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ABSTRACT

The “Memory Wall” problem, which refers to the increasing gap between CPU pro-
cessing speed and memory access time, is a significant challenge in modern computing
systems. Traditional Static Random Access Memory () caches have limitations
such as high area, leakage power and scalability issues, especially as Complementary
Metal-Oxide-Semiconductor () technology scales. This necessitates exploring
alternative memory technologies.

Spin-Orbit-Torque Magnetic RAM () stands out due to its separate
read and write paths, lower leakage power, and higher endurance than Spin-Transfer-
Torque Magnetic RAM () and other non-volatile memory technologies.

The first part of the thesis work proposes a Multi-Factor Scaling () framework
for utilizing as an alternative to SRAM caches to address the absence of a
scaling road map and structural influence of memory cells. The focus is on applications
such as Artificial Intelligence (@), Natural Language Processing (), and general-
purpose workloads. This work introduces an advanced MFS framework for evaluating
the impact of SOT-MRAM density replacement in cache memory design for power
performance improvement. The framework includes Design Space Exploration ([DSH)
across various scaling scenarios, comparing SRAM and SOT-MRAM configurations.

Second, the work proposes and investigates the achievable Relative Lifetime Im-
provement () through the use of a Physical Split Cache (PS({) with Virtual Re-
ordering (), which dynamically manages Write Variation () to extend cache
lifetime and reliability. The PSC design leverages the advantages of both technologies:
the high-speed access of SRAM and the energy efficiency and non-volatility of SOT-
MRAM. The VRO algorithm optimizes cache performance by dynamically reordering
cache lines to balance write distribution and enhance endurance.

Finally, this research work explores the integration of SOT-MRAM as an alterna-
tive to DRAM in main memory systems, targeting embedded systems and multi-core
environments. The lack of publicly available parameters for SOT-MRAM poses a
challenge in evaluating its performance with reliable simulations. Therefore, micro-

architectural DSE and comprehensive full-system simulations are employed to derive



and validate the necessary parameters for robust analysis of SOT-MRAM-based mem-
ory systems under various configurations and capacities.

The research methodology involves evaluating benchmark programs representing
diverse application domains to assess the performance, energy efficiency, and relia-
bility of SOT-MRAM compared to traditional memory technologies. The findings
show that SOT-MRAM significantly improves power efficiency, reduces latency, and
enhances overall system performance, making it a compelling alternative for modern
computing systems. In summary, this thesis presents an end-to-end framework for
rapidly evaluating and adopting SOT-MRAM in cache and main memory designs.
The comprehensive analysis and simulation results emphasize SOT-MRAM’s poten-
tial to overcome the limitations of SRAM and DRAM, providing scalable and efficient
memory solutions for advanced applications. The insights gained from this research lay
the groundwork for future developments in the memory hierarchy, ensuring that com-
puting systems can meet the increasing demands of AI, NLP, and other data-intensive

workloads.

Keywords: Memory, Cache, NVM, MRAM, Hybrid, Main Memory.
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Chapter 1

Introduction

The “Memory Wall” problem is the increasing disparity between the processing speed
of CPU cores and memory access latency(McKee, 2004). The problem was addressed
by implementing larger multilevel cache memories (Gholami et alJ, 2024). Static Ran-
dom Access Memory (SRAM) has been the dominant form of cache memory technology
because of its superior performance compared to other computing memory technologies
(Alhalabi et al), 2018). Today’s Chip Multiprocessor systems heavily rely on exten-
sive on-chip cache hierarchies to enhance system performance by minimizing memory
access delay and the need to access off-chip memory with high latency(Smith, 1982).
The cache sizes(Fig.) of Intel core have grown from 1MB to 32, AMD core cache
sizes have grown from 2MB to 512MB and NVIDIA from less than 1MB to 64MB from

generation to generation(wik|, |b,a,d; Inci et al|, 2022).

1.1 Cache

Last Level Cache(LLC) sizes have been consistently increasing over the past few
CPU/GPU generationS(Fig.). The down-scaling or size reduction of CMOS de-
vices has made it possible to increase the size of SRAM while keeping the proportion
of total chip area to on-chip cache memory area and static power leakage in line with
Moore’s law(Schwierz and Liou, 2020; Liao et al), 2020). The increasing leakage power
at feature sizes below 45nm makes up around 60% of total energy consumption due
to quantum tunnelling effects(Cargnini et al), 2014). Meeting the need for greater

capacity has become more difficult as the SRAM is reaching lithography scaling lim-
1



1. Introduction

its, rising leakage currents, and having process variation problems with down-scaling
in CMOS devices. The increased leakage power limited the processor’s performance
to just a few gigahertz, presenting significant challenges when using SRAM as the
primary technology for on-chip cache design (Mittal et al), 2015; [nci et all, 2022).
The growth of Artificial Intelligence (AI), Natural Language Processing (NLP),
Social Network Analytics(SNA), Graph and general computing applications have led
to demand for larger cache capacities to handle increasing data size, workloads, and

computational complexities(Inci et alj, 2022). SRAM alone cannot fulfil this demand

due to its larger area and leakage power problem.

Analysis of Last Level Cache(LLC) Sizes in CPU/GPUs
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Figure 1.1: LLC Cache Capacity in CPUs/GPUs(wik, b,a,d; Inci et al), 2022).

The attributes of the SRAM cache change depending on its size. A larger cache
increases the likelihood of finding a requested item, improving hit rates. However,
larger caches also lead to higher access latency and longer processing times. Addition-
ally, they require more power and occupy extra space on the chip. Therefore, when
designing a system with an SRAM cache, it is important to consider the trade-offs
between cache size, hit rate, access latency, power consumption and chip area(Oboril
et al), 2015; Evenblij et al), 2019). On the other hand, increasing the LLC capacity can
reduce off-chip memory access by up to 24%(Fig.—). The SRAM cache problem is

exasperated by the slow growth of main memory speed compared to server technology
2



1. Introduction

speed. All these factors led to the exploration of SRAM alternatives in cache memory.

Analysis of LLC Capacity on DRAM Access
24

GTX 1080 Ti ——

N
o

iy
o

\\
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Figure 1.2: Reduction in DRAM Access with LLC Cache Capacity (Inci et all, 2022).

Researchers have been exploring alternative memory technologies to address the
limitations of CMOS-based SRAM. One promising alternative is the use of Non-
Volatile-Memory(NVM). MRAM has recently gained popularity because of its non-
volatility, high speed and density(Wang et all, 2019). MRAM uses Magnetic Tunnel
Junctions(MTJ) to store data. STT-MRAM is an NVM-MRAM that uses current
to change tunnel junctions’ magnetic/spin polarization. It uses the STT effect to
switch the orientation of MTJs. There are two variants of MRAM, electron spin-
based STT-MRAM and SOT-MRAM. They have gained attention because they are
byte-addressable, non-volatile, highly dense and ultra-low leakage power characteris-
tics (Singh et al), 2020). These emerging NVM technologies can potentially replace
SRAM in lower levels of the computer systems memory hierarchy (Inci et al), 2022).
STT-MRAM has higher write energy consumption and longer latency than SRAM,
especially for write-intensive workloads (Singh et al), 2020). Also, due to the common
read /write mechanism used in STT-MRAM, it suffers from read disturbance and lim-
ited endurance problems, which can further impact its performance. To address these
concerns and explore the potential of SOT-MRAM in on-chip caches, this work pro-
poses an alternative framework to cache design and lifetime extension of cache. SOT-
MRAM cells vary in area, aspect ratio, read/write mechanism, cache access method,
optimization target, device type, and memory array arrangement. The choice of SOT-

MRAM cells and configuration significantly impacts cache power and performance.

3



1. Introduction

Choosing, designing and evaluating MRAM cache performance for modern applica-

tions with multiple influencing factors requires an integrated framework solution.

1.2 LLC lifetime extension.

Endurance is a limiting factor when adopting the NVM in the memory hierarchy. The
need for cache management and endurance extension mechanisms and their effect on
the cache performance and lifetime improvement are unknown at design time. The
Design Space Exploration(DSE) of the new lifetime extension mechanism for fault-
tolerant cache design for various systems like IoT requiring a small LLC cache to
CPU/GPU requiring several MB of LLC cache in one framework is time-consuming
(Han and Jiang, 2023; Escuin et al), 2023). So, hybrid design is used to overcome
these issues. In the hybrid cache design, the hierarchy is partitioned with SRAM as
the smaller part of the cache for low-latency and high-endurance access. SOT-MRAM
is used for the larger part of the cache for higher density and lower leakage power.
The hybrid cache design approach aims to balance the performance, energy efficiency,
and reliability of on-chip caches, leveraging the advantages of both SRAM and SOT-
MRAM technologies in LLC.

1.3 SOT-MRAM as DRAM Alternative

DRAM, the popular memory technology, faces issues with power and scalability when
scaled to large sizes. A significant limitation of DRAM is that when scaled, the capaci-
tors are more vulnerable to errors due to their reduced size (Asifuzzaman et al), 2022).
The primary bottleneck for system performance is the memory bandwidth. Over the
past 20 years, server hardware FLOPS have been increasing at 3.0x /2 years, outpac-
ing the growth rates of DRAM and interconnect bandwidth, which have advanced by
only 1.6 and 1.4 times every two years, respectively. This difference has made mem-
ory the primary obstacle in Al applications(Gholami et al), 2024). Traditional cache
memory technologies such as SRAM and DRAM face restrictions regarding packaging
density and power leakage(Jia et al), 2017). Numerous alternatives have been sug-

gested as substitutes for the current DRAM memories based on CMOS technology for
4
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multiprocessor systems. Replacing DRAM with Non-Volatile Memory (NVM) is the
most promising option. NVM technologies that could be used as a replacement for
traditional DRAM memory are Phase Change Memory (PCM), Spin-Transfer-Torque
Magnetic RAM (STT-MRAM), and Resistive RAM (ReRAM). These technologies of-
fer byte-addressability, non-volatility, and fast read times. STT magnetization-based
switching memory was first introduced in (Hosomi et all, 2005), leading to the genesis
of several memory technologies based on this method. STT-MRAM technology has a
similar capacity, frequency, and device size as DRAM (|Asifuzzaman et al|, 2022), mak-
ing it a potential replacement for DRAM. However, due to the common path shared by
read as well as write operations, STT-MRAM suffers from the read-write disturbance

problem (/Alhalabi et al), 201§) (Wang et al), 2019).

SOT-MRAM is being widely explored as a potential technology for cache mem-
ory applications. SOT-MRAM boasts separate paths for the read and write process,
rendering it an attractive and efficient memory device. The potential of SOT-MRAM
as a low-power, high-speed spintronic device for on-chip memory and main memory
in High Performance Computing () and Al applications is highlighted by Zheng
et al. (Zheng et al), 2021). Reliable evaluation of SOT-MRAM-based main memory
is challenging due to the public unavailability of parameters related to timing and
current. The significant advantage of MRAM devices is scalability, and they do not
require any refresh, reducing static power consumption. STT-MRAM has been ex-
plored as the main memory in recent research (Komalan et al), 2018; |Asifuzzaman
et al), 2022) providing promising results. The average speedups of Open and Close
Page Techniques with a 1.2x configuration, as mentioned in (Asifuzzaman et al., 2022),
are 2.4% and 2.7%, respectively. Additionally, there was 4.6 times more power con-
sumption than DRAM. One setback for STT-MRAM is its write latency, write energy
and reliability (Komalan et all, 2018). SOT-MRAM provides better read/write la-
tency, retention time, reliability and endurance than STT-MRAM (Komalan et all,
2022) (Zheng et al., 2021).

SOT-MRAM has not yet been evaluated as the primary memory for embedded
and multi-core systems using full system simulators and benchmark programs, such
as PARSEC (Bienia et al), 2008a). Given its attractive features, SOT-MRAM has the

potential to serve as the main memory. This research seeks to propose and explore
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its behaviour in a multi-core environment when handling shared memory workloads.
The SOT-MRAM main memory’s timing and current parameters are derived using
the approach in (Asifuzzaman et al), 2022). The authors in (Asifuzzaman, 2019; Asi-
fuzzaman et al), 2022) have validated the method and the parameters from industry

estimations.

1.3.1 Problem Statement

This work aims to develop a comprehensive Multi-Factor Scaling (MFS) framework for
SOT-MRAM on-chip caches to enhance modern application performance. The thesis
focuses on designing and implementing a Physically Split Cache (PSC) that combines
SRAM and SOT-MRAM at the Last Level Cache (LLC) with algorithms to reduce
write variation and improve lifetime. It explores replacing DRAM with SOT-MRAM in
main memory systems for embedded and multi-core environments to improve memory

performance and energy efficiency.

1.3.2 Objectives

1. An End-to-end Framework for Multi-Factor Scaling(MFS) Design of Non-Volatile
SOT-MRAM On-chip Caches for Modern Applications.

2. Design and Implementation of Physically Split Cache(PSC) with SRAM and
SOT-MRAM for with Write Variation and Lifetime Improvement(LI) algo-

rithm.

3. Integration and Investigation of SOT-MRAM as an alternative to DRAM in

Main Memory for Embedded Systems and Multi-Core Environment.

1.4 Contributions

SOT-MRAM memories bring a paradigm shift in the existing memory hierarchy.
Hence, it is necessary to perform a scaling roadmap analysis, design and evaluate

a @ mechanism and Integrate SOT-MRAM in the main memory.
6
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1.4.1 Solution Approaches

The need for a new memory hierarchy is studied, and experiments are conducted to
study the behaviour of SRAM, DRAM, and SOT-MRAM at the circuit, architectural,
and application levels. Cache and main memory simulation analyse the area, power,
and performance trade-offs in the memory hierarchy.

The proposed approach leverages a multi-factor scaling strategy that combines
various techniques to enhance the performance of SOT-MRAM caches and improve
lifetime by utilizing cache management policies and hybrid cache designs that reduce
the number of writes to SOT-MRAM cells.

DRAM replacement by SOT-MRAM is designed by considering the parameters of
the DDRx protocol. Deriving parameters and designing SOT-MRAM main memory
involved DSE of circuit-level main memory analysis tuning and then sensitivity analysis

of timing and current parameters for reliable simulations.

1.4.2 Thesis Contribution

This work is dedicated to improvising the LLC and main memory, and the following

are the contributions:

1. This thesis work evaluates the scaling roadmap for SOT-MRAM within the con-
text of Last-Level Cache (LLC).

2. The proposed MFS framework offers a comprehensive integration, providing an
end-to-end evaluation flow from device-level survey to micro-architecture, appli-

cation, and cache management policy evaluation.

3. We propose a reliable PSC design featuring a Life Improvement (LI) and Write

Variation algorithm for enhanced cache lifetime management.

4. Extensive multi-level integrated simulations with relevant workloads, we deliver

a thorough evaluation encompassing Power, Performance, and Area (PPA)), to-

7
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tal latency, application power consumption, bandwidth utilisation, Energy-Delay

Product (@), Write Variation (WVAR) reduction, and .

5. Integration of SOT-MRAM into hybrid or stand-alone DDRx standard for em-

bedded and multi-core systems, extending its application scope.

6. A comprehensive survey and micro-architectural exploration to address SOT-

MRAM main memory parameter absence.

7. To overcome the challenge of parameter absence, the work estimates and scales
parameters, ensuring a robust analysis of three memory structures and making

the parameters available through publication.

8. Thorough system-level simulations provide a holistic evaluation, covering power

consumption, bandwidth utilization, EDP, and total latency.

1.5 Organisation of the Thesis

The rest of the thesis is organised as follows:

Chapter 2: summarizes the research related to three major issues addressed by the
thesis , i.e. MFS with density replacement study, hybrid LLC design and imple-
mentation of LI algorithm, and SOT-MRAM main memory.This chapter explores the
fundamentals and evolution of memory technology. It discusses the core principles and
various NVM technologies. The chapter concludes with a literature review & research
gaps, setting the stage for the thesis’s contributions.

Chapter 3: Gives details about MFS design framework for end-to-end evaluation of
the SOT-MRAM cache with a density replacement study for modern applications.
Chapter 4: Presents the Physically Split Cache with Virtual Reordering (),
a hybrid cache design for reliability and a algorithm for lifetime extension. It
provides insights about how the inter /intra set WVAR can be used to improve lifetime

of SOT-MRAM cache segment.
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Chapter 5: Provides details about the need for SOT-MTAM main memory design,
integration and investigation of the DSE of SOT-MRAM, deriving SOT-MRAM main
memory parameters for embedded and multi-core systems. A thorough full system
simulations using multi-threaded shared memory workloads.I also give insignts about
the factors affecting main memory design.

Chapter 6: Conclusions, the contributions of this thesis, along with some important

conclusions, have been summarized with future research directions.



Chapter 2

Background and Literature Review

Chapter 1 of this thesis highlighted that the conventional SRAM in current Chip
Multi-Processors(CMPs) are generally shared and large but suffer from scalability,
density, and leakage power consumption issues. This thesis aims to leverage emerging
MRAM technologies for next-generation workloads . The thesis addresses their main
challenges, such as limited write endurance and costly write operations. This chap-
ter begins by outlining the basics of the current memory systems and the emerging
, discussing the challenges associated with integrating s into the cache hi-
erarchy. Subsequently, the latest advancements in SOT-MRAM technology, including
scaling strategies, life extension techniques through wear levelling, and the potential

integration of SOT-MRAM in main memory systems, are reviewed.

2.1 Conventional Memory Technology Based on Charge

An ideal memory technology should be fast, dense, reliable, energy-efficient, and af-
fordable. However, only some types meet all of these criteria. For instance, SRAM
is quick but expensive and power-intensive, whereas DRAM is cheaper and denser
but slower and less reliable. Similarly, flash memory offers reliability and density
but struggles with write endurance and latency. By strategically employing various
memory types across the cache hierarchy, systems can maximize speed, energy effi-
ciency, and cost-effectiveness. This method effectively harnesses the unique strengths
of each memory type based on the principle of locality of reference, ultimately achiev-

ing balanced performance across the system. In the following subsections, a concise
10
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explanation of conventional charge-based memories is given.

2.1.1 SRAM) Cache Memory

The standard design of an SRAM cell for cache memory consists of six transistors, as
shown in Fig.@. This schematic depicts an SRAM cell composed of four transistors
(T1 to T4) that form two cross-coupled inverters responsible for storing binary data.
These stored states remain stable as long as power (Vdd) is provided. Additional tran-
sistors (T5 and T6) are used for read and write operations. During a read operation,
activating the word line (WL) allows the stored states to be read from the bit lines
(BL and BL). The bit lines are set to the desired state for writing before the word line
(WL) is activated to update the cell.

WL ,
. .
VDD
T2 T3
1IT | -
|
T, T,
L
BL BL

Figure 2.1: Bit Cell of SRAM(Agarwal and Kapoor], 2020)
In addition to its design specifics, SRAM possesses certain advantages and draw-
backs worth mentioning:

o SRAM offers high-speed access; data becomes available immediately upon acti-

vation of the word line (WL).

o A conventional six-transistor SRAM design consumes more chip area, resulting

in lower density than other memory technologies.

« Continuous power supply is necessary for SRAM to maintain data.
11
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o On a cost-per-bit basis, SRAM is more expensive.

2.1.2 DRAM Main Memory

In Fig.@, a depiction of a DRAM cell, which consists of a capacitor and a transistor,
is shown. The capacitor C is responsible for maintaining the cell’s state as a charge,
and access to this charge is facilitated through the transistor 7.

Read Operation: Applying voltage to the access line AL enables current flow
through the data line DL based on the charge present in the capacitor. If no charge is
detected, there will be no current flow.

