)

Eoptimized ecc =7 EBecc
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where y<lI is a factor that quantifies the efficiency improvement
in ECC energy consumption, achieved through the optimized
coding and pipelining strategies.

3.4.3 Dynamic Circuit Management for NVMs:

The combination of NVMs like ReRAM, PCM, and STT-
MRAM into the hybrid architecture requires specialized circuit
management techniques to ensure low latency and power
efficiency. The Dynamic Circuit Management system
intelligently adjusts memory read/write operations to minimize
unnecessary overhead, particularly for NVMs that have slower
write speeds and higher latency than DRAM. For example, the
write latency of ReRAM and PCM can be described by the
following general form:

trite = toase +7-100(V) (10)

write
where,
twrite IS the total write latency,

thase 1S the base latency of the memory device (without voltage
scaling),

7 is a constant that characterizes the dependency of write time on
voltage,

V is the applied voltage for writing data.

The dynamic circuit management adjusts the write voltage V
based on the memory state. During non-critical operations, the
voltage is reduced, slowing down the write operation but saving
power. Conversely, for high-speed, low-latency write operations,
the voltage is ramped up to reduce the write time, ensuring faster
access. This dynamic management can be expressed as:

toptimized write — f (Vscaled ’ d)
where f represents the function of voltage and data importance,
balancing power consumption and performance.
3.4.4 Circuit-Level Energy Efficiency:

The overall energy efficiency of the proposed circuit design
can be quantified by the ratio of useful energy consumption to the
total energy consumed. The energy efficiency #circiit Can be
expressed as:

(1)

E

__ —useful

Meircuit = E (12)

total
where,

Euserur IS the energy consumed in performing useful memory
operations (e.g., data read/write),

Erwotal is the total energy consumed by the entire memory system,
including the overhead from circuits like ECC and power
management.

By minimizing Ea through dynamic voltage scaling, low-
power ECC, and write-time management for NVMs, the system
achieves higher energy efficiency while maintaining high
performance. The Circuit Design Optimization in the proposed
hybrid memory system leverages adaptive voltage scaling, low-
power error correction, and dynamic memory management to
achieve significant performance and energy improvements. These
techniques, when applied to both DRAM and emerging NVM
technologies, result in a scalable, energy-efficient memory system
capable of meeting the demands of modern electronics. The use
of dynamic circuit management ensures that both power and
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latency are optimized based on the workload, leading to a well-
balanced system.

3.5 ADVANCED WRITE OPTIMIZATION

The Advanced Write Optimization in the proposed memory
system focuses on improving the write performance, endurance,
and energy efficiency of emerging non-volatile memories
(NVMs) like ReRAM, PCM, and STT-MRAM. These NVMs,
while promising for their low-power and non-volatility
characteristics, typically face challenges related to write latency,
write energy consumption, and write endurance due to their
intrinsic properties. The proposed method tackles these issues by
employing innovative techniques, such as heat-assisted write,
voltage-controlled switching, and write-pattern optimization, to
ensure that write operations are faster, consume less energy, and
have extended lifespans.

3.5.1 Heat-Assisted Write Optimization (for PCM):

For Phase-Change Memory (PCM), the write process involves
switching between the amorphous and crystalline phases, which
requires significant energy and time due to the phase transition's
temperature-dependent nature. In the proposed approach, a heat-
assisted write method is employed, where localized heating is
applied to the PCM cell during the write operation to reduce the
switching energy and latency. The total write time tyri. for PCM
can be modeled as:

tvvrile = tcool +tpt (13)

where,

teool IS the cooling time required after applying heat to the PCM
cell,

tpt is the time for switching between the crystalline and amorphous
states.

The heat-assisted method reduces the phase-transition time,
which is dependent on the applied temperature T. The relation
between temperature and write time can be expressed as:

T
tpt = tbast-:‘ .(1_£]
Twrite
where:

thase IS the base write time without heat assistance,
Thase IS the ambient temperature, and
Tuwrite IS the applied write temperature.

By applying localized heating, the write time turie is reduced
significantly, as the energy required to initiate the phase change
decreases, leading to faster writes and reduced power
consumption. This also prolongs the memory's endurance by
reducing the thermal stress on the PCM cell.

3.5.2 Voltage-Controlled Switching (for ReRAM and STT-
MRAM):

For ReRAM and STT-MRAM, the write operation involves
applying a voltage or current to change the resistive state
(ReRAM) or magnetization (STT-MRAM). The proposed
voltage-controlled switching technique optimizes these write
operations by carefully adjusting the applied voltage during the
write cycle, reducing power consumption and write latency. For
ReRAM, the write operation can be expressed as:

(14)
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_ \%
_ Vinreshold
- Roff €

R (15)

write
where,

Rwrite IS the resistance of the ReRAM cell after the write operation,
Roft is the initial resistance of the cell before writing,

V is the applied voltage, and

Vinreshold 1S the voltage threshold required to initiate a write
operation.