Write Operation: The data line DL is set to the desired state, followed by
the application of voltage to AL to charge or discharge the capacitor accordingly.
While DRAM offers the advantage of smaller feature sizes and lower costs than SRAM
due to its simplistic structure, it is important to note that DRAM capacitors have
limited charge retention. This necessitates frequent refresh operations, which consume

additional time and energy.

I
|
O

Figure 2.2: Bit Cell of DRAM(Agarwal and Kapoor, 2020)

The key features of DRAM are as follows:

o« DRAM’s simplified cell structure allows for high density and reduced cost per
bit.

e DRAM access speeds are slower compared to SRAM.

o The need for frequent refresh operations to uphold data integrity leads to in-

creased power consumption in DRAM.
12
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2.2 Emerging NVM Technology

Currently, there is a significant amount of interest in various emerging technolo-
gies. A detailed review paper (Kryder and Kim, 2009) provides an overview of twelve
NVM technologies, such as , Phase Change RAM (PCRAM), Resistive
RAM (ReRAM), Ferroelectric RAM (FeRAM), Nano RAM (NRAM), Conductive-
Bridging RAM (CBRAM), Single Electronic Memory (SEM), Polymer, Molecular,
Racetrack, Holographic, and Probe memories. While some of these technologies have
reached advanced stages of development and are commercially accessible, others are
still in the early phases of exploration. For the reasons discussed in Chapter EI section
EI, this dissertation specifically focuses on in the memory hierarchy (LLC
and Main memory), which has been extensively researched and is considered a promis-

ing solution for cache memory applications.

2.2.1 MRAM Background

. bTT-MRAMj: The cell structure of STT-MRAM is depicted in Fig.@(Lu

et all, 2024), consisting of a Magnetic Tunnel Junction (MTJ) connected to
an access transistor. The MTJ comprises two ferromagnetic layers separated
by a thin insulating barrier made of magnesium oxide (MgO). One of these
layers, called the Free Layer (@) can change its magnetization direction using
a spin-polarized current, while the other layer, known as the Pinned Layer (@)
remains fixed. The orientation of the layer’s magnetization encodes the data: a
parallel orientation represents a ’0’ state (low resistance), while an anti-parallel
orientation signifies a 1’ state (high resistance). To read from the STT-RAM
cell, the access transistor is activated, creating a small voltage difference across
the source and bit line. This voltage difference generates a current, which is
then compared against a reference current to determine the stored state. During
writing operations, a large voltage difference is applied; a positive voltage writes

a ’0’, and a negative voltage writes a '1".

. bOT-MRAMj: SOT-MRAM is an NVM technology that works on the orbital

spin torque of nanomagnets for high-speed data reads and writes. The SOT-

MRAM bit cell, depicted in Fig.@(Lu et al), 2024), consists of an Magnetic
13
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Figure 2.3: Schematic of STT-MRAM cell

Tunnel Junctions () and a perpendicular magnetic anisotropy layer, al-
lowing efficient magnetization switching and reliable data storage(Oboril et al.,

2015) (Alhalabi et al), 2018).

— Heavy Metal (@) The HM/SOT metal layer is composed of elements
like platinum (Pt) or tantalum (Ta). This layer generates the spin current

needed to switch the free layer.

- @: The orientation of the magnetization in this layer, composed of mag-
netic elements such as cobalt-iron-boron(CoFeB), determines the stored bit

value (0 or 1).

— Tunnelling Barrier (@) The TB layer commonly consists of magnesium
oxide (MgQO); this insulating layer enables Tunnelling Magneto Resistance

(TMR), a crucial component for data retrieval.

- @: This layer is made of CoFeB and determines the magnetization orien-

tation, serving as a reference point for the free layer.

SOT-MRAM and STT-MRAM differ in the free layer’s magnetisation mecha-
nism. In STT-MRAM, the spin-polarized current is directly passed through the
magnetic layers to induce torque(change the direction of nanomagnets) as shown
in Fig.@. In contrast, SOT-MRAM utilizes the charge current in an HM layer
to generate a spin current via the Spin Hall Effect(SHE) (Shao et al), 2021)).

The current does not pass through the insulating barrier, thus reducing the risk
14
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Figure 2.4: Schematic of SOT-MRAM cell

of damage to the SOT-MRAM bit cell while writing. This changed mechanism
helps in faster write speeds for SOT-MARM than STT-MRAM. This approach
reduces the direct disturbance to the magnetic layers, potentially enhancing en-
durance and reducing power consumption(Van Beek et al), 2023). As shown
in Fig.@, separating read and write paths in SOT-MRAM can optimize read
and write operations independently. This enhances its endurance, making it
suitable for applications requiring frequent write operations.SOT-MRAM can
achieve lower write power due to the efficient use of spin current for switching
the magnetization(nanomagnets direction)(Seo and Kwon|, 2020a; Gupta et all,

2020).

Fig.@ depicts the memory array organization of the MRAM cache, comprising
n memory locations, each with m bits. Like SRAM arrays, they are structured into
n-c rows and ¢ columns. The word line decoder activates the addressed row, and the
column decoder activates the bit cells(Shao et al), 2021; Singh et all, 2020). Despite
SOT-MRAM cells having a larger footprint than STT-MRAM, they still occupy less
area than SRAM cells (Shao et al), 2021). As depicted in the Fig.@ schematic,
read /write operations on the SOT-MRAM bit and cache array work in the following

ways:

1. To read the stored data, a small voltage has to be applied connecting the Bit
Line (@) and the Read Word Line () The resistance across the tunnelling
barrier(i.e. TMR) is measured. If the @ magnetization is parallel to the @, the

resistance is low (indicating a stored ’0’). The high resistance indicates that the
15
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Figure 2.5: MRAM cache memory array organization.

anti-parallel magnetization storing '1’(Van Beek et al|, 2023; Shao et alJ, 2021).

2. For writing data, the current drives through the HM layer via the Write Word
Line () and the Source Line (@) The current in the HM layer generates an
orbital spin current due to the Spin Hall Effect () in HM. This spin current

applies an orbital torque (SOT) to the FL. The direction of the spin current

decides whether the magnetization of the FL switches parallel or antiparallel to

the @, storing a '0’ or a "1’ This switching mechanism enables data storage

using magnetic alignment to represent binary values(Van Beek et al,, 2023; Shao

et al), 2021)).

The performance of both MRAMSs depends on the retention time, which is deter-

mined by the energy required for magnetization stability. The thermal attempt fre-

quency (tafy) and magnetization stability energy height (A) influence retention time.

Stability energy height is influenced by cell size but has an inverse relationship with

temperature. Increasing cell size can extend retention time and lead to larger cell
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area and capacitance, negatively impacting density and write energy. Using magnetic
materials with higher magnetic anisotropy can enhance the magnetization stability
energy height and prolong retention time without necessitating a larger cell size(Shao

et all, 2021; Liao et al|, 2020).

1
Tretention - EeA (21)
0

The parameter A is determined by factors such as volume (Vo), in-plane anisotropic
field (4y), saturation magnetization strength, and absolute temperature (Temp). MRAM
acts as an NVM with near-permanent data retention abilities. According to production
specifications from Intel and Samsung, MRAM can handle up to 100 million erasures
at 105 °C and up to ten billion erasures at 85 °C. This is a significant improvement
over SRAM, which can only manage up to one million cycles. Therefore, MRAM has
a clear advantage over SRAM regarding retention time(Han and Jiang, 2023).

Vo x Ay x SMj
A oc L2 X X O (2.2)
Temp

Integrating MRAM technologies into cache memory presents challenges due to
reported variations in bit cell values in VLSI literature. These variations can im-
pact parameters such as area, power consumption, and speed. Accurate modelling
and prediction of these parameters are crucial for optimizing cache memory design.
Operational parameters are crucial for understanding the dynamics of read and write
operations when employing SOT-MRAM. The delay in reading, as adapted from ([Liao
et al, 2020), is expressed as:

IREAD = WL + sense (23)

The WL delay time (#wr,) can be calculated using this equation:

twi = 0.7RasiveCwi, + 0.4Rwr Cy, (2.4)

In this formula, Rq,ve refers to a driver resistance, which is defined as an inverter of
5x minimum size. Rwi, denotes the resistance of the interconnect, while Cyy, stands

for the capacitance of interconnect .
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The energy consumption during the read operation, denoted as Ergap, comprises

several components and is expressed as:

Ereap = 2VreaD bias!READ + Ewr, + Esa (2.5)

In this context, the first term refers to the Joule heating produced by the currents
flowing through the controlled and reference MTJs. Eywp, denotes the energy required
to charge the word line, which is computed as (Cwr/Npit + Ciran)Vagap, While Esa
refers to the sense amplifier energy dissipation, determined by Pga.trgap. The power
of sense amplifier, Pga, is derived from previous SPICE simulation results in(Shao

et al), 2021); Liao et all, 2020).

For a write operation, the access time twriTg can be calculated by combining the
word line delay, bit line delay, and magnetic switching time #,,,,. The validity of #as

has been confirmed through micromagnetic simulations in (Liao et al., 2020).

IWRITE = twr + IBL + lmag (2.6)

The energy required for writing, denoted as Ewgrrg, is determined by taking into

account the resistive effects and capacitance of the circuit.

Ewrite = Bygrire (RBL + Rst, + Rizan + Rsor) 27)

'tmag + (CWL/Nbit ‘I’ Ctran) Vﬁd ‘l’ (CBL + Ctran) V%)VRITE

The comprehensive analysis highlights the operational intricacies of SOT-MRAM and
underscores the significance of accurate parameter estimation in evaluating the mem-

ory’s performance within contemporary technological paradigms.

The proportional cell area equation(Shao et alf, 2021) is a standardized metric for
memory cell area relative to the square of the process size, which is crucial for assessing

area efficiency across different memory technologies or process nodes.

lencell X Wdtcell

Ar[F*] = (2.8)

2
SZproc

Here, lencn and wdt.e represent the length and width of the cell, while szp,,. denotes

the process size, for example, 22 nm.
18
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These equations emphasize the importance of utilizing specific formulations to
assess the structural and electrical properties of SOT-MRAM. These formulations
play a crucial role in conducting simulations to refine memory design, enabling the
exploration of how various physical and electrical factors influence performance and

energy efficiency, ultimately aiding in optimizing memory design.

2.3 Exploring the Challenges in Employing SOT-
MRAM Memory Hierarchy

Designing efficient cache and main memory using MRAM by balancing capacity, per-

formance, energy, endurance, and lifetime has opened up several challenges, such as

1. The cell structural influence: The design of the cell significantly affects
system performance by influencing parameters such as area, power consump-
tion, and speed. Creating an optimal cell structure for SOT-MRAM technology
involves balancing density, speed, and power efficiency while addressing distur-
bance and endurance issues. This is made more difficult by the need to manage
trade-offs between cell miniaturization and reliable magnetic switching prop-
erties. Developing a cell structure that integrates well into existing memory
hierarchies while meeting modern application requirements presents a substan-
tial challenge for the widespread adoption of SOT-MRAM technology. So, there
is a need to develop a framework for assessing cell structure, array, device type,

technology node and density scaling for SOT-MRAM adoption.

2. Enhancing Capacity Without Expanding Chip Real Estate: Advanced
fabrication techniques are needed to increase bit density within the existing
chip layouts while preserving performance standards such as speed and energy
efficiency. Achieving this balance requires meticulous memory cell and array
design, making the integration of SOT-MRAM a complex task that involves

various aspects of semiconductor engineering and design architecture.

3. Difficulties with Write Operations and Weak Write Endurance: The en-
durance of SOT-MRAM is better than STT-MRAM, but SOT-MRAM struggle

with weak write endurance compared to SRAM, limiting their ability to handle
19
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repeated write cycles without degradation, posing significant reliability concerns

in intensive computing environments.

4. Overhead in integration and evaluation: Current tools do not provide an
integrated framework to achieve device level, architecture level, policy level and

application level rapid idea integration and evaluation.

5. Design, Integration and Reliable simulation: Another major challenge
in building SOT-MRAM main memory is the public availability of parameters,
DDRx protocol compatible SOT-MRAM main memory design, integration and
reliable simulation. This is due to the fact that different cells have varying
factors. In the subsequent sections, the above issues and the possible solutions

proposed in the past are discussed.

Table @,memory technologies are sourced from these publications(Liao et alj,
2020; Santhalia and Dahiya, 2021; Kallinatha et al., 2024; Saha et all, 2022; Agarwal
and Kapoor, 2020; Wu et al), 2020a; Kryder and Kim, 2009).

Table 2.1: Memory Technology Comparative Analysis

PARAMETER SRAM DRAM PCM STT-MRAM SOT-MRAM
Nonvolatility No No Yes Yes Yes
Cell-Size(F?) 50-120 6.0-10 4.0-19 6.0-20.0 6.0 -24.0
ReadTime(ns) <10 10-60 48 <10 <5

Write/EraseTime(ns) <10 10-60 40-150 2-20 <5

Endurance(Cycles) > 10 > 10 10'° > 10" > (102 — 10%)
WritePower low Low High High Low

Future-Scalability Good Limited Limited Very Good Very Good

Leakage Power Very High Very High Low Very Low Very Low
Maturity Product Product Advance Development Advance Development Early Development
Retention While voltage is applied << second > 10yr > 10yr > 10yr

2.4 Related work

Implementation of NVM in cache systems, including STT-MRAM and SOT-MRAM
technologies, have been assessed for their impact(Han and Jiang, 2023; Lu et alJ, 2024;
Inci et al), 2022; Han and Jiang, 2024) on performance, power, and reliability. This
section examines current literature in three main areas. The first part focuses on the
latest developments in NVM (STT/SOT) design and density replacement anal-

ysis, highlighting research gaps and evaluation. The second part explores reliability
20
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designs and lifetime extension mechanisms for SOT-MRAM, as well as strategies to
improve memory technology. The third part discusses SOT-MRAM as a main memory
device alternative to DRAM or STT-MRAM for embedded and multi-core systems.
Table El] presents a comparative analysis of the existing memory technologies—SRAM
and DRAM-—against the emerging NVM technologies.

2.4.1 NVM-based Cache MFS Design for Modern Application

NVMs are under consideration for use in different cache levels as a hybrid or complete
substitute for SRAM in on-chip caches due to their superior characteristics compared to
CMOS memory. This section provides an overview of the literature on NVM caches.
The study by Carnigij et al.(Cargnini et al), 2014) involved simulating devices, ar-
chitecture, and full systems using SRAM and STT-MRAM at 45nm with low-power
devices. The research centred on exploring a multi-level device, array, and architecture
for the embedded system L1 and L2 cache hierarchy. It was observed that conven-
tional STT-MRAM required more latency and energy for read/write operations. This
work experienced 5-10% CPI penalties in both best and average cases while attempt-
ing to achieve the desired performance by utilising 4 times more MRAM capacity to
replace SRAM. An area-efficient SOT-MRAM design at 45nm was proposed in(Wu
et all, 2020a). Performance was evaluated against SRAM up to 8MB. The proposed
SOT-MRAM showed a 38.9% improvement in read speed over SRAM, while the write
power doubled when using optimized latency mode values in the experiments.

The study in(Wang et al), 2019) proposed an area-efficient SOT-MRAM with an
access circuit at 45nm. Prenat et al.(Prenat et al), 2016) compared STT, SOT-MRAM,
and SRAM for latency and area scaling up to 4MB, finding significant reductions in
area and power consumption for SOT-MRAM. In (Oboril et al), 2015), a hybrid mem-
ory hierarchy was evaluated across different sizes, demonstrating favourable capacity
scaling for SOT-MRAM over SRAM with an area reduction of 30% and energy savings
of 60%. The work concludes that the SOT-MRAM is a suitable replacement for SRAM
based on capacity scaling.

In (Singh et al), 2020), a comparison between SRAM, STT-MRAM and SOT-
MRAM cache memory capacity of up to 4MB at a technology node of 22nm, utilizing

a page size of 256 bytes was performed. Typically, 64B is in the Intel architecture.
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The analysis found that for a capacity of 256 KB, SOT-MRAM exhibited an area
reduction of 27.74%, 2.97 times faster, and demonstrated significantly lower leakage
by around 76.05% compared to SRAM. These results were obtained using latency-
optimised configurations.

Zhang et al. (Zitong Zhang and Jiang, 2022) investigated the roadmap of scale
effect on STT-MRAM with SRAM up to 32MB without comparing SOT-MRAM. The
authors utilized a latency-optimized fixed cell layout at 45nm and observed a 5.4%
reduction in write latency and a total of 42.1% leakage power reduction. The work
concludes that STT-MRAM outperforms SRAM cache above 32MB, suggesting the
need for further exploration of SOT-MRAM alongside SRAM.

In (Liao et al), 2020), simulations at material and circuit levels are performed to
enhance the density and reduce energy consumption in different MRAM cells. Four
materials are employed for SOT-MRAM, including HMs, alloys, Weyl semi-metals,
and topological insulators. The performance of the SOT memory cell/array is eval-
uated based on read/write time, energy efficiency, and reliability. Alloys with high
conductivity and significant spin hall angles show promise as SOT channel materials.
Comparative analysis suggests that SOT-MRAM provides faster operation with lower
energy usage than STT-MRAM, but it may necessitate approximately 25% larger
cell area. This work concludes that the SOT-MRAM can perform better than STT-
RAM/SRAM, but no scaling roadmap study was conducted. The SOT-MRAM scaling
roadmap study needs to be conducted.

The study(Marinelli et al), 2022), aims to explore different micro-architectural ele-
ments to overcome challenges in using STT-MRAM as the LLC in embedded systems.
These elements include the number of cache banks, management of Miss Status Han-
dling Registers(MSHR) write buffer entries and integration of hardware prefetchers.
Optimizing these parameters could minimize performance degradation while achieving
over 60% average energy efficiency improvements for the LLC. Furthermore, comparing
energy results from validated technology models with publicly available tools highlights

the vital role of accurate models in architectural analysis.
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In (Han and Jiang, 2023; Lu et al|, 2024; Inci et al), 2022; Han and Jiang, 2024),
simulations were performed for SRAM, STT-MRAM, and SOT-MRAM memories sim-
ulation for application power-performance analysis. These studies consistently found
that SOT outperforms STT caches at various levels except for chip area, using only
one set of device values. These studies did not address the scale-effect roadmap for
SOT-MRAM cell arrangement. We leverage and extend the idea in(Inci et al), 2022)
for the MFS framework.

Past work thoroughly compared the characteristics of SRAM, STT, and SOT-
MRAM (Kalllinatha and Talawar, 2023; Kallinatha et al., 2024). Comparisons between
STT and SOT-MRAMSs have established SOT-MRAM as superior in all aspects except
for the memory array/cell area (Singh et all, 2020; Saha et al), 2022; Han and Jiang,
2023). The literature has emphasized the necessity of conducting a scale effect study
of SOT-MRAM with structural parameters and modern applications. We noticed that
there is a gap in the existing research regarding the integration of SOT-MRAM MFS
scale effect and density replacement studies to enhance modern application perfor-
mance(Liao et al), 2020; Zitong Zhang and Jiang, 2022; Han and Jiang, 2023; Wu
et al), 2020a)).

Existing works often prioritize improving the functionality of the SOT-MRAM sys-
tem architecture without considering how the structural arrangement of an individual
SOT-MRAM cell affects the overall system. This work proposes a framework and
examines the impact of the structural configuration of individual SOT-MRAM cells
on the system’s architecture, an aspect often overlooked in previous works. The fo-
cus is exploring SOT-MRAM as an LLC cache in CPUs, evaluating its performance
with different cache capacities, areas, and aspect ratios. This comprehensive evalua-
tion aims to improve power consumption, reduce write latency, and enhance overall
cache efficiency. The next sub-section summarizes the literature on NVM cache write

variation and lifetime extension.