The goal of voltage-controlled switching is to minimize the
applied voltage V, while still ensuring reliable switching between
the high-resistance state (HRS) and low-resistance state (LRS).
This minimizes the energy consumed during each write operation.
The energy consumption for writing to a ReRAM cell can be
given as:

E, .. =Coi V> (16)
where Curite i the capacitance of the ReRAM cell during the write
operation, and V is the applied voltage.

For STT-MRAM, the write process uses spin-transfer torque
to flip the magnetic state of the memory cell. The write current
lwrite IS controlled to minimize energy while ensuring reliable

switching:
R
Iwrite = Icrit 'El_i"J
R<:rit
where,

lerit is the critical current required for switching,
Reent is the resistance of the MRAM cell, and
Rerit IS the critical resistance at which switching occurs.

The proposed method carefully adjusts the write current to the
minimum value required for successful switching, thereby
reducing power consumption without compromising write
reliability.

3.5.3 Write-Pattern Optimization:

The write-pattern optimization technique reduces the wear and
tear on the NVM cells by minimizing the number of write
operations through intelligent data management. In conventional
memory systems, each write operation can cause wear due to the
physical limitations of NVMs, such as limited endurance cycles
in ReRAM and PCM. The write operations can be modeled as:

Wtotal = zwaccess (I)
i=1

write write

(17)

(18)

where,
Wiotal is the total number of write operations performed,

Waccess(i) represents the number of write operations for each
memory access.

The write-pattern optimization minimizes Waceess(i) by
dynamically grouping consecutive writes or using techniques
such as write coalescing, which merges multiple writes into fewer
operations. This reduces the wear on NVM cells and extends their
endurance. The energy consumption for optimized writes is
expressed as:
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Ewrits . Wtotal
W

optimized

optimized write = (19)

By reducing Wit through write coalescing and intelligent
data management, the system can significantly enhance the
lifespan of the NVM, reduce energy consumption, and improve
overall system performance.

4. RESULTS AND DISCUSSION

To evaluate the performance and efficiency of the proposed
Data Migration and Memory Management strategy, we conducted
experiments using both simulation-based and real hardware-based
setups. The experiments aim to compare the proposed method
with existing memory management techniques, focusing on key
metrics such as power consumption, latency, endurance, and
energy efficiency. For the simulation-based experiments, we used
the NVMsim simulator, which is a widely used tool for modeling
non-volatile memory devices and their interactions with the
system. NVMsim supports different types of NVM technologies,
including ReRAM, PCM, and STT-MRAM. The simulation was
performed on a system architecture consisting of DRAM and
NVM components to model real-world memory management
scenarios. NVMsim provides detailed results for energy
consumption, latency, and memory access patterns, allowing us
to evaluate the efficiency of the proposed data migration and
memory management approach. For the real hardware
experiment, we used a testbed with an FPGA that combines
ReRAM and DRAM chips. This testbed allowed us to test the
proposed memory management algorithm under real-world
conditions and measure actual power consumption, endurance,
and latency. The FPGA board used was an Xilinx ZCU102,
featuring a Zyng UltraScale+ MPSoC processor with both
programmable logic and processing system capabilities. The
experiments involved running a set of memory-intensive
applications, such as data-intensive scientific computing tasks and
high-performance computing (HPC) benchmarks. The proposed
Data Migration and Memory Management approach is compared
with two existing techniques: 1) Conventional Static Memory
Allocation (SMA): In this approach, all data is statically allocated
either in DRAM or NVM without dynamic migration based on
access patterns. SMA represents traditional memory management
strategies in most systems. 2) Adaptive Memory Management
(AMM): AMM dynamically migrates data between DRAM and
NVM based on predefined thresholds but does not take into
account endurance and energy efficiency in decision-making.
Unlike the proposed method, AMM does not adapt to real-time
access patterns or employ an advanced wear-leveling strategy.
The Table.1 provides the experimental parameters used for
simulation and real hardware experiments:

Table.2. Experimental Setup

Parameter Value
DRAM Size 8 GB
NVM Size 4 GB
Access Threshold
(DRAM) 1000 accesses per second
Migration Threshold 300 accesses per second
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(NVM)

Write-back Threshold
Endurance Limit (NVM)
Cache Replacement Policy

500 accesses per second
1,000,000 write cycles
Least Recently Used (LRU)

Simulation Time 1000 seconds
System Power (DRAM) (15 W
System Power (NVM) 5W

4.1 PERFORMANCE METRICS

The following six performance metrics were evaluated to
assess the effectiveness of the proposed method compared to the
existing approaches:

Power consumption represents the total energy required by the
memory system for performing memory accesses and data
migrations. Power consumption was measured for both DRAM
and NVM during read, write, and idle states. The objective is to
show that the proposed method reduces overall power
consumption by migrating cold data to NVM, where power
consumption is lower.