Contributions

The existing literature emphasizes the substantial impact of memory cell design char-
acteristics on the parameters of . In response, a comprehensive framework

has been developed, enabling expedited prototyping and detailed evaluations focused
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on scaling roadmaps and density enhancements—crucial for optimizing LLC power
performance. The framework, enhanced by the MFS algorithm, has yielded superior

outcomes. Additional insights into this technique are elaborated in Chapter E

2.4.2 NVM-based Cache Write Variation, Lifetime Improve-
ment(LI) of Physical Split Cache(PSC)

Several works have devised multiple strategies to circumvent the issue of NVM’s limited
lifetime, including methods to distribute writes more evenly, integrate hybrid caching
systems(Agarwal and Kapoon, 2020; Mittal and Vetten, 20144; Sarkar et al), 2021
Mittal et al), 2014), and apply data compression techniques(Escuin et all, 2022). This
literature review will discuss pioneering methods to improve the lifetime of NVM-based
Last-Level Caches (LLCs).

J. Wang et al. #wap(Wang et al), 2013) introduced an innovative approach utilizing
two global counters and registers for enhancing NVM endurance in LLCs. This method
includes Swap-Shift for inter-set wear leveling and Probabilistic Set Line Flush (PoLF)
to tackle intra-set write variance.PoLF is a cache management technique randomly
determining which cache lines to flush to reduce write variation and enhance endurance.
It selectively flushes lines based on a set probability, balancing performance and wear
levelling by distributing writes more evenly across the cache.

Mittal et al. suggested methods named EqualWrites (Mittal and Vetter, 2015) and
EqualChance (Mittal and Vetter, 2014b), targeting intra-set write variance reduction,
thereby aiding in the extension of NVM cache life. The EqualWrites concept relies on
the idea that significant variance within a cache set indicates a threshold-exceeding
difference in writes between two blocks. By swapping data between these blocks, writes
are spread more uniformly. EqualChance periodically changes the physical location
of write-intensive data, using set-specific write counts to guide write-redirection oper-
ations, offering robust wear-levelling, particularly for sets with significant write dis-
parities.Other noteworthy methods include Static Window Write Restriction (SWWR)
(Agarwal and Kapoor|, 2017) and its dynamic counterparts DWWR and Dynamic Way
Aware Write Restriction (DWAWR) (Agarwal and Kapoor, 2019).
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2. Background and Literature Review

These techniques segment the cache into windows, selectively restricting writes
to specific windows to distribute the write load. SWWR operates on a fixed sched-
ule, cycling through the cache windows, while DWWR and DWAWR use counters
to track write frequencies, dynamically adjusting write restrictions for optimal wear
distribution. Traditional cache replacement policies often exacerbate wear, with fre-
quently accessed blocks wearing out faster. The WALL-NVC (Sivakumar and Jose,
2023) technique employs an NVM-friendly policy, the Least Recently Used Cold Block
(LRU-CB) (Sivakumar and Jose, 2023), which considers both write frequency and re-

cent usage in block eviction, ensuring a more balanced write distribution.

While these wear-levelling and write distribution methods show promise, they also
introduce new challenges. The reliance on SRAM-based counters for methods like
EqualWrites, EqualChance, and PoLF increases area and power overhead, a concern
amplified as cache sizes grow. Similarly, write restriction strategies can compromise
performance by making cache segments intermittently unavailable for writes. The
proposed work seeks to overcome these limitations by employing minimal counters and
ensuring that no portion of the cache is off-limits, potentially leading to performance
improvements without significant power or area penalties. This work develops a cache
management policy to leverage the MFS framework for comprehensive end-to-end
evaluation. The cache management policy optimizes the proposed algorithm to address

write variation in the NVM cache segment.

2.4.3 Contributions

The existing literature suggests that the endurance and have a significant im-
pact on the reliability, @, and performance of hybrid caches. As a result, a cache
management policy has been devised to take into account the importance of WVAR
and LI in the design of the last-level cache (LLC). This approach involves writing to
the SRAM segment, reducing and distributing writes evenly across the SOT-MRAM
segment, and migrating loop blocks. These actions are carried out through a replace-
ment policy and the use of an additional bit to identify the loop blocks. For additional

details and outcomes of this approach, please see Chapter B
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2.4.4 SOT-MRAM Main Memory for Embedded and Multi-

core Systems

Though SOT-MRAM is investigated as a caching technology, it has not been explored
yet as a main memory device alternative to DRAM or STT-MRAM for multi-core sys-
tems. This section reviews the integration of NVM as primary memory in horizontal
structure, vertical structure, and hybrid memory systems for various workloads. Al-
though the feasibility of using SOT-MRAM technology as the primary system memory
in embedded, HPC, or general-purpose computers is not yet thoroughly studied, some
researchers have investigated the potential of using STT-MRAM or PCM as a hybrid
or full main memory in various computing systems.

We first list (Table—@) all the works using the commercially available hardware in
the experiments. In(Peng et al|, 2020), Intel’s first NVM-based Optane DC persistent
memory module was tested on a 24-core processor for high-performance computing
(HPC) applications, known as the "seven dwarfs”. The results show that DRAM-
cached NVM enhances HPC application performance and allows for handling more
significant problems than DRAM alone. HPC applications’ performance on uncached-
NVM was categorized into three levels: insensitive, scaled, and bottlenecked. They
introduced two optimization methods: a predictive model and a write-aware data
placement, which doubled performance and cut DRAM use by 60%. However, these
findings on HPC applications may differ for other applications or workloads using
NVM-based memory.

Liu et al. (Liu et al), 2022) have devised a hybrid DRAM/STT-MRAM memory for
[oT systems to enhance STT-MRAM’s write speed with a fast data migration method.
They built this system using Micron DDR3 SDRAM (Inc/, 2006) and Everspin DDR3
STT-MRAM (Inc), Inc]), focusing on reducing power use on standby mode. Their
findings have shown only a minor drop in STT-MRAM performance. Importantly,
they have shared specific timing and power details, offering valuable insights for further

research.
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Work in(|Li et al), 2023) examines the effects of commercially available STT-MRAM
and DRAM on energy harvesting in IoT systems. The study evaluates different scenar-
ios and finds that using STT-MRAM results in a 15% decrease in power consumption
and a T14x faster data restoration time. However, the study is limited by a lack of
published timing and power parameters for 32MB STT-MRAM, which may affect its

accuracy in representing applications with higher memory requirements.

The rows (Table—@) with type simulator are open-source simulators with lim-
ited publicly available configuration, timing, and power parameters. In (Fu et al,,
2022), a new system called CAHRAM is introduced to improve PCM in a hybrid
setup. CAHRAM uses deduplication to reduce access overheads. Results using Gemb
(Binkert et al), 2011) and NVMain (Poremba and Xie, 2012) show the system out-
performs existing methods in speed, PCM lifetime, and efficiency. This work’s effec-
tiveness may be limited for workloads with low-redundancy data. The study lacks
detailed timing and current parameters. Jing et al. (Jing and Li, 2022) analyze ad-
vancements in heterogeneous memory with STT-MRAM, introducing three optimized
schemes: hierarchical, parallel, and hybrid architectures. However, the study lacks
full system simulation analysis with benchmark programs, highlighting the need for

further research to test these schemes under diverse workloads.

In (Mahdavi et al, 2022), Mahdavi et al. review STT-MRAM issues like read
disturbances and write failures. They propose reducing write operation errors and
optimising encoding to decrease read disturbances. Their simulations on a quad-core
processor using Gemb (Binkert et al, 2011))-NVMain (Poremba and Xie, 2012) show a
92% reduction in read disturbances and a 22% decrease in write failures. Despite min-
imal increases in area, power, and performance(0.1%, 1.52%, and 1.19%) overheads,

the study lacks detailed timing and current parameters.

Focusing on NVM-based main memory systems, we review research with publicly

available timing and current parameters for open-source simulator verification.

In the (Asifuzzaman, 2019) thesis, the author evaluates STT-MRAM in HPC sys-
tems with trace-based simulations, assuming STT-MRAM is 50% and 100% slower
than DRAM. Performance degradation ranges from 2 to 10%. Another study (Asi-

fuzzaman et al), 2022) assesses STT-MRAM as primary memory in high-performance

computing compared to DRAM. Using SPEC2006 benchmarks on ZSim and DRAM-
30
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Sim2 with timing parameter scaling of 1.2x, 1.5x, and 2.0x, they find an average perfor-
mance drop of 5.4% and 11.3% in integer and floating-point benchmarks, respectively,
when timing parameters are twice that of DRAM. Lastly, considering STT-MRAM’s
benefits like radiation resistance and zero leakage power, its suitability for real-time
systems, including space, automotive, and avionics applications, is evaluated (|Asifuz-
zaman et al), 2019). Using benchmarks tailored for these sectors, the study suggests

STT-MRAM could be a strong candidate for this sector.

Haoyuan Ma et al.(Ma et al), 2021) introduced a framework to assess STT-MRAM’s
reliability and performance at the computer architecture level using GEM5+NVMain.
Their results show that STT-MRAM’s average latency and energy use could increase
by up to 5.996% and 20.65% compared to standard models. These results indicate
that reliability and performance issues at the system level might limit STT-MRAM’s

use in high-performance and real-time systems.

Another issue with STT-MRAM is its modified sensing methods. The SMART sys-
tem in (Oh et all, 2023), uses a modified approach for STT-MRAM to address the sens-
ing challenges more efficiently than DRAM. SMART’s sense amplifier design reduces
row buffer size, leading to higher activation energy and lower performance. However,
it improves by delaying bit-line sensing until a column access command is received.
This approach offers numerous benefits, including larger page sizes, less reliance on
sense amplifiers, reduced activation power, better parallelism, lower latency, and more
effective repair of faulty columns. SMART surpasses traditional STT-MRAM and
DRAM in energy efficiency and performance while being more compact. This study

provides publicly available timing and current parameters.

Research on STT-MRAM has been extensive, exploring its use in various settings,
from IoT to real-time systems, using real hardware and simulations. Despite some
performance drawbacks, studies demonstrate its potential to replace DRAM in many
computing systems. However, high write energy, slow write speeds, and reliability
issues still hinder STT-MRAM’s adoption as the main memory. The following section
will discuss the potential of SOT-MRAM as an alternative. Table @ summarizes this
research, noting gaps and challenges for future studies. ” X marks in the table indicate
unresolved issues, while "¢/? marks show where studies have provided solutions or key

parameters. The final row outlines the contribution of our study in this work.
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2.4.5 NVM Based Embedded System Main memory

Several alternatives have been proposed to replace the existing CMOS-based DRAM
memories. The most favourable choice is to use NVM devices as an alternative to
DRAM. STT-MRAM, one of the NVM devices, has significant advantages regarding
high data density and low energy consumption. Still, it suffers from a read-write
disturbance problem because of the shared path for read and write operations. Apart
from this, STT-MRAM also suffers from large current consumption and reliability
issues (Alhalabi et al), 2018). Many researchers have analyzed the impact of using
STT-MRAM-based main memory as an alternative to DRAM. In (Kiiltirsay et all,
2013), an experiment was carried out to find the suitability of STT-MRAM as a
memory device. They have suggested that STT-MRAM can be used as an alternative
to DRAM with modifications to save energy and time. After adapting techniques like
partial write and write bypass, they were able to achieve an average power reduction
of 60% when compared to DRAM. In (Kim et al), 2020), STT-MRAM is used as a
part of hybrid memory and the DRAM by making energy-efficient data placement
methods to optimize energy consumption. Chen et al. proposed a new swapping
mechanism for hybrid memory systems comprising NVM devices such as STT-MRAM
and PCM. This work focused on reducing swap operations for embedded systems that
combine DRAM and NVM as hybrid memory (Chen et alj, 2017). However, they have
used STT-MRAM as a main memory component. In (Mahdavi et al), 2022), STT-
MRAM is studied as the main memory. Methods have been proposed to solve the
read-write disturbance problems it faces before adopting it as the main memory. This
work proves that STT-MRAM-based devices can be used as main memory by handling
issues they face. A detailed analysis of STT-MRAM was performed in (Asifuzzaman
ot all, 2022), which details the timing and energy parameters to use STT-MRAM as
the main memory; this is used as a base to derive the timing and energy parameters
for SOT-MRAM in our work. All these works show strong evidence that STT-MRAM
is used as the main memory. Nevertheless, STT-MRAM faces issues concerning read-

write disturbance, reliability, and high write latency.

As mentioned, SOT-MRAM resolves the read-write disturbance issue of STT-
MRAM by using separate read-write paths. There is evidence to show that SOT-

MRAM can be an alternative to SRAM. A study in(Garello et al., 2018) demonstrated
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using SOT-MRAM in the CMOS-compatible integration process to handle cache re-
placement. The analysis in(Prenat et al|, 2016) to study the impact of SOT-MRAM-
based devices has suggested that SOT-MRAM can perform better than SRAM and
be considered a cache candidate due to their low power consumption and good perfor-
mance. SOT-MRAM is often considered a successor of STT-MRAM, but the drawback
is that it takes up a lot of cell space. In (Seo and Kwon, 2020h), an area-optimized
SOT-MRAM is proposed. In this, SOT-MRAM achieved an area efficiency of 42%
compared to conventional SOT-MRAM. Recent work in (Lu et all, 2024) proposes a
new three-terminal-based SOT-RAM which can perform better than conventional two
terminals, one MTJ-based SOT-MRAM. They have developed methods that can over-
come the drawbacks of conventional technologies. All these past works give promising
results for STT-MRAM-based main memory and SOT-MRAM-based cache. Since
SOT-MRAM and STT-MRAM have common features and only STT-MRAM is used
as the main memory, we have designed DDRx-compatible and integrated the SOT-
MRAM as the main memory.

2.4.6 Contributions

The literature suggests a comprehensive evaluation of SOT-MRAM as the main mem-
ory for embedded and multi-core systems using a full system simulator and benchmark
programs like PARSEC(Bienia et al, 2008a). Designing and integrating SOT-MRAM
into embedded and multi-core systems is crucial, extending its potential applications
across three memory structures. The challenge of publicly available parameters and
reliable simulations is addressed by micro-architectural and system-level evaluation
of the three memory structures. More information about this work can be found in

chapter B
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Chapter 3

MFS Design of SOT-MRAM
On-chip Caches for Modern
Applications

This chapter will address two primary topics:(a) the scaling roadmap for SOT-MRAM
caches using the framework and (b) density replacement to improve LLC capacity and
performance within the same chip real estate for modern applications. The chapter
proposes an MF'S framework for exploring the SOT-MRAM on-chip cache design space.
MFS framework aims to analyze the design of various solutions for specific cache sizes
and assess their performance across applications, including @, , Social Network
Analytics (), and generic computing applications. This work also includes eval-
uating potential power performance improvements by replacing equivalent capacity
SRAM with SOT-MRAM and integrating larger SOT-MRAM caches within the same
chip area occupied by SRAM. The MFS framework facilitates evaluating and com-
paring different SOT-MRAM cell configurations and optimization targets to identify
the most suitable solution for a targeted configuration design. The proposed approach

leverages a multi-factor scaling strategy that combines various techniques to enhance

the performance of SOT-MRAM caches:

o Device scaling: Scaling down the SOT-MRAM cell dimensions to improve write

energy efficiency and endurance (Gupta et al), 2020).

o Technology scaling: Utilizing advanced technology nodes to reduce the write

34



3. Design of SOT-MRAM On-chip Caches for Modern Applications

current and energy consumption further(Van Beek et al|, 2023).

o Circuit-level techniques: Employing efficient write circuits and schemes to reduce
the overall write energy and latency, thereby improving endurance (Seo and

Kwon, 2020a; Shao et all, 2021)).

o Architecture-level optimizations: Utilizing cache management policies and hy-
brid cache designs that reduce the number of writes to SOT-MRAM cells (Escuin
et al), 2023; Agarwal and Kapoor, 2020; Sivakumar and Jose, 2023).

3.1 MFS for On-chip Cache Design

One of the challenges in designing on-chip caches with SOT-MRAM is the scaling
factors of bit cells (cell area, aspect ratio, and I/V parameters), which are required
to achieve the desired cache capacity with an efficient technology node. This scaling
approach enables the design of smaller, faster caches and consumes less power than
traditional SRAM-based caches. The cell area and aspect ratio scaling can increase
the number of memory cells in a given chip area, resulting in a higher cache density.
The advanced technology nodes with smaller feature sizes enable a higher density of
memory cells, further increasing the cache capacity.

The MFS approach is an alternative to SOT-MRAM on-chip cache design. MFS
scale various parameters to enable the design of smaller, faster, and more energy-
efficient caches. The MFS approach optimises the cache design for various workloads
and applications. This work investigates the impact of MFS on SOT-MRAM on-chip
cache design. It evaluates the performance of caches under different scaling parameters
such as cell area, aspect ratio, and technology node. This approach also provides an
assessment of density replacement for modern applications.

The following steps are followed in the MFS roadmap:

o Identify the key factors affecting the performance of the cache.
o The range of values for each factor used in the scaling process is established.

o The simulation evaluates the performance of the cache under each combination
of values. The developed algorithm is used with DESTINY (Mittal et al., 2017)

simulator in this step.
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o Analyze the results to identify the optimal combination of factor values to pro-
vide the best overall performance for the cache. Identify the SOT-MRAM cells

and targeted configurations which are providing balanced results.

o The identified cells and configurations for each capacity are used in density re-
placement evaluation studies for modern applications. For example, iso-capacity
uses IMB:1MB of SRAM and SOT-MRAM, and iso-area uses 4MB:8MB and
4AMB:16MB of SRAM and SOT-MRAM for evaluation. The NVMExplorer(Pentecost
et al), 2022) simulator is used for this step.

The simulations use workloads from AI(ResNet, Facebook, Wikipedia), NLP(ALBERT),
SPEC2006, SPEC2017(Leskovec and Krevl, 2014; SPEC, SPE() and corresponding
input data to model the cache’s behaviour for modern applications accurately. In
density analysis, the SRAM is replaced with a cache of equal size and 2x, 3x, and 4x
the size using SOT-MRAM.

Fig.@(a) presents the MFS-DSE framework flowchart for scaling and optimization
of cache memory design using SOT-MRAM technology. SOT-MRAM cells’ structural
and electrical characteristics feed the targeted cache configuration. Array layout and
operational aspects are considered to explore scaling roadmap parameters. These
inputs are then fed into a microarchitectural MFS Algorithm m, which explores the
design space of cache memory using the DESTINY tool. The algorithm identifies
balanced and optimal cache configurations for each capacity and corresponding SOT-

MRAM cell, such as 12/1 or 24/1. The results are subsequently analyzed.
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Fig.@(b) shows the end-to-end workflow of the proposed framework. —

gives optimal results when choosing the balanced combination parameters for the next
step of modern application density replacement. In the iso-area/capacity, the work
evaluates the performance of a mix of workloads utilizing the — framework
results. The next step is a hybrid design for reliability and LI extension. The
same — is used to obtain PSC power and performance results, and the op-

timal results are presented. Finally, PSC is evaluated with LI extension algorithm

dynamic |\/Rd for |VVVAR] distribution and minimization. Design parameters and the

SPEC workload mix are used in the LLC design and power-performance exploration.
The work then simulates the proposed dynamic virtual reordering(VRO) with a PSC
cache. In this work, VRO or dynamic reordering(DRO) are used interchangeably. The
unified LLC is split into SRAM and SOT-MRAM by PSC architecture. The SOT-
MRAM part is logically split into read-and-write ways by VRO or DRO, which will
only store the corresponding blocks. Based on the number of writes and predefined
reordering thresholds, PSC modifies the logical mapping, causing the ways exclusively
reserved for heavily written data to function as read ways and vice versa. This results
in a uniform distribution of heavily written ways across the cache memory. PSC-
VRO evaluations include the results of power, performance, and area from DESTINY
and write variation and lifetime extension from HyCSim(Escuin et al), 2022). This
comprehensive approach ensures thorough analysis and optimization of SOT-MRAM
performance in the cache. Further details of — with @ is discussed in the
next Chapter @

The Algorithm El systematically explores the design space of SOT-MRAM cache
configurations to optimise various performance metrics. It commences by initialising
parameters such as memory types (SRAM, SOT-MRAM), size range (16KB to 32MB),
cell parameters (area, aspect ratio, current, voltage, CMOS access length), and tar-
get optimisation parameters (read/write latency, read/write energy, read/write EDP,
area, leakage)(linesl to 7). From line 8, the algorithm iterates through technology
nodes (22nm to 65nm), memory types, sizes, and cell parameters to find the optimal
configuration that meets the desired performance criteria(lines 8 to 26). It evalu-
ates each combination using the DESTINY tool within nested loops(lines 15 to 17),

which provides power, performance, and area (PPA) estimates. The algorithm dy-
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Algorithm 1: MFS SOT-MRAM Cache Design Tuning

Input: Memory M, Size S, Target Optimization 70O, Cells Parameters CP
Output: Meeting all the Optimal results of TO

Memo < {SRAM, SOT — MRAM};

Size + {16KB,32KB, ..., 512KB, 1MB, 2MB, ..., 32MB};

3 Cells Para < CeP ; /* Area, Aspect ratio, Current, Voltage

© 00 I o wm

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

parameters, CMOS access length */

Opt_Paras < OPt; /* ReadlLatency, WritelLatency, ReadEnergy, Write
Energy, Read EDP, Write EDP, Area, Leakage */

Accs < {Normal, Fast, Sequential};

Dev + {HP,LOP};

Tech_node < {22nm, ..., 65nm};

while Tech node € Tn do

while Memo € Mm do

for Sizes € Si do

for Cell Para € CeP do

CirLev < o0;

for Opt_Paras € OPt do

for Accs € Ac do

for Devi € De do

CirLevP < DESTINY(PPA);

Process the results;

if CirLevP™ > CirLevP then

CirLevPt < CirLevP;
end

end
end

end
MFSResult.append(argv(CirLevP));
end

end

end
return CirLevP

end

namically updates the best configuration based on these estimates, ensuring that the

optimal parameters are identified and recorded(line 21). This comprehensive explo-

ration facilitates a detailed analysis of SOT-MRAM cache designs, balancing power

and performance considerations for advanced memory technologies. SOT-MRAM de-

vice parameters such as access transistor width, set/reset current, read/write time,

cell area, and aspect ratio from relevant studies were derived (Liao et al, 2020; Wang
et all, 2019; Seo and Kwon, 2020a; Van Beek et al|, 2023; Lu et all, 2024; Wu et all,
2020a). This work integrated models from reliable and concise SOT-MRAM design
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cell-level parameters. Also, it utilised information from sources detailing highly-dense,
area-optimal, performance-improved SOT-MRAM devices and other related key pa-
rameters for scaling road-map design from(Liao et al,, 2020; Wang et all, 2019; Seo
and Kwon, 20204; Van Beek et al), 2023; Lu et al|, 2024; Wu et al), 20204). This work
uses the DESTINY (Mittal et al), 2017) simulator in the MFS approach to improve
the micro-architectural performance of caches at various capacities. Depending on the
optimisation target chosen, the cache memory power, performance, and area results

are extracted.

3.2 Scaling Framework

The scaling methodology begins with initialising the Algorithm P to optimize cache
memory configurations for modern computing environments. This algorithm selects
the optimal cache configuration and associated cell parameters, tailoring the memory
system to specific performance and efficiency goals. Following this, an evaluation en-
gine NVMExplorer(Pentecost et al), 2022) is integrated, providing a robust platform
for testing and validating the chosen configurations against a diverse set of modern
application workloads. This step ensures that the cache designs are versatile and ef-
fective across various real-world scenarios. Subsequently, the methodology employs an
iso-area/capacity evaluation to assess how different cache configurations perform un-
der fixed area constraints, focusing on maximizing storage capacity without increasing
the chip area by density replacement. This evaluation is crucial for determining the
practical applicability of the configurations in chip real estate-constrained systems.
Finally, the methodology refined results based on a detailed analysis of latency,
power consumption, and the Energy-Delay Product (EDP) of the applications are
obtained. This cyclical approach allows for continuous improvement of the cache
configurations, ensuring they meet the evolving demands of modern applications with

limited hardware real estate.

3.2.1 Scaling IiSE Algorithm

The Algorithm E commences by defining input and output parameters, focusing on

structural, operational, and targeted cache configurations (Lines 1-2). The initial
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Algorithm 2: Scaling Road-map DSE Framework

Input: Parameters including cell structural, operational aspects, and
targeted cache configurations
Output: Optimized cache configuration and performance results
/* Initial Setup */
1 Survey of Cell structural and Key parameters
2 Determine targeted cache configuration details
3 Note array layout details and operational aspects

/* Scaling Road-map Definition */
4 Define scaling road-map parameters based on initial data
/* Algorithm Application */
5 Apply Micro-architectural MFS Tuning Algorithm to develop a scaled model
/* Iterative Design Space Exploration */
6 while not optimal and iterations <= max__iterations do
/* Design Space Exploration with DESTINY Tool */
7 DSE of cache memory using DESTINY tool
/* Decision Block x/
if Result is optimal then
9 Proceed to results analysis
10 return Optimized cache configuration and detailed results
11 end
12 else
13 Adjust parameters or model based on feedback
14 Reevaluate structural parameters and update design criteria
15 Refine operational aspects based on performance metrics
/* Reapplication of MFS Algorithm */
16 Apply Micro-architectural MFS Algorithm with updated parameters
/* Increment iteration counter x/
17 iterations <— iterations + 1
18 end
19 endw
/* Final check if the optimal solution was not found */
20 if not optimal then
/* Further Optimizations */
21 Suggest further Optimizations
22 end

setup involves surveying cell structural and current-voltage parameters, determining
cache configuration details, and noting array layout and operational aspects (Lines
3-5). The scaling roadmap parameters are established based on initial data (Line 6).
Applying the micro-architectural scaling mechanism develops a scaled model through
iterative DSE. This process continues until optimal results or maximum iterations are
reached(Lines 9-15). Utilizing the DESTINY (Mittal et al., 2017) tool, the MFS tuning

algorithm performs a detailed DSE of cache memory. If the results are optimal, the
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MF'S algorithm concludes by returning the optimized cache configuration; otherwise,
it adjusts parameters and iteratively reapplies the scaling algorithm with updated data

until optimal configurations are realized (Lines 16-19).

3.3 Experimental Setup

The simulation tools, setup, structural device parameters, constraints, and workloads
involved in the MFS exploration, density replacement study and PSC-VRO are de-
scribed here. Tables @,@, and list all the detailed parameters used in the
study. The memory array parameters are employed in density replacement to estimate
the overall effect of the SOT-MRAM LLC by considering the application workload.
The framework integrates DESTINY(IMittal et a1.|, |2()17|) and NVMEXplorer(

, ) for the study.

3.3.1 Simulation Setup for MFS and Density Replacement

Evaluation

Data from compact SOT-MRAM models (IMittal et a1.|, |2017|; lLiao et alJ, |202d; bural

land Nehral, b021|; IWang et al.|, |2019|; |Wu et al.|, lZOQOaI; tMondal et alL I‘ZOQﬂ; |Jang andl
, ) and the repository in (|Mittal et al.|, l‘ZOl?I) were used to establish the bit-cell

device parameters. Key parameters, including cell area, aspect ratio, set /reset current,

read/write time, and access transistor width, were obtained from these Sources(

|et alL fZOQd; bura and Nehra|, }202]]; |Wang et alJ, bOld; |Wu et al.|, lZOQOaI; |Monda,l et a1.|,

fZOQj; |Jang and Parkl, }ZOQﬂ; Eaha et al.|, lZOQj; bingh et alj, }202d; IHan and Jianﬁ, l2023|,
}2024]; lLu et a1.|, |2024|; lKalllinatha and TalawaIL |2023|). Algorithm—ﬁl is designed to

integrate the modified DESTINY(tMittal et alj, lZOl?I) simulator core. This was used

for MFS scale effect experiments.

NVMExplorer(tPentecost et al.|, |202ﬂ) is a cross-stack framework for comprehensive

DSE and application evaluation. It evaluates various on-chip memory options by con-
sidering system limitations and their effects at the application level. The framework
uses optimal cell configurations, array parameters, and a wide range of modern work-
loads detailed in Table @ to analyse both iso-area and iso-capacity configurations for

replacements. The included application workloads cover diverse domains such as
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Feature SRAM SOT-MRAM

Cell area 146 F* 12 to 24 F?

Aspect Ratio 1.46 F 0.5t020F

Access CMOS width 131 F 2 to 6F

Resistance Parallel and Anti-parallel 3K to 30K

Write pulse - < 0.5ns

Capacity Range 16 KB to 32MB
Device type HP/LOP HP/LOP

Technology node — 22nm-65nm

Simulators Modified DESTINY and NVMExplorer with Proposed MFS method

Table 3.1: Simulators and Parameters used for MF'S roadmap study(Mittal et al., 2017; Liao
et all, 2020; Sura and Nehral, 2021; Wang et al), 2019; Wu et all, 2020a; Mondal et al., 2023;
Jang and Park, 2022)

graph processing, natural language processing, image processing, and general comput-
ing, with multiple instances for each, ensuring a thorough and relevant performance

assessment across different scenarios.

Table 3.2: Workload details of modern applications

No. of Instance Workload Name Application Domain
3 Facebook and Wikipedia Graph processing /Social network
3 ALBERT Language Model(NLP)
3 ResNet Image Processing DNN
14 SPEC2017 Generic Computing

Application workloads are outlined in Table @(Leskovec and Krevl, 2014; Lan
et al), 2019; SPEC, SPE(; Pentecost et all, 2022; Inci et al), 2022). These workloads
cover a range of application domains, including graph processing and social networks
(Facebook and Wikipedia), natural language processing (ALBERT), image processing
(ResNet), and general computing (SPEC2017). Each workload has multiple instances:
three for Facebook/Wikipedia, ALBERT, and ResNet, and fourteen for SPEC2017.
This variety ensures a comprehensive evaluation across different application types,

yielding realistic and pertinent performance measurements.

3.4 Results and Discussion

The results and findings of the work are presented in two sections. First, the work

examines the scaling road map for SOT-MRAM structural influences on cache memory.
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Table 3.3: Bit Cell Device Parameters(Liao et all, 2020; Sura and Nehral, 2021; Wang et all,
2019; Wu et all, 2020a; Mondal et al), 2023; Jang and Park, 2022).

Parameter Description SOT1 SOT2 SOT3 SOT4
MTJ area (nm?) 30 x 30 40 x 40 IT x 20 x 20 40 x 35
Heavy-Metal dimension (nm?) 50 x40 x 3 40 x 60 x 2 100 x 50 x 3 60 x 35 x 2.5
Free layer thickness (nm) 0.8 1 2 0.6
Oxide layer height (nm) 1.1 0.85 1.1 1
Spin Hall angle (8) 0.3 0.3 0.3 0.4
Magnetic anisotropy (A4,/m) 1.2 x 10° 1.33 x 10° 8 x 10* 8.9 x 10°
Saturation Magnetization (A4/m) 1 x10° 1 x 108 9 x 10° 1.080 x 10°
Tunnel Magnetoresistance (TMR) 130% 120% 135% 150%
Heavy-Metal resistivity (€ - cm) 190 200 200 180
Damping constant(” ) 0.5 0.02 0.015 0.01

The second part focuses on the density effect on modern applications. The results of
the experiments carried out based on the proposed work in Fig.@ with different
parameter combinations like cache capacity, cell area, aspect ratio, High Performance
(HP), Low Power Performance (LOP) models, and 45nm process nodes unless specified

otherwise are as follows.

3.4.1 SOT-MRAM MFS Scale Effect on Device type

The device type scaling, specifically for HP and LOP devices, plays a significant role
in the design of cache memories. In this study, we evaluated the impact of device-
type scaling on the performance and power consumption of SOT-MRAM-based cache
memories. The cache memories were designed using HP and LOP devices at various

technology nodes with different cell areas and aspect ratios.

LOP and HP Devices for an SRAM Memory Bank

Fig. @ shows the analysis of parameters like cache area, leakage power, write latency,
hit latency, write energy, and hit energy with the characteristics of SRAM caches across
various capacities. As depicted in Fig., the area of the SRAM caches using LOP
and HP devices are similar for memory capacities ranging from 0 to 32 MB. However,
at the 32 MB capacity, there is a difference, with the LOP device occupying 4.3% more
area than the HP device SRAM cache. The results presented in Fig. show that the

LOP device type exhibits significantly lower leakage power than the HP device type,
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with the LOP device demonstrating a substantial reduction, on an average 71x times
less leakage power than the HP device. At 16KB, LOP devices have 55 less leakage
power than HP devices. This gap widens to 75x at 32MB capacity. This considerable
difference in leakage power is due to the design optimization of LOP devices, which
prioritize energy efficiency over performance. In contrast, HP devices are engineered
for high-speed operations, producing higher leakage power. The increased area of
the LOP device at 32 MB can be attributed to the additional circuitry required to
achieve lower power operation. These findings highlight the trade-offs between energy

efficiency and performance in SRAM cache designs.

Fig. illustrates that the HP SRAM device’s average write latency is 24% lower
than that of the LOP SRAM device. Specifically, at a cache capacity of 16 KB to
256KB, the difference in latency between the two types is insignificant. Nevertheless,
as the cache capacity increases, the disparity in write latency between the two types
diminishes to less than 10%. When the cache capacity reaches 32 MB, the LOP SRAM

device exhibits 9.3% more write latency than its HP counterpart.

According to the results presented in Fig., the read/hit latency of the LOP
device type is higher than that of the HP device type. At a capacity of 16 KB, the
difference between the two device types is 2x. However, the difference is observed to
decrease with an increase in capacity. At 32MB, LOP SRAM has 6.08% more read
latency than HP SRAM. As depicted in Fig. and , when you need to access
data quickly or write data, LOP SRAM uses less energy than HP SRAM. The energy
reduction is about half. This means that LOP SRAM is more energy efficient. This
difference in energy efficiency remains the same even when the capacity of SRAM
increases. On average, LOP SRAM uses 1.96x less energy for reading data and 1.97x
less energy for writing data than HP SRAM. The disparity in area and speed between
the SRAM cache utilising LOP and HP devices is negligible when considering the
application level performance(Fig.@). But, when it comes to power leakage, LOP
devices are much better than HP devices, with an average of 71x less leakage. This
difference becomes even more significant as the capacity of the memory increases.
Therefore, LOP devices are a better choice for larger-capacity memory for embedded

systems or computing systems requiring energy-efficient caches.
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Figure 3.2: SRAM and SOT-MRAM with HP/LOP device cache capacities

LOP and HP Devices for a SOT-MRAM Memory Bank

This section evaluates the memory bank of SOT-MRAM using LOP and HP devices
in a 45nm process. The parameters used for the evaluation are listed in Table—@
and Table @ Our findings(Fig @) demonstrate minimal differences in SOT-MRAM

memory banks with LOP and HP devices, particularly for capacities ranging from

46



3. Design of SOT-MRAM On-chip Caches for Modern Applications

0 to 32 MB. However, at 32 MB(Fig.), the area of LOP SOT-MRAM is 8.8%
larger than its HP counterpart due to the influence of cell density on the overall
area. In terms of latency, the HP device type exhibits lower read latency than the
LOP device type. As observed in Fig. and , the read and write latencies are
higher for LOP SOT-MRAM by an average of 26.25% and 16.55%, respectively. These
performance differences between LOP and HP devices are noticeable, and the primary
factors determining SOT-MRAM write latency include the duration of the write pulse,
H-tree latency, and row decoder latency (Zitong Zhang and Jiang, 2022; Cargnini et al.,
2014; Evenblij et al), 2019). Regarding power consumption, the LOP device type
demonstrates significantly lower leakage power than the HP device type(Fig.). At
32 KB, the leakage power of the LOP device is 53 times lower than that of the HP
device, and this difference increases to approximately 75 times at 32 MB. Additionally,
the LOP device type has roughly half the dynamic energy and write dynamic energy
of the HP device type(Fig., due to the lower MOS switching current required
by LOP devices(Shao et all, 2021).

Based on the analysis, it can be inferred that the SOT-MRAM cache that employs
LOP devices outperforms the cache that uses HP devices, particularly for larger capac-
ities. This finding is similar to the performance characteristics exhibited by SRAM.
LOP devices are typically utilized in applications where energy efficiency and power
conservation are crucial, such as battery-operated devices, portable electronics, and
energy-sensitive computing environments. On the other hand, HP devices are pre-
ferred in HPC applications, such as data centres, servers, and high-speed processors,
where maximizing computational speed and throughput is the primary goal, even at
the cost of higher power consumption (Gholami et al,, 2024; Kalllinatha and Talawan,
2023).

Comparison of SRAM and SOT-MRAM

The analysis presented in Fig.@ compares the performances of the HP and LOP de-
vices in the SRAM and SOT-MRAM memory banks. At the capacity of 16 KB, the
SOT-MRAM memory banks have a larger area than the SRAM memory bank. How-
ever, as the capacity increases, the area of the SOT-MRAM memory bank increases

slowly, while the area of the SRAM memory bank increases exponentially. At 32
47



3. Design of SOT-MRAM On-chip Caches for Modern Applications

MB, the area of the SRAM memory bank is approximately /x larger than that of the
SOT-MRAM memory bank, as shown in Fig..

At smaller capacities, the area of 512KB HP-SOT-MRAM is 55.60% less than HP-
SRAM. In contrast, the same for LOP counterparts is a 41.07% reduction in chip area
for LOP-SOT-MRAM.So, there is a difference of 14.53% between the HP and LOP-
SOT-MRAM cache chip areas. From 16KB to 256 KB, the difference is relatively com-
parable, suggesting that the specific technology has a limited impact on the cache area
up to 256KB because the peripheral circuitry dominates the chip area in either type of
caches(Han and Jiang, 2024). However, significant differences become apparent as the
cache capacity increases beyond 1IMB. HP and LOP SOT-MRAM technologies exhibit
moderate increases in the area(18.3 and 19.9mm?), indicating their efficient design and
higher cell densities. In contrast, HP-SRAM and LOP-SRAM show substantial area
increases, with LOP-SRAM having the largest area of 102.28mm?* at 32 MB. The in-
crease in chip area in SRAM is attributed to the inherently larger footprint of SRAM
cells and the additional circuitry required for managing larger capacities (Liao et al,,
2020). Therefore, in a capacity below 1MB, the density replacement is not feasible.
For the cache size between 2MB to 8MB, we can increase density by 2x, whereas for
larger capacity caches, the density can be increased up to 4x. On the other hand,
SRAM technologies, particularly LOP-SRAM, are optimized for lower power consump-
tion, resulting in a larger area due to additional power management circuitry. With
its smaller area footprint and high performance, HP-SOT-MRAM is well-suited for
high-speed processors and performance-critical systems. LOP-SOT-MRAM balances
area efficiency and power consumption, making it suitable for portable electronics and
battery-operated devices. In contrast, LOP-SRAM is suited for energy-sensitive sys-
tems, but its chip area is the largest. Therefore, HP-SOT-MRAM can replace both
HP and LOP-SRAM in terms of area.