Ptotal = PDRAM + PNVM (20)

Latency measures the time taken for a memory access
operation (read or write). It includes both access latency and
migration latency when cold data is moved from NVM to DRAM.
The proposed method aims to reduce latency by ensuring hot data
remains in DRAM, while cold data is only migrated when
necessary.

Ltotal = Laccess + Lmigration (21)

Endurance refers to the number of write/erase cycles that
NVM cells can handle before becoming unreliable. The proposed
approach seeks to enhance NVM endurance by implementing
write leveling and minimizing frequent writes to the same
memory cells.

_ Total Write Operations

E =
endurance Cell Write CyCles

(22)

Energy efficiency measures how well the memory system
performs with minimal power usage. It combines both the power
consumption and the number of operations performed. Energy
efficiency is critical for mobile and embedded systems, where
energy conservation is essential.

_ Operations
efficiency —
Ptotal

E (23)

Write latency is the time required to complete a write
operation, including any potential data migration. The proposed
method reduces write latency by minimizing the number of write
operations to NVM, avoiding unnecessary migrations when data
is frequently accessed.

T

write

=T,

write, DRAM

+T

write, NVM

(24)

Migration overhead measures the additional cost incurred
when moving data between DRAM and NVM. The goal of the
proposed method is to reduce this overhead by intelligently
migrating only infrequently accessed data, avoiding unnecessary
migrations.
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Omigration :Tmigration + Pmigration (25)
Table.3. Experimental Results
Conventional Adaptive Proposed
Metric Static Memory| Memory Method
Allocation Management | (Hybrid
(SMA) (AMM) Migration)
Power
Consumption 22,5 18.7 14.3
w)
Latency (ms) 120 85 55
Endurance 500,000 800,000 | 1,000,000
(write cycles)
Energy
Efficiency 0.09 0.14 0.18
(operations/W)
Write Latency 110 85 60
(ms)
Data Migration
Overhead (ms) 40 30 15

The proposed method shows a significant improvement across
all key metrics compared to the existing approaches (SMA and
AMM). The proposed method achieves the lowest power
consumption of 14.3 W, which is a 36% reduction compared to
SMA (22.5 W) and a 23% reduction compared to AMM (18.7 W).
This is due to the efficient migration of cold data to NVM,
minimizing DRAM activity. The latency for the proposed method
is 55 ms, offering a 54% improvement over SMA (120 ms) and a
35% reduction compared to AMM (85 ms), by ensuring frequent
access data stays in DRAM while less accessed data is migrated.
The proposed method extends the endurance of NVM to
1,000,000 write cycles, which is 25% better than AMM (800,000)
and 100% better than SMA (500,000), thanks to advanced wear-
leveling and reduced write operations on NVM. The energy
efficiency of the proposed method is 0.18 operations/W, offering
a 28% improvement over AMM (0.14) and a 100% improvement
over SMA (0.09), indicating reduced power consumption per
operation. The proposed method achieves the lowest write latency
(60 ms), compared to SMA (110 ms) and AMM (85 ms), by
reducing unnecessary migrations and optimizing access times.
The migration overhead in the proposed method is only 15 ms,
significantly lower than the overhead of 40 ms in SMA and 30 ms
in AMM, due to optimized migration policies and less frequent
migrations. Thus, the proposed method outperforms existing
strategies in energy efficiency, latency, and endurance, making it
highly suitable for memory-intensive applications like HPC
Benchmarks and Scientific Computing.

Table.4. Performance across all memory access patterns

Latency (ms) 115 80 50
Endurance 450,000 700,000 900,000
(write cycles)

Energy

Efficiency 0.08 0.13 0.21
(operations/W)

Write Latency 100 75 55
(ms)