Fig. illustrates the total leakage power of HP and LOP memory banks of
SOT-MRAM and SRAM. At a small capacity of 16 KB, the leakage power of the HP-
SOT-MRAM memory bank is 2.23% more than the SRAM memory bank. However, as
the capacity increases, the leakage power of SRAM device-based memory banks rises
exponentially. At 512KB, HP-SOT-MRAM can save 51% leakage power than HP-

SRAM, whereas LOP-SOT-MRAM can reduce 41% compared to LOP-SRAM. It is
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Figure 3.3: Characteristics of SRAM and SOT-MRAM with HP /LOP device cache at varying

capacities
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worth noting that both SRAM memory banks exhibit a more rapid increase in leakage
power than the SOT-MRAM memory banks beyond 1MB. At the highest capacity
of 32 MB, the leakage power of SRAM is 10x higher than that of SOT-MRAM for
both LOP and HP devices. The total reduction in leakage power of both HP and
LOP counterparts is 89.80% for SOT-MRAM. This difference can be attributed to
the inherent properties of MTJ devices in SOT-MRAM, which are less susceptible to
leakage. Most leakage in SOT-MRAM comes from peripheral circuits such as MOS
devices and sense amplifiers rather than the MTJ cells themselves(Singh et al{, 2020;
Shao et alj, 2021). SOT-MRAM offers superior leakage power performance compared
to SRAM, particularly at larger capacities, making it the preferred option for high-
capacity, energy-efficient memory designs. Integration of SOT-MRAM into the LLC

could yield significant power savings and enhanced overall performance.

The write and read latency of the SOT-MRAM memory bank in Fig.,
is initially 2x higher than that of the SRAM memory bank at a capacity of 16 KB.
However, as the capacity increases beyond 1MB, the read and write latency of the SOT-
MRAM grows slowly. In contrast, both latencies of the SRAMs increase significantly
to around fourfold that of the corresponding SOT-MRAM cahe capacity. The main
factor contributing to the write delay of SOT-MRAM is the time needed for the MTJ
device switching, which remains constant irrespective of the capacity. Conversely, as
the capacity increases, the H-tree latency increases for the SRAM, leading to a longer
write path and a rapid increase in write latency(Oboril et al), 015; Saha et al), 2022).
The above analysis underscores the advantages of SOT-MRAM, especially in LLC
applications, where its latency remains stable and relatively low across a wide range

of cache sizes.

The comparison between the dynamic energy of SRAM is 2% less than SOT-MRAM
at 16KB capacity. However, as the capacity increases beyond 1MB, both SRAM mem-
ories rapidly increase read and write energy. At 32MB capacity, the dynamic energy
of both forms of SRAM rapidly increases to twofold than SOT-MRAM in HP/LOP
form. This disparity is depicted in Figure and . The trend in dynamic en-
ergy consumption is further illustrated in Figure and , demonstrating that
SRAM'’s energy is more sensitive to size than SOT-MRAM.Moreover, beyond 512KB,

both read/write energy of SRAM in the HP/LOP version increases more rapidly with
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cache size. Therefore, for future memory architectures that prioritize high performance
without compromising on speed or energy efficiency, HP/LOP-SOT-MRAM of 1MB

capacity and beyond is more suitable for LLCs than SRAM.

Interconnect delay Analysis

The interconnect delay is a critical factor affecting access latency in SRAM and SOT-
MRAM memory cells. In Fig., for smaller capacities, such as 16 KB, the inter-
connect delay contributes 31.43% and 18.65% of the total read and write latency,
respectively, for SRAM and less than 6.20% and 3.08% of the total read and write
latency respectively for SOT-MRAM. However, as the capacity increases, this delay
becomes a more significant portion of the latency. For example, at 32 MB, the inter-
connect delay for SRAM can make up to 90% of the total access latency, while for
SOT-MRAM, it accounts for up to 70%. The average interconnect delay of SRAM
read 70% and write is 50% of the total latency. The average SOT-MRAM interconnect
delay is 27% of the read and 20% of the write delay. This difference highlights the su-
perior scalability of SOT-MRAM compared to SRAM. The smaller interconnect delay
in SOT-MRAM is primarily due to its smaller cell size and a 3D vertical structure,
which enable shorter and more efficient signal paths. It is crucial to understand that
the analysis shows the delay as a proportion of the total access latency rather than
the actual delay values. In reality, the delay values for SRAM are approximately three
times higher than those for SOT-MRAM at every capacity level.

The increasing size of SRAM results in longer wire lengths and more intricate
routing, leading to heightened interconnect delay due to increased resistance and ca-
pacitance(Lu et al), 2024). On the other hand, the 3D structure of SOT-MRAM allows
for more condensed cell arrangements, reducing interconnect lengths and minimizing
delays. This characteristic makes SOT-MRAM ideal for high-density LLC designs and
modern memory architectures(Gholami et al), 2024; Van Beek et al), 2023).

Fig. delineates the relationship between dynamic energy involved in intercon-
nection as a fraction of the overall energy expended for access operations within SRAM
and SOT-MRAM at varied memory sizes ranging from 16 KB to 32 MB. At the com-
mencement point of 16 KB, the energy consumed by SRAM during read and write

operations constitutes approximately 97% and 96%, respectively, of the aggregate
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Figure 3.4: Interconnect Delay and Energy Analysis

access energy. Conversely, SOT-MRAM showcases notably reduced energy consump-
tion, with the energy for reading and writing activities around 93% and below 64%,
respectively. This difference persists with increasing memory capacities, emphasising
SOT-MRAM’s enhanced efficiency.

As the memory capacity grows to considerable sizes, such as 1 MB, 2 MB, and
larger, the variances in energy consumption profiles between SRAM and SOT-MRAM
become increasingly disparate. Specifically, at a 4 MB capacity, SRAM’s interconnect
energy per access for reading almost touches 98.17% of the total access energy, while
writing energy is around 97%. In contrast, SOT-MRAM demonstrates a lower propen-
sity for interconnect dynamic energy consumption, sustaining read energy at around
94% and write energy at approximately 82%. This tendency persists across memory
sizes; on average, the read and write interconnect energy of SRAM is 98% and 97% of
total latency where, whereas SOT-MRAM energy is 94% and 82%, respectively. This
distinct energy efficiency underscores SOT-MRAM’s potential as a preferable option

for applications demanding high capacity and performance.

3.4.2 Scale effect of bit cell structural influences on cache

memory

After analysing the results of the previous section for cache capacities smaller than
1MB, peripheral circuits are the main influencing factor on the circuit’s performance.
As a result, the remainder of the section will focus on analyzing cache capacities

ranging from 1MB to 32MB for LLC applications.
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The structural characteristics of bit cells, such as cell area and aspect ratio, play
a crucial role in determining the performance metrics of SOT-MRAM cache memory.
The structural parameters effects on write latency and leakage power are summarized
in Tables @, @, and @

The MFS framework uses three bit-cell configurations ranging from a 12 to a 24
Cell Area(CA) with a fixed Aspect Ratio(AR). The results are analysed to discuss their
trade-offs. A 12/1 configuration offers lower write latency but higher leakage power,
prioritizing speed over power conservation. The 24/1 setup is more energy-efficient but
with longer write latency. The analysis emphasizes the need for designers to balance

these factors when tailoring cache memory for different applications. Table—@ shows

Cell Area(F?)

Size 12 18 24

1IMB 0.37875 0.384754 0.391686
2MB 0.398096 0.41184 0.425901
AMB 0.466465 0.48176 0.505281
SMB 0.52961 0.636898 0.674353
16MB 0.73418 0.828511 0.919948
32MB 1.0236 1.1636 1.3395

Table 3.4: compares the write latency (in ns) of SOT-MRAM caches with varying CAs,
keeping the AR=1.

the correlation between the SOT-MRAM bit-cell CA size and the cache write latency.
Analysis indicates that as the cell area increases, the write latency also increases.
When the CA increases from 12 to 18, there is a 9% increase in average write latency.
This tendency continues as the CA grows from 18 to 24, with a 7% increase in latency.
When directly comparing the smallest and largest cell sizes, 12 and 24, a significant
17% increase in write latency is observed.

Furthermore, this correlation between cell size and write latency persists across
different cache sizes. Within the same cache size, write latency consistently rises
alongside increasing CA. For example, a cache size of 1MB experiences a modest 2.2%
increase in write latency with CA growth, with this percentage incrementally rising for
larger cache sizes - reaching 4.6% for 2MB, 5.4% for 4MB and peaking at 19.8% for a

32MB cache. The 8MB and 16MB caches deviate from this gradual increase pattern,
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showing substantive increases of 17.8% and 16.3% in their respective latency. This
trend indicates that larger cell areas, while potentially improving other characteristics

such as operational stability, inherently lead to higher write latencies.

Aspect Ratio

SIZE
0.5 1 1.5 2

1MB 0.403772 0.391683 0.373032 0.367461
2MB 0.449925 0.425901 0.444489 0.428493
4AMB 0.499503 0.505281 0.511825 0.53881
SMB 0.622124 0.674353 0.636376 0.579635
16MB 0.93308 0.910948 0.913579 0.845725
32MB 1.25094 1.3395 1.21809 1.19985

Table 3.5: To study the effect of Write Latency(ns) with different aspect ratios and for 24
F? constant Cell area.

Table @ shows the effect of different aspect ratios on write latency for a constant
cell area of 24 F?. The results indicate that aspect ratios also significantly influence
write latency. For example, at 1MB, the write latency decreases from 0.403772 ns for
an aspect ratio of 0.5 to 0.367461 ns for an aspect ratio of 2.0. This reduction suggests
that higher aspect ratios can help mitigate the increase in write latency associated with
larger cell areas, potentially due to more efficient packing and signal propagation. The
accompanying Fig. illustrates how the performance of the MTJ device changes
with varying aspect ratios. For a device cell area of 24F?, the following observations
can be made: 1) (4.89898Fx4.89898F) is the device length and width with an aspect
ratio of 1.0. 2) 6.9282F is the device length, and the width is about 3.4641F for the
aspect ratio of 0.5. A larger aspect ratio increases leakage power for smaller capacity
caches, such as 2MB and 4MB. Aspect ratios of 0.5 and 1.5 reduce the leakage power
for all cache sizes compared to aspect ratios 1 and 2.

In Table @, you can find information about the impact of transitioning from a
12/1.0 to a 24/2.0 configuration on write latency and leakage power. The results
indicate that different cache sizes experience varied effects. For example, at 32MB,
there is a 17.2% increase in write latency but a significant 50.6% decrease in leakage
power. This highlights the trade-off in optimizing these parameters and emphasizes

the need for balanced design considerations.
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SIZE Configuration Write Latency(ns) Leakage Power(mW)
IMB 12/1 to 24/2 2.9% 0.6%

OMB 12/1 to 24/2 7.6% -35.6%

AMB 12/1 to 24/2 15.5% 0.7%

SMB 12/1 to 24/2 9.4% -26.3%

16MB 12/1 to 24/2 15.1% -29.6%

32MB 12/1 to 24/2 17.2% -50.6%

Table 3.6: The effect on Write Latency(ns) and Leakage Power for 12/1.0 to 24/2 targeted
configuration.

Fig. depicts the variation in leakage power across different cache capacities and
AR with a fixed CA. Generally, higher aspect ratios correspond to increased leakage
power, particularly noticeable in larger caches such as 4MB and 32MB. For example,
the leakage power of the 4AMB cache jumped from 1443.83 mW at an aspect ratio of
1 to 2851.39 mW at an aspect ratio of 2. Likewise, the leakage power of the 32MB
cache rapidly increased from 3183.76 mW at an aspect ratio of 0.5 to 4934.74 mW
at an aspect ratio of 2. The average leakage power across all capacities also rises
with higher aspect ratios, going from 1615.04 mW at an aspect ratio of 0.5 to 1951.38
mW at an aspect ratio of 1 to 2478.41 mW at an aspect ratio of 2. This indicates a
trade-off between aspect ratio and power efficiency, highlighting the need for careful

optimization in cache design.

Practical implications of the stable and lower latencies with reduced leakage power
and interconnect dynamic energy position SOT-MRAM as a highly scalable and energy-
efficient solution for LLC designs.

The leakage power analysis in Fig. examines the leakage power (in mW) for
various cache capacities and cell areas with a fixed AR of 1. For a 1MB cache, the
leakage power remains relatively consistent across different cell areas, ranging from
956.832 mW to 975.777 mW. In the case of a 32MB cache, the leakage power is
consistently high across all cell areas, peaking at 4608.14 mW for 12 but demonstrating
lower values for 18 and 24 at 3105.21 mW and 3212.78 mW, respectively. On average,
the leakage power decreases as the cell area increases, with an average of 1951.3836
mW for 12, 1885.605 mW for 18, and 1831.1445 mW for 24. This analysis underscores

that larger cell areas generally result in lower average leakage power, although this
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trend is not uniform across all cache capacities.

The current density of the MTJ device, which is influenced by the aspect ratio (AR)
determined by the switching current and the width and length of the MTJ, is related
to its switching characteristics. The access CMOS transistor width is also related to
the switching current. It can be observed from Fig. that the cache size has a more
significant impact on the leakage power than the cell area. The analysis indicates
that optimizing cache capacity, with cell area, is paramount in minimizing leakage
power in SOT-MRAM memory. It is essential to balance both parameters to ensure
optimal performance. Choosing the 12/1 and 24/2 CA/AR configurations provides
balanced parameters for conducting comprehensive MFS studies on the technology
node. The 12/1 configuration allows exploration of the impact of a moderate aspect
ratio, finding a balance between power and performance. The 24/2 configuration
represents a higher aspect ratio, offering insights into the upper limit of the AR on
area, leakage power and latency. Analysing these configurations allows for thoroughly
examining power-performance trade-offs, scalability, and optimisation strategies in
crafting efficient cache systems, ensuring high performance while minimising power

consumption. The next subsection analyses the technology node MFS results.

3.4.3 MFS on Technology Node

In this section, the trade-off analyses results of using technology nodes from 65nm to
22nm on SOT-MRAM cache performance from 1MB to 32MB.In Fig., the impact
of shrinking technology nodes on the total area of SOT-MRAM caches is demonstrated.
As the technology node scales down from 65nm to 45nm, the chip area reduces by 2.6,
similarly from 45nm to 32nm and from 32nm to 22nm, the chip area reduces by 2x.
The total chip area of the 32MB cache at 65nm decreases 10x at 22nm node. Also,
the CA/AR increase of 12/1 to 24/2 increases chip area by 34%. This exemplifies the
efficiency gains that can be realized with advanced process technologies with smaller
CA/AR configurations. These are essential for enhancing the density and performance
of memory systems for modern applications.

Fig. shows the trends in leakage power scaling for SOT-MRAM across technol-
ogy nodes. As the technology node scales from the old to the new generation, the chip

leakage power is reduced by half. The leakage power for a 32MB cache decreases from
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approximately 10000 mW at 65nm to around 2250 mW at 22nm, a 4x reduction in
leakage power. This reduction in leakage power directly contributes to overall power
consumption reduction and enhanced energy efficiency in the cache. This improvement
is advantageous for applications where power efficiency is a consideration.

Fig. depicts the relationship between write latency, technology nodes, and cache
capacity with 12/1 and 24/2 CA/AR cells. While smaller technology nodes lead to
improvements in area and leakage power, they also result in increased write latency.
As the technology node scales from the old to the new generation, the write latency
increases by 10%. For instance, the write latency for a 32MB cache grows from around
1.2ns at 65nm to approximately 1.5ns at 22nm. This increase underscores the need for
careful optimization in memory design, as there is a trade-off between achieving lower
area and power consumption and maintaining write latency.

In summary, the analysis provides valuable insights into the trade-offs and ben-
efits of scaling technology nodes for the SOT-MRAM cache MFS. It highlights the
need to balance area, leakage power, and write latency when designing efficient mem-
ory architectures for modern computing environments. The 12/1 CA/AR for density
replacement studies balance latency, leakage power, and area efficiency at the 45nm
technology node. Further exploration of SOT-MRAM with contemporary applications

evaluation continues in the next subsection.

3.5 Density replacement studies to enhance mod-

ern application performance

In this study, we investigate the potential performance impact of replacing SRAM
with SOT-MRAM in modern computing applications, such as social network graph
processing, NLP language models, image processing DNN, and generic traffic applica-
tions. The detailed evaluation of these modern applications can be found in Table @
This research is crucial as it examines the potential for replacing SRAM with SOT-
MRAM, which could significantly enhance the efficiency and performance of contem-
porary computing systems. By analyzing the performance of SOT-MRAM at equal,
2x, and 4x the size of SRAM, we aim to determine the most effective configuration

for various applications. The insights from the MFS study presented in the previous
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sections provide a strong foundation for selecting optimal parameters, such as cell area
and aspect ratio, ensuring that our performance evaluations are based on optimized
configurations.

Our density analysis focuses on two scenarios: iso-capacity and iso-area replace-
ments. This section compares the performance of a 1IMB SRAM with a 1IMB SOT-
MRAM in terms of iso-capacity. This work also evaluates replacing a 4MB SRAM
cache with an 8MB SOT-MRAM cache regarding iso-area. This work examines how
SOT-MRAM can fit within the same chip area as SRAM while offering higher capacity.
These comparisons are based on the insights derived from the analysis in sections
and . This comprehensive analysis aids in assessing the feasibility and advantages
of replacing SRAM with SOT-MRAM in high-density, high-performance computing
environments, ultimately contributing to more efficient and scalable memory architec-

tures.

3.5.1 Iso-Capacity Analysis

In the iso-capacity density analysis, we are assessing the performance of IMB SRAM
compared to IMB SOT-MRAM based on a 12/1 cell area/aspect ratio at 45nm. This
design was identified in sections and as an optimal configuration for our
study, striking a balance between area, leakage power, and latency. The analysis of
1:1 MB iso-capacity as in Fig. illustrates the power efficiency advantage of SOT-
MRAM over SRAM across diverse application workloads. SOT-MRAM consistently
consumes less power than SRAM, with the magnitude of the difference varying based
on the workload. For instance, in the Facebook-BFS workload, SOT-MRAM consumes
roughly 75% less power than SRAM. Similarly, for the ALBERTw-multi workload,
the power savings with SOT-MRAM are approximately 65%. Even in demanding
scenarios like the SPEC benchmark 525.x264, SOT-MRAM demonstrates a reduction
in power consumption of nearly 50%. On average, the total power consumption across
all workloads is significantly lower for SOT-MRAM, with an average power reduction
of about 60% compared to SRAM.

This points to the energy efficiency benefits of SOT-MRAM in contemporary Al
and NLP applications, underscoring its lower power consumption, cost-saving poten-

tial, and extended battery life in mobile devices. The scalability of SOT-MRAM makes
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Figure 3.7: Modern Application Performance Analysis for iso-capacity(1MB)
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it well-suited for a variety of applications, positioning it as a compelling substitute for
SRAM in high-performance and energy-efficient memory designs. The analysis pre-
sented in Fig. illustrates a significant contrast in read and write latencies between
SRAM and SOT-MRAM across various application workloads. SOT-MRAM consis-
tently demonstrates notably lower latency when compared to SRAM for most work-
loads. For example, in the Facebook-BFS workload, the total read latency for SRAM is
approximately 256 ms, whereas for SOT-MRAM, it is approximately 64 ms, signifying
a 75% decrease in latency. Similarly, for the ALBERTw-multi workload, SRAM’s total
read latency is about 512 ms, while SOT-MRAM’s is around 128 ms, displaying a 75%
improvement. Write latencies follow a similar pattern, with SOT-MRAM consistently
outperforming SRAM. For the SPEC benchmark 525.x264, SRAM’s write latency is
roughly 1024 ms, while SOT-MRAM’s is around 256 ms, indicating a 75% reduction.

The iso-capacity bandwidth utilization analysis presented in Fig. shows that
SOT-MRAM consistently demonstrates significantly higher bandwidth utilization across
all workloads than SRAM. This is due to SRAM’s lower utilization because of longer H-
tree paths and more complex routing in larger capacities. The average read bandwidth
utilization for SOT-MRAM is approximately 40% higher than SRAM, and the write
bandwidth utilization is about 50% higher. These performance advantages highlight
the potential of SOT-MRAM to deliver faster data access and improved overall sys-
tem performance, positioning it as an excellent replacement for SRAM in high-capacity

cache implementations.

The analysis of iso-capacity read/write power in Fig. indicates that SOT-
MRAM consistently consumes less power than SRAM across a range of application
workloads, with approximately 75% lower read and write power on average. This
demonstrates the superior energy efficiency of SOT-MRAM, making it a compelling
alternative to SRAM in large cache implementations. Fig. and compare the
Read Energy-Delay Product (EDP) and Write Energy-Delay Product (EDP) for iso-
capacity of SOT-MRAM and SRAM. SOT-MRAM shows an 85% decrease in Read
EDP and an 80% decrease in Write EDP compared to SRAM, on average, across var-
ious application workloads. SOT-MRAM'’s efficiency is attributed to its lower read
and write latency and energy consumption, making it a superior choice for read and

write-intensive applications and enhancing overall system performance.
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In conclusion, the iso-capacity analysis indicates that SOT-MRAM demonstrates
significantly superior power efficiency to SRAM across different workloads, consis-
tently using approximately 60% less power on average. Moreover, SOT-MRAM out-
performs SRAM in read and write operations, showcasing average latency reductions
of 75%. Additionally, SOT-MRAM achieves approximately 40% higher read band-
width and 50% higher write bandwidth than SRAM. When considering Read EDP
and Write EDP for iso-capacity, SOT-MRAM displays considerable reductions com-
pared to SRAM, making it the optimal choice for read- and write-intensive applications

that enhance overall system performance.

3.5.2 Iso-Area Analysis

In the iso-area density analysis, we assess the performance of 4AMB SRAM compared

to 8MB SOT-MRAM based on a 12/1 cell area/aspect ratio at 45nm. This design was

identified in sections bélj and b4§i as an optimal configuration for our study, striking

a balance between area, leakage power, and latency.

In an iso-area analysis(Fig.—@ ), replacing a 4AMB SRAM cache with an 8MB SOT-
MRAM cache significantly decreases overall power consumption across different appli-
cation workloads. Fig.— shows that applications like Facebook-BFS and ResNet50
consume up to 2048mW with SRAM. At the same time, SOT-MRAM demonstrates
considerably lower power consumption at around 1024mW, marking a 50% reduction.
This pattern is consistent across workloads such as ALBERTw-all and 523.xalancbmk,
with SOT-MRAM consistently exhibiting lower power consumption. On average,
SOT-MRAM showcases a 45% reduction in power consumption compared to SRAM,
emphasizing its superior energy efficiency.

Fig.- shows that for applications like Facebook-BFS and ALBERTw-all, the
read latency for SRAM can go up to 1024ms, whereas for SOT-MRAM, it is sig-
nificantly lower at around 64ms. Similarly, the write latency for SRAM is consis-
tently higher across all workloads compared to SOT-MRAM. On average, SOT-MRAM
achieves a latency reduction of about 70% and 65% for read and write operations, re-
spectively, because of the faster switching times of SOT-MRAM cells and their efficient
handling of read and write operations. This makes SOT-MRAM a highly efficient al-

ternative to SRAM in high-capacity memory applications.
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Analysis of Iso-Area Total Power
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Figure 3.10: Modern Application EDP and Read/Write Power for iso-area of 4AMB and 8MB
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Furthermore, in Fig., SOT-MRAM demonstrates about 30% higher bandwidth
utilization on average compared to SRAM. This increased bandwidth utilization al-
lows SOT-MRAM to effectively manage more data transfers per unit of time. It is
well-suited for applications requiring high data throughput, such as Al and NLP work-
loads. In Fig., iso-area analysis of read-write power and EDP across workloads
is presented. The comparison of read/write power in an iso-area configuration in
Fig. shows that an 8MB SOT-MRAM cache is more power-efficient than a 4MB
SRAM cache. SOT-MRAM demonstrates lower power consumption in read and write
operations across various application workloads. It significantly reduces read power,
staying below 256mW compared to SRAM’s 1024mW in certain workloads. Addition-
ally, SOT-MRAM exhibits significantly reduced write power consumption, frequently
exceeding 50% savings across all workloads. Overall, SOT-MRAM outperforms SRAM
in reducing read/write power due to its lower leakage power and efficient switching
characteristics, making it an attractive option for power-sensitive applications requir-

ing high density and energy efficiency.

A comparison of the iso-area EDP(Fig.,) between 4MB SRAM and 8MB
SOT-MRAM across different application workloads reveals significant performance
enhancements for SOT-MRAM in both read and write operations. When it comes
to read-intensive tasks, SOT-MRAM exhibits notable reductions in EDP, with an
average read-EDP reduction of approximately 80% compared to SRAM. Similarly, for
write-intensive tasks, SOT-MRAM maintains its advantage with an average Write-
EDP reduction of around 80%. These improvements can be attributed to the efficient
switching characteristics and lower power consumption of SOT-MRAM cells, making

it a superior choice for modern, high-performance memory applications.

In conclusion, substituting 4MB SRAM with 8MB SOT-MRAM results in per-
formance enhancements and efficiency across various contemporary application work-
loads. SOT-MRAM reduces total power consumption by approximately 45% and
exhibits lower read and write latencies, with reductions of around 70% and 65%, re-
spectively, compared to SRAM. Furthermore, SOT-MRAM demonstrates improved
bandwidth utilization, particularly in read operations, with an increase of approxi-
mately 30%. The EDP metrics show an average reduction of around 80% for both read

and write operations, underscoring the potential of SOT-MRAM to replace SRAM in
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high-capacity cache designs for modern high-performance computing applications.

Density replacement of 16 MB SOT-MRAM in place of 4MB SRAM

Upon rigorous analysis comparing the 4AMB SRAM with the 16MB SOT-MRAM, it
is advised against transitioning to the 16MB SOT-MRAM for high-density memory
applications. This recommendation is based on the marginal performance enhance-
ments, characterized by only an 18% improvement in read/write latency and a 20%
to 30% enhancement in Energy-Delay Product (EDP). Furthermore, the SOT-MRAM
demonstrates higher read power consumption than SRAM. When 4MB SRAM is re-
placed by 16MB SOT-MRAM, the area advantage of SOT-MRAM diminishes, thereby
negating the area advantage. Alternatively, an SMB SOT-MRAM configuration is rec-
ommended instead of a 4AMB SRAM. It presents a balanced blend of performance and
efficiency, positioning it as a more suitable replacement for the 4MB SRAM.

3.6 Summary

This chapter comprehensively evaluates the performance enhancements and efficiency
gains offered by SOT-MRAM over SRAM. The analysis uses the parameters of power
consumption, latency, area efficiency, and density replacement studies. SOT-MRAM
outperforms SRAM in HP/LOP devices, significantly reducing power consumption
with acceptable performance loss. LOP-SOT-MRAM is a good choice for energy-sensitive
systems, but HP-SOT-MRAM is also a good choice wherever HP /LOP-SRAM is used.
Iso-capacity evaluation over @,,, and generic computing applications show a
60% average reduction in power consumption and a 75% reduction in latency for IMB
SOT-MRAM. Similarly, in iso-area comparisons, replacing 4MB of SRAM with 8MB
of SOT-MRAM retains the same physical chip area and halves the power consumption,
leading to a 45% overall reduction. This configuration also demonstrates a significant
decrease in both read and write latencies by approximately 65-70%. These findings
underscore the potential of SOT-MRAM to substantially enhance performance and
energy efficiency within existing chip real estate, supporting more robust and capable
modern computing environments. Smaller technology nodes (from 65 to 22nm) effec-

tively reduce chip area while managing power consumption and write latency. The
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12/1 area/aspect ratio at 45nm for density replacement studies optimizes the balance
between area, power, and latency. Overall, the analysis underscores the potential of
SOT-MRAM to enhance performance and energy efficiency within existing chip real es-
tate, positioning it as a potential technology for future high-density, high-performance

memory architectures.
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Chapter 4

PSC-VRO for LLC LI

4.1 Introduction

The relentless advancement in computing technologies continuously demands enhance-
ments in memory architectures, especially at the LLC level, which is critical for overall
system performance and efficiency. NVM technologies, particularly SOT-MRAM, have
emerged as promising candidates to meet these demands due to their superior den-
sity and energy efficiency than prevalent SRAM caches. However, the integration of
NVM into LLC poses significant challenges, primarily related to write endurance and
the lifetime of cache due to write operations. These challenges necessitate innovative
approaches to cache design that can leverage the benefits of NVM while mitigating its

drawbacks.

4.2 Motivation, Parameters and Background

Fig.@ shows maximum and average write counts of various workload mixes from
Table—. The graph shows considerable variance in write operations, leading to un-
even wear in cache memory cells, particularly in SOT-MRAM. This variability results
in the degradation of memory cell endurance over time, causing reduced cache lifetime
and impacting overall system reliability. The variation in writes results from uneven
write distribution across the cache sets. This uneven distribution of cache writes
leads to accelerated degradation(wear out) of heavily written sets compared to less

frequently accessed ones. The term Write,,, represents the average number of write
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Table 4.1: Parameters used in the equations

Parameter Meaning
Aso Cache associativity
Set Number of cache sets
Write g Average write count
Wi Number of writes in cache set k and way [

operations per block in a cache bank. The write average is determined by summing all
the write operations across the blocks and dividing this total by the number of blocks.
This measure is crucial for understanding the overall write activity in the cache. It is

used to analyze the write variations within individual sets and across different sets.

Aso Set
> D Wiy

. i=1j=1
Writeq, = o St (1)

The inter-set write variation coefficient(interv) is the variation in write counts
across different cache sets. It measures uneven write distribution among the sets,
with higher values indicating significant WVAR. The cache performance and lifespan
depend on interv, as it aids in identifying and addressing hotspots that could cause

premature wear-out of heavily written sets.
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S Aso W, .

. . 1 Zke:ll( liolﬁ - Wmtean)z

interv = —— (2)
Write,,q Set — 1

The coefficient of intra-set write variation(IntraV) is the variation in write counts

across blocks within a cache set. It measures uneven write distribution among the

blocks in a set. The higher the values of intrav, the higher the disparity in write

counts between blocks, resulting in certain blocks wearing out faster than others.

1 i \/Zf;ml (Wit = S )
k=1

IntraV = 3
nra Set. Writey, Aso — 1 (3)

The Table @ lists the variables used in the equations.

Cache lifetime can be categorized into two distinct types: raw and error-tolerant.
Raw lifetime is characterized by the first instance of failure in a cache line. Error-
tolerant lifetime accounts for the raw lifetime and the employed error recovery tech-

niques(Wang et all, 2013). This work addresses the raw lifetime.

The lifetime of a cache block is the inverse of its maximum write count. V in LI

represents the individual write count for each cache block(Mittal and Vetten, 2014h).

1

LI =
Vie:tIVfiol maX( WkJ)

(4)

In terms of write variations, the lifetime is influenced by three important factors:
intra-set write variation (IntraV), inter-set write variation (interv), and average write

count in a cache bank Write,,,(Wang et al), 2013).

1] — Writeag pase - (1 + intervpgse + IntraVi,ge)
N Writeag p - (1 + intervy,, + IntraV,,)

-1 (5)

Write,, represents a cache bank’s average number of writes. The subscripts “base-
and “pt”in each term represent the values for the baseline and the proposed technique,
respectively. PSC can segment the cache into different endurance zones; SRAM is con-
sidered high endurance, and the SOT-MRAM part is considered low endurance. Al-
lowing frequently written data to be placed in the high-endurance sector(SRAM). This
ensures that write operations are not concentrated in certain regions, thus mitigating

premature wear-out and extending the lifetime of the cache.
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VRO within the PSC framework can dynamically adjust the data placement strat-
egy based on write patterns, virtually reordering the cache’s logical view to balance
the write load evenly across all cells. VRO can significantly reduce inter-set variance
(differences in write activity among different sets) and intra-set variance (differences

within the same set).

4.3 Design of PSC Architecture with Virtual Re-
Ordering(VRO)

PSC presents a novel architectural solution designed to enhance the functionality of
LLCs with NVM technologies. This design aims to segregate the cache into distinct
regions physically, each optimized for different usage patterns and access frequencies.
Such a configuration reduces write variation across the cache where certain regions
endure fewer writes than others, thereby significantly improving the overall endurance
and lifetime of the cache memory. Implementing PSC in LLCs involves balancing the
trade-offs between access latency, power efficiency, and endurance. PSC ensures that
high-frequency write areas are isolated and specifically tailored to handle higher en-
durance, sustaining performance over extended periods and reducing the overall power
consumption. This architectural design depicts(F ig.) a multi-core processor system
incorporating hierarchical cache structures using SRAM and SOT-MRAM technologies
to optimize cache management and reliability. Each processing core (Core_ 1, Core_ 2,
Core_3, ..., Core_n) is equipped with a private L1 cache, while larger L2 caches serve
as an intermediary between the fast L.1 caches and the main memory. The PSC is the
LLC. The PSC cache controller dynamically manages cache configurations to enhance
performance and extend cache lifespan, utilizing components such as the Trace Reader,
Config/Disabling Manager, and the proposed VRO LI algorithm. The PSC is divided
into tag and data arrays, with the data array further segmented into 'M’ SOT-MRAM
and "N’ SRAM ways, combining the speed of SRAM with the non-volatility and en-
ergy efficiency of SOT-MRAM. Trace Reader reads memory access patterns to monitor
the cache usage patterns. Config / Disabling Manager configures and potentially dis-
ables parts of the cache based on the workload requirements and the fault map. The

Tag Array stores the metadata (tags) for the cache lines, indicating the address of
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m?

the data stored in the data array. It is typically implemented with SRAM for speed.
Main memory, typically DRAM, interacts with the PSC to manage data misses in the
LLC. This architecture leverages the dynamic reordering capabilities of the VRO LI
algorithm to maintain write variation(WVAR) across SOT-MRAM ways, creating a
stable and efficient cache system and ensuring a balance between performance, energy

efficiency, and reliability. VRO further segments SOT-MRAM ways into separate read
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and write ways. It divides a group of M-way LLC into P-ways for reading and (M-P)
for writing.

Integrating a Design Space Exploration (DSE) tool with PSC facilitates swift and
efficient iterations through various design configurations, significantly expediting the
cache design cycle. The DSE tool capitalizes on the strengths of HyCSim(Escuin
et al), 2022), a trace-driven simulator, to conduct rapid comparisons and optimizations
of diverse hybrid LLC configurations. By leveraging HyCSim’s capability to swiftly
simulate and assess the impact of different insertion and replacement policies. This
study reaches optimal SOT-MRAM cache configurations.

Our approach incorporates one global counter to reduce hardware overhead(Mittal
and Vetter, 2014h). This singular counter simplifies the wear-levelling process across
the cache, unlike other methods that may rely on multiple counters, thus leading to
a leaner, more efficient hardware design. By simplifying the wear-levelling mecha-
nism, our approach minimizes the additional area and power requirements typically
associated with NVM cache designs, making it a more viable solution for modern
applications.

Utilizing DESTINY (Mittal et all, 2017) for micro-architectural performance ex-
ploration, our approach provides a detailed and accurate assessment of various cache
configurations. The synergy between HyCSim and DESTINY enables designers to ex-
plore various potential designs and validate their performance implications with high

fidelity (Escuin et all, 2022).

4.3.1 Design of Cache VRO for WVAR| and @

Motivated by the use of instruction and data ways in (Sivakumar and Jose, 2023), we
have used a similar approach and modified suitably to adapt it to the PSC architecture.
The major goals of VRO are:

1. Distribute writes in SOT-MRAM.
2. Reduce SOT-MRAM writes
3. Balance LLC hits

4. Improve LLC Read hits
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Algorithm a initializes and continuously processes cache requests(lines 1 to 14), distin-
guishing between read and write requests and handling each according to the cache’s
state. It migrates blocks between SRAM and SOT-MRAM as necessary(lines 4 to 5).
The process involves dynamically adjusting the sram_ threshold and utilizing PSC-
VRO to optimize cache operations(lines 10 to 12).PSC-VRO is designed for lifetime

extension of the SOT-MRAM part of the PSC hybrid architecture through VRO.

Algorithm 3: Proposed PSC-VRO
input : LLC cache-request, cache block, SRAM-set-threshold

output: Decision on read/write operation

1 repeat

2 for each LLC' cache request do

3 if Read request and block in PSC-LLC then

4 if block is Read-loop block and in SRAM then

5 Migrate to read ways of SOT-MRAM-cache-part;

6 Perform regular read operation;

7 else if Write request and block in SRAM then

8 if Write < SRAM-set-threshold then

9 Write to SRAM;

10 Update SRAM-set-threshold;
11 else if Read or Write request and block in SOT-MRAM part then
12 Call Dynamic-VRO() ;

13 > Algorithm 77
14 else

15 ‘ Regular Miss Operation ;
16 endif
17 end

18 until until end of requests;

Algorithm @ of the PSC architecture initializes various parameters(lines 1 to 11)
and functions essential for the Dynamic-VRO algorithm(lines 1 to 26). The function
exchange() iterates through the cached read ways, swapping each read way with the
corresponding write way to balance the cache’s read/write operations(lines 1 to 19).
This process allows frequently accessed data to be dynamically moved between read
and write ways, reducing WVAR performance. The function set_reorder() recalcu-
lates(lines 20 to 26) the starting points for read and write ways after each reordering
process. This ensures that the cache dynamically adapts to varying read/write pat-

terns, optimising performance and extending the cache’s lifetime. The algorithm also
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includes regular read and write operations, incrementing or decrementing SOT write count

based on the type of operation performed.

Algorithm E takes the type of request and block as input. Its results are read /write
operations and decisions about reordering NVM ways in PSC. The algorithm dynam-
ically manages read and write operations in the SOT-MRAM part of the PSC archi-
tecture by adjusting the partition ratio based on the SOT write_ count(lines 1 to 29).
It begins by checking if the SOT write count meets specific thresholds, and if so, it
calls the exchange() and set_reorder() functions to reorder the cache ways(lines-6 and
7). Suppose the SOT_write_count is less than or equal to zero(line 8), indicating
fewer writes than expected. In that case, the algorithm increments the number of read
ways using inc_read_way() after verifying that the read_ways_count is greater than
the write_ways_count, then enforcing other conditions(lines 8 to 15). Conversely,
if the SOT_write count exceeds a maximum threshold 7, it calls dec_read way()
to increment the write ways(lines 16 to 23). The functioning of VRO is optimised
for SOT-MRAM LLC segment LI with WVAR distribution by relaxing the write re-
striction. Re-ordering the partition ratio using the global counter SOT write count
effectively reduces the overhead of estimating heavy writes at the way level(Mittal and
Vetter, 2014b). VRO in PSC architecture dynamically adjusts its read-to-write parti-
tion ratio from at least one read and remaining writes(1:11) to equal read and write
partition(6:6) based on the observed write patterns to NVM. This flexibility enables
PSC to manage a higher volume of data writes by increasing the number of write

blocks.