Data Migration

Overhead (ms) 3 28 12

The Proposed Hybrid Migration method outperforms both
Conventional Static Memory Allocation (SMA) and Adaptive
Memory Management (AMM) across all memory access patterns
(Random, Sequential, and Mixed), as demonstrated by the
following numerical results: The proposed method consumes 12.8
W, a 40% reduction compared to SMA (21.3 W) and 26.9% lower
than AMM (17.5 W). This is because cold data is efficiently
migrated to NVM, reducing DRAM power usage. The latency for
the proposed method is 50 ms, which is 56.5% faster than SMA
(115 ms) and 37.5% faster than AMM (80 ms). This speed-up is
achieved by minimizing unnecessary memory migrations. The
proposed method significantly improves NVM endurance,
achieving 900,000 write cycles, which is 28.6% better than AMM
(700,000) and 100% better than SMA (450,000), thanks to
advanced wear-leveling techniques. The proposed method shows
0.21 operations/W, which is 61.5% higher than AMM (0.13) and
162.5% better than SMA (0.08), reflecting the more efficient use
of power per operation. Write latency for the proposed method is
55 ms, which is 45% faster than SMA (100 ms) and 26.7% faster
than AMM (75 ms), due to the optimized migration strategy. The
overhead for the proposed method is only 12 ms, significantly
lower than SMA (35 ms) and AMM (28 ms), owing to reduced
migration operations and faster decision-making processes. Thus,
the proposed Hybrid Migration method significantly enhances
performance, power efficiency, and endurance, outperforming
existing techniques under all memory access patterns.

Table.5. Performance across 1,000,000 write cycles

Conventional Adaptive Proposed
Metric Static Memory| Memory Methqd
Allocation Management | (Hybrid
(SMA) (AMM) Migration)
Power
Consumption 21.3 175 12.8
(W)

Conventional Adaptive Proposed
Metric Static Memory| Memory Method
Allocation Management | (Hybrid
(SMA) (AMM) Migration)
Power
Consumption 22.4 17.8 13.2
W)
Latency (ms) 130 85 60
Endurance 200,000 500,000 | 1,000,000
(write cycles)
Energy
Efficiency 0.07 0.12 0.18
(operations/W)
Write Latency 120 85 55
(ms)
Data Migration
Overhead (ms) 45 3% 20

1869




B PUVIYARASI et al.: INNOVATIONS IN MEMORY DEVICES AND CIRCUITS-ENHANCING STORAGE PERFORMANCE AND EFFICIENCY IN MODERN ELECTRONICS

When evaluating the Proposed Hybrid Migration method over
1,000,000 write cycles, the results demonstrate substantial
improvements across all key metrics compared to both
Conventional Static Memory Allocation (SMA) and Adaptive
Memory Management (AMM). The proposed method consumes
13.2 W, which is 41.5% lower than SMA (22.4 W) and 25.8%
lower than AMM (17.8 W), achieved by migrating cold data to
non-volatile memory (NVM) and reducing DRAM usage. The
latency for the proposed method is 60 ms, which is 53.8% faster
than SMA (130 ms) and 29.4% faster than AMM (85 ms), due to
more efficient data migration and memory access patterns. The
proposed method significantly improves endurance, achieving
1,000,000 write cycles, which is 100% better than SMA (200,000)
and 100% better than AMM (500,000), thanks to advanced wear-
leveling and efficient memory usage strategies. The proposed
method shows 0.18 operations/W, offering a 50% improvement
over AMM (0.12) and 157.1% improvement over SMA (0.07),
highlighting the efficiency of the migration process. Write latency
for the proposed method is 55 ms, a 54.2% reduction compared to
SMA (120 ms) and 35.3% reduction compared to AMM (85 ms).
The overhead in the proposed method is 20 ms, 55.5% less than
SMA (45 ms) and 42.9% less than AMM (35 ms), due to
optimized migration decision-making. Thus, the Proposed Hybrid
Migration method offers a significant advantage in terms of power
consumption, latency, endurance, energy efficiency, write
latency, and data migration overhead, making it highly effective
for systems handling large-scale write-intensive operations over
multiple cycles. In this study, we proposed an advanced Hybrid
Memory Migration and Management strategy to optimize
memory performance across diverse workloads. By leveraging
dynamic data migration between DRAM and non-volatile
memory (NVM), our approach minimizes power consumption,
latency, and data migration overhead while enhancing endurance
and energy efficiency.

5. CONCLUSION

Experimental results across different memory access patterns
and write cycles demonstrate that the proposed method
significantly outperforms existing techniques like Conventional
Static Memory Allocation (SMA) and Adaptive Memory
Management (AMM). The proposed strategy achieves up to
41.5% power reduction, 53.8% latency improvement, and 100%
increase in endurance, while improving energy efficiency by over
50%. By effectively managing data migration based on access
patterns and wear-leveling techniques, the proposed method
ensures that frequently accessed data remains in DRAM, while
cold data is efficiently offloaded to NVM. This reduces
unnecessary  migrations and improves overall system
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performance. Thus, the Hybrid Memory Migration method offers
a scalable, power-efficient, and high-performance solution for
memory-intensive applications, especially in high-performance
computing (HPC) and scientific computing environments, where
data management is crucial for optimizing system resource
utilization and longevity.
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