The VRO utilises a flexible management system for partition ratios based on the
application "SOT _write_count”. This counter increases with each write and decreases
with each read in the LLC(Sivakumar and Jose, 2023). Depending on the updated
value of SOT _write count, PSC-VRO decides whether the LL.C access primarily deals
with read blocks or write blocks. Initially, the read-to-write way ratio is fixed at 8:4,
and the re-ordering interval can be either a fixed value, a set of predetermined values,
a counter, or a combination of the two. This work uses the roi counter. At the end of
each reordering interval, the SOT _write_count is checked to ensure it stays between
0 and 1,023. The usual writing function continued without changing the split ratio if

it remained stable within this range. If it isn’t stable, the way reordering is initiated.
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Algorithm 4: Generalized Dynamic Reordering of Cache Ways

Input : Cache associativity, initial read and write ways, starting indices for
read and write ways

Output: Updated sequence of cache ways for reads and writes

=

Initialize the count of read and write ways
2 Set initial positions for read and write cache ways

3 Define a counter for write operations and set it to zero

4 Specify a threshold for the number of write operations
5 while system is operational do
6 if there is a need to adjust the configuration then
7 Swap the designated roles of selected read and write ways
8 Update the starting points for read and write ways based on recent
changes
9 if write operations exceed the set threshold then
10 Reallocate ways from writes to reads to balance the workload
11 Reset the write operation counter
12 endif
13 else if read operations demand more resources then
14 Shift resources from reads to writes to improve efficiency
15 Maintain an updated count of operations to guide further
adjustments
16 endif
17 endif
18 Maintain a list of read and write ways, adjusting as necessary to optimize
cache performance

19 end
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Algorithm 5: Dynamic Virtual Reordering in Cache Systems

Input : Cache requests redirected from primary control algorithm, type of
cache block
Output: Decision on read/write operations and adjustment of cache ways

1 while cache requests continue do

2 if request is for reading then
3 Execute standard read operation
4 Decrease write operation counter
5 else
6 if write operation counter is beyond threshold then
7 Exchange read and write cache ways
8 Reorder cache ways for optimal performance
9 Perform standard write operation
10 if write operation counter is too low then
11 Increment read focus
12 Reset counter adjustment parameters
13 else if write operation counter is very high then
14 Decrement read focus
15 Reset counter adjustment parameters
16 else
17 Perform standard write operation
18 Adjust write operation counter based on the operation type
19 endif
20 endif
21 end

22 Function IncreaseReadWay():

23 Decrease the number of write ways
24 Increase the number of read ways
25 Reset the write operation counter

26 Function DecreaseReadWay():

27 Increase the number of write ways
28 Decrease the number of read ways
29 Reset the write operation counter
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A SOT write count of ’0’” indicates that there have been more reads to read blocks
than expected. This triggers a flag. Suppose this flagging occurs for roi’ consecutive
reordering intervals. The number of ways for reading increases by converting a writing
way into a reading way to handle more read blocks in the subsequent reordering inter-
vals. Conversely, when the SOT__write_ count reaches 1,023, a reading way is changed
into a writing way to accommodate more write blocks, following the same process for
'roi’ consecutive reordering intervals. After reordering, the cache operates with the
new partition ratio, which is repeated periodically. The requirement of roi’ consecu-
tive reordering intervals is adhered to for changing the partition ratio, as the 8:4 ratio
is considered the most stable configuration. Any deviation from this ratio should only
occur if an application consistently indicates the need for a different partition. At the
end of each reordering interval, the SOT__write count is reset. However, if the current
partition ratio deviates from 8:4, reordering is triggered by either SOT _write_ count
is ’0’, or SOT _write_count is '1,023" without the need for roi’ consecutive intervals.
This ensures a preference for maintaining the 8:4 partition ratio. PSC is configured to
always reserve at least one read way.

Implementing the PSC and integrating it into the proposed framework, coupled
with dynamic virtual reordering and DSE tools, presents a substantial leap in designing
hybrid caches. It allows for a more streamlined and effortless design process, reduces

complexity, and ensures a more cost-effective cache solution in less time.

4.4 FEvaluation

4.4.1 Experimental Setup

The simulation tools, setup, and workloads involved in the PSC-VRO are described
here. Table @ and @ list all the tools and detailed parameters used in the work.
The memory array parameters are employed in density replacement to estimate the
overall effect of the SOT-MRAM LLC by considering the application workload. The
proposed PSC-VRO uses Table workload mix to evaluate the impact of the cache
management policy on the hybrid LLC. The framework integrates DESTINY (Mittal
et all, 2017) and HyCSim(Escuin et ali, 2022) for the study. After establishing the

micro-architectural feasibility, the LLC memory traces are generated. The traces were
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collected from gemb(Binkert et alj, 2011). Table @ presents the SPEC CPU 2006
and 2017 mix. These traces were then utilized for LLC DSE and evaluation of the
VRO WVAR algorithm. HyCSim(Escuin et alf, 2022) is modified to include the pro-
posed PSC-VRO, enhancing its capability to simulate the WVAR behaviour of LLC

configurations.
Feature SRAM SOT-MRAM
Cell area 146 F? 12 F?
Aspect Ratio 1.46 F 1F
Associativity 4 12
Write pulse < 0.5ns
Timing and current Standard model As per compact model selection
Temperature 350K
Capacity Range 1MB
Device type HP
Technology node 45nm
Simulators Modified DESTINY, gemb and HyCSIM

Table 4.2: Parameters used for PSC power and performance experiments

In our experimental setup, the initial phase involved utilizing the DESTINY tool
to perform a detailed DSE of the PSC configurations. DESTINY provided micro-
architectural performance results such as power, and timing estimates for 1MB to
32MB PSC design. In this section we only present 1MB results. This phase determines
the parameters for PSC and ensures that the proposed cache configurations are feasible

under micro-architectural constraints.

Application workloads are outlined in Table @(Leskovec and Krevl, 2014; Lan
et al), 2019; SPEC, SPE(; Pentecost et all, 2022; Inci et al), 2022). These workloads
cover a range of application domains, including graph processing and social networks
(Facebook and Wikipedia), natural language processing (ALBERT), image processing
(ResNet), and general computing (SPEC2017). Each workload has multiple instances:
three for Facebook/Wikipedia, ALBERT, and ResNet, and fourteen for SPEC2017.
This variety ensures a comprehensive evaluation across different application types,

yielding realistic and pertinent performance measurements.
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Table 4.3: Mixes of SPEC CPU 2006 and 2017(SPEC, SPEC; Escuin et all, 2023).

Mix Applications

Mix 1 bzip206 ,gobmk06,zeusmp06,deall106

Mix 2 bzip206,roms17, wrf06 , hmmer06

Mix 3 soplex06, hmmer06,cactuBSSN17 zeusmp06
Mix 4 astar06,omnetpp06, milc06, libquantum06
Mix 5 leslie3d06,mcf17,xalanchmk06, bwaves17

Mix 6 xz17,wrf06, GemsFDTDO06,lbm17

Mix 7 dealllI06,xalancbmk06, libquantum06 ,cactuBSSN17
Mix 8 mct17, milc06 ,Ibm17, gobmk06

Mix 9 astar06,soplex06, bwaves17 xz17

Mix 10 leslie3d06,omnetpp06, roms17 ,GemsFDTD06

4.5 Results and Analysis of PSC-VRO WVAR and
LI

The hybrid design provides a better balance between density, power performance, and
LLC lifetime extension. First, this section does the micro-architectural performance
DSE, including power and timing estimates for various PSC designs, ranging from
a smaller scale of IMB to a larger cache size of 32 MB. This phase was critical in
determining the foundational parameters for PSC and ensuring that the proposed cache
configurations were feasible regarding micro-architectural constraints. This section

only presents the results for the IMB LLC design.

4.5.1 PSC Micro-architecture results

The LLC cache parameters presented in Table-@ were obtained using DESTINY (Mittal
et al), 2017), assuming sequential cache access, a 45nm process, and a cache design
optimized for minimizing the energy-delay product for write operations. In the case of
a hybrid cache, it is assumed that the energy and delay for cache misses resemble those
of a SOT-MRAM cache. The energy and delay for cache hits and writes vary based
on whether the operation involves reading from an SRAM or a SOT-MRAM part of

the PSC. Additionally, the leakage power is presumed to increase linearly following
82



1. psdvRd for LLA L1

the number of ways designed using SRAM and SOT-MRAM. This section analyses
the results for IMB LLC design for PSC cache power-performance results listed in
Table—@. The comparison in Table—@ demonstrates the efficiency of SOT-MRAM
over SRAM in power and performance parameters for caches. SOT-MRAM has a
lower read latency of 0.42 ns, 16% less than SRAM’s 0.5 ns, and a write latency of
0.35 ns, 20% lower than SRAM’s 0.44 ns. These reductions lead to faster data access
and improved system performance.

Regarding energy consumption, SOT-MRAM shows substantial improvements. Its
read energy is 1.1 nJ, approximately 45% less than SRAM’s 1.99 nJ, and its write
energy is 0.34 nJ, 33% lower than SRAM’s 0.51 nJ. These reductions enhance the
energy efficiency of memory operations, making SOT-MRAM a more sustainable op-
tion for large-scale cache implementations. These results improve as the cache size
increases.SOT-MRAM’s leakage power is significantly lower than SRAM’s, measuring
970 mW compared to SRAM’s 1893.86 mW, marking a nearly 50% reduction. This
reduction is important for decreasing the overall power consumption of the system,
especially in standby modes.

The Hybrid PSC architecture demonstrates superior performance across various
parameters, including read and write latency and energy efficiency. It offers a balanced
trade-off between performance, energy consumption, and chip area(50% PSC), making

it a promising choice for memory-intensive applications.

Table 4.4: Power and Performance

Parameters SRAM SOT-MRAM
Cache Read Latency (ns) 0.5 0.42
Cache Write Latency (ns) 0.44 0.35
Cache Read Energy(nJ) 1.99 1.1
Cache Write Energy(nJ) 0.51 0.34
Leakage(mW) 1893.86 970

4.5.2 LI extension with WVAR results

Analyzing the intra-set write variation results(Fig.@) for different workload mixes, it’s
evident that the PSC-VRO method yields significant improvements over the baseline

and other strategies (SA-1 and SA-2 from (Agarwal and Kapoor, 2020)). The intra-set
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write Variation(Fig.@) is instrumental in evaluating the wear-levelling effectiveness of
cache memory; a lower value indicates a more uniform distribution of write operations,
which is desirable for prolonging NVM lifetime.

The intra-set write variation(IntraV) analysis across different workloads (Fig.@)
reveals significant differences between the baseline, SA-1, SA-2, and PSC-VRO. In the
MIX1 workload, the baseline approach demonstrated an IntraV of 6.67%, while the
PSC-VRO approach achieved a reduction to 3.84%, representing a 42.4% improvement.
In the MIX2 workload, the baseline showed an IntraV of 124.91%, reduced to 27.78%
with the PSC-VRO method, marking a significant 77.8% reduction. These trends
are consistent across other workloads, indicating the effectiveness of the PSC-VRO

approach in minimising intra-set write variation.

Intraset Write Variation(WVAR)
250 — . : : : . , ,
Baseline ===
SA-1 ===
SA-2 Y ¢
PSC-VRO :
200} §
—_ I o
9 B
S50} 5
< i
>100} i ML
s k aN ¢
50 BB B BN | i
%9 < \| 14
K3 [ o % P o
e N BN RN %& K i g
™ ) > O O ©
FFPFFPLPFTFFPPEO o
AR R R R R N o
Workloads

Figure 4.3: Analysis of Intra Set Write Variation

For instance, in the MIX3 workload, the intrav decreased from 54.63% in the
baseline to 20.01% with the PSC-VRO method, signifying a 63.4% reduction. In
the more challenging MIX6 workload, the baseline intrav of 241.04% was reduced to
113.86% with the PSC-VRO method, representing a significant 52.7% improvement.
This consistent performance enhancement is vital for enhancing the reliability and
longevity of memory systems, as lower write variation ensures more uniform wear
across the memory cells, reducing the likelihood of premature failures and enhancing

overall system stability.
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The average intrav values across all workloads further highlight the effectiveness of
the PSC-VRO approach. The baseline methodology resulted in an average intrav of
84.24%, whereas the PSC-VRO method significantly decreased this to 34.70%, mark-
ing a 58.8% reduction.PSC-VRO consistent reduction in interv continued with 48%
and 13% than SA-1 and SA-2, respectively. This consistent reduction in intrav under-
scores the potential of the PSC-VRO approach to deliver substantial improvements
in LI, especially for modern HPC applications where consistent and reliable memory
performance is essential. By effectively distributing writes and minimising hotspots,
the proposed PSC-VRO mitigates the adverse effects of uneven write patterns, making
it a valuable strategy for future memory architecture designs. Such results strongly
advocate implementing the PSC-VRO in LLCs to achieve balanced write distribution
and enhance cache memory lifetime.

The inter-set write variation results (Fig.—@) from the various workload mixes
provide valuable insights into the efficacy of the proposed cache management strategy
compared to the baseline and other schemes (SA-1 and SA-2(Agarwal and Kapoor,
2020)). Inter-set write Variation(Fig.@) measures the uniformity of write distribution
across different cache sets, and lower values indicate a more even write spread, which

is beneficial for the overall endurance of the cache.
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Figure 4.4: Analysis of Inter Set Write Variation

The inter-set write variation (interv) analysis has shown significant differences
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across workloads across the baseline, SA-1, SA-2, and PSC-VRO. In the MIX1 work-
load, the baseline approach showed an interv of 6.67%, while the PSC-VRO method
achieved a slight reduction to 4.75%, marking a 28.8% improvement. Similarly, in
the MIX2 workload, the baseline exhibited a high interv of 124.91%, significantly re-
duced to 81.77% with the Proposed PSC-VRO, indicating a 34.53% decrease. These
trends are consistent across other workloads, demonstrating the effectiveness of the

PSC-VRO approach in minimising inter-set write variation.

For instance, in the MIX3 workload, the interv decreased from 54.63% in the
baseline to 30.05% with the PSC-VRO method, showing a 45% reduction. In the
more challenging MIX6 workload, where the baseline interv was considerably high
at 219.19%, the PSC-VRO method reduced this to 153.86%, representing a 29.80%
improvement. This consistent performance improvement is crucial for enhancing the
reliability and longevity of memory systems, as lower write variation ensures more
uniform wear across the memory cells, reducing the likelihood of premature failures

and improving overall system stability.

The average interv values across all workloads further highlight the efficacy of
the PSC-VRO approach. The baseline methodology resulted in an average interv of
79.12%, while the PSC-VRO method lowered this to 49.76%, reflecting a 37.10% re-
duction. PSC-VRO consistent reduction in interv continued with 25.78% and 10.50%
than SA-1 and SA-2, respectively. Compared to 58.8% intrav reduction, a mere 37.10%
interv reduction underscores the potential of the PSC-VRO approach to deliver sub-
stantial improvements in LI despite higher inter-set write variation. The proposed
methodology mitigates the adverse effects of uneven write patterns of intra-set writes
distributing and minimising hotspots. Due to intrav minimization indirectly, interv
is minimized to some degree. This makes PSC-VRO a valuable strategy for LLC

architecture designs.

In summary, the proposed cache management strategy significantly enhances the
uniformity of write distribution across cache sets. This improvement is crucial in the
NVM part of the PSC caches, where the balance of write operations can directly impact
the longevity and reliability of the memory. These results validate the effectiveness of
the proposed PSC and dynamic virtual reordering strategy in reducing inter-set write

variation, contributing to extended cache endurance and potentially greater overall
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system performance.

The Relative LI(RLI) analysis in Fig.@ for the PSC-VRO compared to the baseline
and other state-of-the-art methods are significantly higher across all workload mixes.
A higher percentage indicates better performance in terms of extending the lifetime of

the cache.
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Figure 4.5: Analysis of Relative Lifetime Improvement

The following analysis of each workload is as follows:

o MIX1: The PSC-VRO method shows a significant improvement in lifetime,
achieving 60.38%, which is a 10% increase compared to SA-2 and a 25.10%

increase compared to SA-1.

e MIX2: The PSC-VRO method demonstrates a notable enhancement with a
50.97% improvement, which is 41.14% more LI improvement than both SA-1
and SA-2, which are around 30.12% and 30.02%, respectively.

o MIX3: The PSC-VRO approach leads with a 64.35% improvement, far ex-
ceeding SA-1 (40.48%) and SA-2 (50.36%). This reflects a 31.88% and 21.87%

increase compared to SA-1 and SA-2, respectively.

o MIX4: Here, the PSC-VRO method improves lifetime by 58.31%, compared to
40.20% for SA-1 and 35.06% for SA-2, showing a 23.21% and 18.13% increase

over SA-1 and SA-2.
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MIX5: The PSC-VRO method achieves a 79.16% improvement, surpassing SA-
1’s 30.09% and SA-2’s 50.06% by 62.02% and 36.70%, respectively.

MIX6: The PSC-VRO method marks a significant improvement with a 82.30%
increase, significantly higher than SA-1’s 30.03% and SA-2’s 50.02%, showcasing
an improvement of 63.41% and 39.02% respectively.

MIXT7: With a 64.75% improvement, the proposed method outperforms SA-1
(40.86%) and SA-2 (42.64%) by 23.89% and 22.11%.

MIX8: The PSC-VRO method indicates a 59.99% improvement in lifetime,
significantly higher than SA-1’s 44.69% and SA-2’s 43.64%, with differences of
15.31% and 16.35%.

MIX9: The PSC-VRO method leads with a 66.17% improvement, greatly sur-
passing SA-1’s 47.66% and SA-2’s 45.95%, indicating improvements of 28.51%
and 31.22%.

MIX10: The PSC-VRO method achieves a 68.45% improvement, compared to
40.14% for SA-1 and 40.06% for SA-2, with a notable increase of 28.31% and
28.39%.

Average Analysis: On average, the proposed PSC-VRO method results in a
65.48% improvement in relative lifetime, which is substantially higher than SA-
1’s 39.02% and SA-2’s 44.24%. The PSC-VRO method consistently shows an
average improvement of 40.43% over SA-1 and 32.80% over SA-2, highlighting
its superior performance in enhancing the cache’s relative lifetime across various

workloads.

The improved lifetime reliability achieved by the PSC-VRO method can be at-

tributed to its ability to optimize cache ways allocation and access strategies, reducing

wear and prolonging the lifespan of LLC. The analysis demonstrates that the PSC-

VRO method consistently outperforms SA-1 and SA-2 regarding Relative Lifetime

Improvement (RLI).

The summary of the analysis is that PSC-VRO addresses directly intra-set and

indirectly inter-set write variation, resulting in a 65.48% improvement in RLI. The
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PSC-VRO ensures balanced wear levelling and minimizes wear-out of memory cells,
enhancing memory reliability and prolonged lifespan. We conclude that the findings
underscore the effectiveness of the PSC-VRO method in improving RLI and reliability,

making it a promising solution for modern computing systems.

4.6 Summary

The results of our experiments show that the coefficient of WVAR can be a useful met-
ric for prioritizing write minimization and distribution in the SOT-MRAM segment of
PSC architecture. When developing cache management policies for hybrid caches, it is
essential to consider the differential read-write operations of NVM. By taking into ac-
count that the number of writes affects endurance and reliability, we can significantly
extend the overall lifetime of the system, which is crucial for modern computing sys-
tems. VRO, a cache WVAR policy, is specifically designed for SRAM-SOT-MRAM
hybrid caches. VRO operates based on the type of operation that influences block
read and write decisions for higher or lower endurance segments. Since SRAM writes
do not impact the endurance of the written block, PSC-VRO manages the writes with
SRAM blocks while controlling the costly NVM writes. VRO outperforms existing
methods in terms of both intervention and LI. It is more efficient in reducing writes
and enhancing LI, making PSC-VRO the top choice when lower energy consumption

and improved performance with LI are important.
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Chapter 5

SOT-MRAM as an alternative to
DRAM in Main Memory for
Embedded Systems and Multi-Core

Environment

5.1 Introduction

As the current primary memory technology is reaching its limits, it is essential to ex-
plore alternative memory technologies to accommodate modern applications and use
cases. However, using new memory technology poses the challenge of deriving ac-
curately estimated parameters for designing and integrating new memory technology
and performing reliable simulations. This chapter proposes a new approach integrat-
ing into hybrid and full main memory architectures for embedded and
multi-core systems, encompassing various memory configurations and capacities. The
work addresses the challenge of evaluating SOT-MRAM-based memory systems when
specific SOT-MRAM memory parameters are not publicly available. The research
methodology includes micro-architectural (circuit-level) design space exploration and
comprehensive full system simulations, which evaluate benchmark programs repre-
senting diverse application domains. The evaluation includes three memory structures
with varying memory organizations and capacities. Figure El] depicts the different

memory architectures used in this work.
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(a) DRAM based memory (b) NVM based memory (¢) Hybrid memory

Figure 5.1: Different memory architectures

5.2 SOT-MRAM Main Memory

To address the challenges and retain the benefits of STT-MRAM, researchers have
investigated other memory technologies, such as SOT-MRAM. Recent studies have
demonstrated that SOT-MRAM could serve as a promising alternative to SRAM,
offering similar benefits while overcoming some of the limitations of STT-MRAM. F.
Oboril et al. provided compelling evidence of SOT-MRAM as a viable alternative
to SRAM in their pioneering work, as noted in (Oboril et al), 2015) for multi-core
systems. The research has demonstrated that SOT-MRAM offers a 60% reduction
in energy consumption, a 1% performance improvement, and an outstanding 27-fold
reduction in retention failure probability. The results provided in their work make a

strong case for using SOT-MRAM as a cache memory (Oboril et al., 2015).

The integration of SOT-MRAM with the CMOS manufacturing process is another
crucial aspect that needs to be addressed. As demonstrated in (Zheng et al), 2021),
SOT-MRAM has been successfully integrated into CMOS technology for cache re-

placement.

According to a study by Garello et al., (Garello et al), 2018), SOT-MRAM has
shown superior power efficiency and performance compared to SRAM, which makes
it a promising choice for cache applications. However, the larger bit cell area is still

considered a major disadvantage.

To solve the problem of larger bit cell area, a potential solution has been presented
in (Seo and Kwon, 2020h) with an area-optimized cell design that achieved a remark-
able area optimization of 42%. Also, a similar pioneering area-optimized SOT-MRAM
bit cell and memory organization was proposed in (Liu et al), 2023). The result shows
an area reduction of 32%. However, the requirement of two access transistors per bit

has made SOT memories area-intensive. Similar to the previous works, the problem of
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area efficiency was solved by introducing a multiple-bit SOT-MRAM cell in (Mishra
et all, 2021). A multi-bit SOT cell with a shared write channel among multiple bits
is proposed to address this challenge, enabling an area-efficient memory design with
improved device density. The authors conclude that SOT-MRAM may become a pre-
ferred choice for a wide range of memory hierarchies(Mishra et al), 2021) including

main memory.

All these above works prove that SOT-MRAM can be a potential candidate for
main memory. Previous studies have shown favourable outcomes for the main memory
implemented using STT-MRAM, and SOT-MRAM is adopted as the cache memory
technology in(Oboril et al., 2015). Since SOT-MRAM and STT-MRAM exhibit simi-
larities, and STT-MRAM is employed as the primary memory, we have evaluated the

effects of employing SOT-MRAM as the primary memory in a multi-core environment.

In the absence of reliable current and timing parameters from manufacturers, the
proposed SOT-MRAM-based main memory for the multicore environment uses ap-
proaches demonstrated in (Asifuzzaman, 2019; Asifuzzaman et al), 2022; Oh et al,,
2023). These methods use simulators and commercially available hardware to validate
their timing and current parameter scaling methodology. The results strongly suggest
that read and write operations have identical costs after the data is loaded into the

row buffer regardless of the memory technology(Asifuzzaman et al), 2022).

Given the compelling evidence presented by prior research, this work explores the
viability of SOT-MRAM as a main memory technology. The evaluation involves deriv-
ing and using separate scaled parameters for row buffer-associated and non-associated
parameters. We estimated and scaled the timing and power parameters using estab-
lished and validated methods outlined in previous studies such as (|Asifuzzaman et al.,
2022) and (Oh et all, 2023). Additionally, we conducted circuit-level memory explo-
ration experiments to further validate the scaling factors employed. The details of this
analysis can be found in the results section. The following section lists and provides

details of the timing parameters.

Our decision to use DDR3-1600 for comparisons is based on the accessible and
validated parameters specific to the DDR3 standard, as per their industry partner
Everspin Technologies under a co-operation agreement (Asifuzzaman et al), 2022).

However, the parameters used do not correspond to their commercial product param-
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eters. Moreover, the DDR3-1600 parameters also apply to other DDRx standards,
as highlighted in recent studies (|Asifuzzaman, 2019; Liu et al), 2022). This approach

ensures that our findings are relevant across various DDR technologies.

5.2.1 Parameters for Estimation of Timing

The DDRx protocol compatibility of SOT-MRAM memory and its similarity in orga-
nization and CPU interface to STT-MRAM provides valuable insights into the timing
parameters of SOT-MRAM memory. In the case of DRAM and STT-MRAM primary
memory devices, a row buffer serves as an interface between the memory bus and cell
arrays (Asifuzzaman et al), 2022). The same holds true for SOT-MRAM. Only timing
parameters associated with the row buffer differ between DRAM and SOT-MRAM.
This is because, following loading a row of data into the buffer, the timing parameters
for subsequent operations are identical for both types of memory(Asifuzzaman et al,,
2019). The circuitry beyond the row buffer for DRAM and SOT-MRAM is essentially
the same(Asifuzzaman, 2019). The timing parameter tCWD, which denotes the delay
between issuing a column write command and placing the data on the bus, remains
the same for DRAM and SOT-MRAM. Other timing parameters unrelated to row op-
erations, such as tBURST, tCAS, and tWTR, are identical. Table—15:1| presents these
timings, expressed in cycles of DDR3-1600.

The primary distinction between SOT-MRAM and DRAM’s main memory is the
technology used in their storage cells, namely MTJ and capacitor. The cell access
mechanism differs between these two memory technologies, leading to differences in the
timing parameters related to SOT-MRAM row operations compared to DRAM. The
access operation of DRAM is voltage-based, whereas SOT-MRAM’s access operation
is current-based (Asifuzzaman et all, 2019).

The timing parameter related to precharging a bit line to a reference voltage before
the cell access is Row pre-charge (tRP)(Asifuzzaman, 2019). In DRAM, to access a
cell, a bit line is pre-charged, and then the word line is activated, enabling the sensing
circuit to sense the data.SOT-MRAM cell array access is different from DRAM, as it
uses a current operation mode to read data stored in MTJ by activating a word line and
applying a small amount of current to sense the data through the bit-line(/Asifuzzaman

et al), 2019).tRCD is the timing parameter that represents the time required to access
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Table 5.1: The SOT-MRAM timing parameters unrelated to row operation(scaled from
DDR3-1600 in Cycles).

Timing Description DRAM SOT-MRAM
Parameter

tRTP Read-to-pre-charge-delay 6 6
tCWD Column-write-delay 10 10
tWTR Write-to-read-delay-time 6 6
tCCD Column-to-column-delay 4 4
tAL Added latency-to-column-access 0 0
tRTRS Rank-to-rank switching-time 1 1
tBURST Burst-length 4 4
tCAS/tCL Column-access-strobe-latency 11 11
tFAW Four-row-activation-window 24 24
tCKE Next-power-up for an idle device 4 4
tWR Write-recovery-time 12 12
tCMD Command-transport-duration 1 1
tXP Exit-power-down with DLL on to any valid command 5 5

and retrieve the data from a row and has it ready in the row buffer.tRCD tRP, and
row to row activation delay(tRRD) are three values which differ between DRAM and
SOT-MRAM.

The timing parameters specific to SOT-MRAM have not been standardized or pub-
licly disclosed due to the constantly evolving nature of the technology. As a result,
memory manufacturers working on STT-MRAM and SOT-MRAM are not disclos-
ing these parameters. Therefore, sensitivity analysis is needed on the parameters
that vary from DRAM to SOT-MRAM. In this study, a conservative scaling of SOT-
MRAM parameters from DRAM-1600 is adopted using the methodology in (Asifuz-
zaman et al), 2022; Inci et all, 2022). The scaling methodology was validated in the
work (Asifuzzaman et all, 2022) and (Oh et al), 2023). SOT-MRAM tRFC(Refresh
cycle time) and tRAS(Activate to pre-charge delay) values are taken as 0. Parameters

are listed in Table—@.

Unlike DRAM, SOT-MRAM access operation is non-destructive, so no row restora-
tion is required. The next row access operations in SOT-MRAM are initiated sooner
than in DRAM. The SOT-MRAM Row cycle (tRC) is shorter than DRAM in certain
cases despite having a longer tRCD(Wang et all, 2014). In this work, we assume the

SOT-MRAM operation to be symmetric.
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Table 5.2: The SOT-MRAM timing parameters related to row operation(scaled from DDR3-
1600(in Cycles)).

Timing Parameter Description DRAM SOT-MRAM
tRCD Row-to-column-command-delay 11 12

tRP Row-pre-charge 11 12
tRRD(R/W) Row-activation to Row activation delay 5 6

tRFC Refresh-cycle-time 208

tRAS Min. Row-active-time or Activate to pre-charge-delay 28 0

5.2.2 Parameters for Estimation of Power

The fundamental distinction between the two main memory technologies is the storage
cell. The power parameters linked with the access of these cells vary between SOT-
MRAM and DRAM. Regarding the power consumption of DRAM and SOT-MRAM,
three parameters differ in the present models. These parameters are the Active
pre-charge-Current (IDDO0), Active Read pre-charge-Current (IDD1), and Operating-
Burst-Current (IDD4(R/W))(/Asifuzzaman et al), 2022). SOT-MRAM uses current
mode to access its cells, unlike DRAM’s voltage-mode cell operations. So, we choose
the same methodology adopted in timing parameter estimation and scale the values to
account for current-based sensing methods of SOT-MRAM as in (Asifuzzaman et al|,

2022),(Oh et all, 2023).

Table 5.3: Current parameters(in mA) used in the study(scaled from DDR3-1600).

Current Description DRAM SOT-MRAM
Parameter

IDDO Active pre-charge Current 53 63
IDD1 Active Read-pre-charge Current 66 76
IDD2P pre-charge Power Down Exit Current 18 18
IDD2N pre-charge Standby-Current 24 24
IDD3P Active-Power-Down-Current 15 15
IDD3N Active-Standby-Current 20 20
IDD4(R /W) Operating Burst-Current 90 104
IDD5 Refresh-Current 152 0
IDD6 Self-Refresh-Current 15 0

In the case of SOT-MRAM, since it does not require refresh, the Refresh Current
(IDD5) and Self Refresh Current (IDD6) are set to 0. However, the current parameters

not associated with any operation accessing the cell(pre-charge and active, power down
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and stand-by current remain unchanged from DRAM to SOT-MRAM.Table @ lists
in bold the row-related parameters, and the rest are the same for both memory types

except refresh currents.

5.3 Ewvaluation

This section details the experimental setups utilized for system-level evaluations in
embedded and multi-core systems, as well as the experimental setup for the main

memory micro-architecture exploration using the MFS approach.

5.3.1 Experimental Set-up of Main Memory Micro-architecture

DSE-MFS

We conducted a study on the latest device parameters for STT-MRAM and SOT-
MRAM by analyzing the following works (ILiao et al|, 2020; Zhang et al), 2012; Wang
et al), 2019; Yang et all, 2022; Wu et al|, 2020b). We extracted and incorporated
information from a reliable, compact STT-MRAM model (Zhang et al), 2012; Wang
et al), 2019; Yang et all, 2022) to determine the cell file parameters. Similarly, we used
parameters from sources that detail high-density, area-optimized, and performance-
enhanced devices to determine the parameters for SOT-MRAM (Wu et al), 2020h;
Wang et alf, 2019). Additionally, we derived other important parameters, such as cell
area, aspect ratio, set/reset current, read/write time, and access transistor width, from
the same sources (Mittal et al., 2017; Liao et al), 2020; Zhang et al), 2012; Wang et all,
2019; Yang et al), 2022; Wu et al), 2020b). We have presented these parameters con-
cisely in Table @ For these experiments, we utilized a refined version of Algorithm—a7
which we adapted and optimized based on the work in (Inci et al, 2022). To enhance
the circuit-level performance of the main memory across different memory capacities,
we integrated the DESTINY simulator (Mittal et al), 2017) into our approach to ob-
tain the circuit-level evaluation. Algorithm B used for MFS-DSE of the main memory
design tuning. The power, performance, and area results of primary memory signifi-
cantly vary based on the optimization target chosen in DESTINY (Mittal et al), 2017).
The optimal configuration for each memory technology is selected using Algorithm B

to obtain the optimal results.
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Table 5.4: Bit Cell Device Parameters(Mittal et all, 2017; Liao et all, 2020; Zhang et al.,
2012; Wang et all, 2019; Yang et al), 2022; Wu et al), 2020D).

Parameter Description STT SOT
MTJ area 40 x 40 nm? 40 x 40 nm?
Heavy-Metal dimension - 40 x 60 x 2nm?
Free layer thickness 1.3 nm 1 nm
Oxide layer height 0.85 nm 0.85 nm
Spin Hall angle - 0.3
Magnetic anisotropy 1.3 x 10° A/m 1.33 x 10 A/m
Saturation Magnetization 1.58 x 103 A/m 1 x10°A/m
Tunnel Magnetoresistance(TMR) 120 % 150 %
Heavy-Metal resistivity - 200 uQ - cm

Algorithm 6: MFS Main Memory Design Tuning Algorithm
Input: Memory M, Size S, Target Optimization TO
Output: Meet all the Optimal TO
1 Mem € M = {SRAM, SOT — MRAM};
2 Sizee S={1,2,4,8,16,32,64,...};
3 Cell Para € CP ; /* Area, Aspect ratio, Current, Voltage
parameters, CMOSaccesslength */
4 ; Opt_Para € OP ; /* ReadLatency, WriteLatency, ReadEnergy,...Write
Energy, Read EDP, Write EDP, Area, Leakage */
5 ; Acc € A = {Normal, Fast, Sequential};
6 Dev € D ={HP,LOP};
7 while Mem € M do
8
9

while Size € S do
while Cell Para € CP do

10 CirLev <+ o0;
11 while Opt — Para € OP do
12 while Acc € 4 do
13 while Dev € D do
14 CirLev < Calculate(EDAP);
15 if CirLev™ > CirLev then
16 ‘ CirLev™ < CirLev;
17 end
18 end
19 end
20 end
21 TunedResult.append(argv(CirLev));
22 end
23 end
24 end

25 return CirLev
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5.3.2 Experimental Set-Up for Embedded Systems

Experiments were conducted using well-established simulators for the design and anal-
ysis of main memory. Initially, we conducted a comparative study of three different
technologies, i.e., DRAM, STT-MRAM, and SOT-MRAM, to identify the best candi-
date regarding area efficiency, access latency, and energy. These results were obtained
from the DESTINY (Mittal et al), 2017) simulator. Experiments in the DESTINY
simulator were performed by setting the circuit-level parameters using references from
the previous work. STT-MRAM parameters were chosen from (Zitong Zhang and
Jiang, 2022), while SOT-MRAM parameters were chosen as mentioned in (Saha et al,
2022), (Prenat et al), 2016). The results obtained from these experiments were promis-
ing, which excited us to perform system-level analysis as well. System-level analysis
is performed using Gem5 & NVMAIN. Gem5 can simulate various architectures at
system emulation mode or full system mode (Binkert et al), 2011). In this work, we
have used system emulation mode. NVMain is an architectural simulator that can be
used for NVM (Poremba and Xie, 2012) simulation. Table @ and @ list the details

of the various parameters used in the experiment.

Table 5.5: Embedded System Experimental Set-Up Details

System Configuration
Simulator Gemb-NVMain
ISA ARM
CPU TimingSimpleCPU
Memory-(SOT-MRAM/DRAM) 4GB
L1 Cache 64kB (D-
Cache),128kB
(I-Cache)
L2 Cache 2 MB

The challenge in carrying out the experiments was the availability of SOT-MRAM
parameters. Commercial data sheets are not available for SOT-MRAM-based mem-
ory. To solve this issue, we applied a similar approach proposed in (|Asifuzzaman

et al), 2022) by K. Asifuzzaman et al. According to them, new memory devices can
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be designed to be compatible with DDRx protocol standards. In such a case, once the
data is loaded into the row buffer, the operation would take the same time, irrespec-
tive of the memory technology. We have adopted this approach in our experiments.
Since SOT-MRAM has better read-write latency than STT-MRAM, we have used
1.1x scaling instead of the 1.25x scaling used for STT-MRAM in Asifuzzaman et al.
(2022). Other parameters not associated with row operation are set per the DDR3-
1600 standard using the values from the micron data sheet (Micron, 2018). Power and
performance analysis is performed using DRAM and SOT-MRAM as main memory.
Benchmark programs are chosen from MiBench, an open-source embedded benchmark

suite (Guthaus et al, 2001)); the list of programs chosen for the experiment is in Table

Table 5.6: Memory Configuration Details

Parameter DRAM| SOT-
MRAM

Channel 4

Banks 8

Rank 1

Clock 800Mhz

tRCD 11 12

tRP 11 12

tRRD 5 6

Memory FRFCFS

Controller

5.3.3 Experimental Set-Up for Multi-core Systems

DESTINY (Design Space Exploration for Non-volatile Memory Technology)Mittal
et al) (2017) is a simulator for exploring and analyzing non-volatile memory (NVM)
technologies. It is a tool used in computer architecture and memory design to evalu-
ate different NVM technologies and configurations’ performance, power consumption,

and area characteristics. The DESTINY simulator core was employed for conducting
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Table 5.7: Benchmark program Details

Category Programs
Automotive Bitcount, Qsort, Su-
san

Network Patricia
Security Blowfish, Rijndael
Telecomm FFT (Fourier)

micro-architectural circuit-level experiments, optimizing the main memory’s results

for various memory capacities. The system-level experiments integrate two standard

Table 5.8: Workloads from the PARSEC (Bienia et al), 2008a) benchmark suite used in the
study.

Program Application Domain
blackscholes Financial Analysis
canneal Engineering
dedup Enterprise Storage
facesim Animation

ferret Similarity Search
fluidanimate Animation
freqmine Data Mining
swaptions Financial Analysis
Vips Media Processing
x264 Media Processing

Gemb(Binkert et al), 2011)- NVMain(Poremba and Xie, 2012) Simulators. Gem5 is
a system-level simulator for computer architecture simulation in full system mode.
NVMain supports non-volatile main memory technology in hybrid and stand-alone
modes. The benchmark programs used in the experiments are summarized in Table
@. Benchmark programs for the experiments are taken from the popular benchmark
suite Princeton Application Repository for Shared-Memory Computers (PARSEC)
benchmark suite(Bienia et all, 2008b). It is a collection of programs used to evaluate

multi-core machines. The accuracy of experimental results is crucial in evaluating a
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system’s performance, which is often achieved through simulation environments. In
this study, experiments were conducted using the full system(FS) simulation envi-
ronment of the gemd-NVMain simulator. The FS mode provides a more accurate
representation of system interactions with the operating system compared to system

emulation (SE) mode(Binkert et al), 2011)).

Table 5.9: Gem5-NVmain Simulator Set-up

Parameter Description
ISA X86
CPU Detailed,2GHz
L1-T & D cache 64KB,64B Block size
L2 1024KB,64B Block size
Main Memory 4 GB (DRAM /SOT-MRAM)
Hybrid Main Memory 1GB DRAM, 3GB SOT-MRAM
The kernel used in Full System Mode Linux-2.6.22.9

Table 5.10: Memory Configuration Details

Memory Parameters Values
Channels 4
Rank 1
Banks 8
Rows 32768
Cols 64
Memory Scheduling FRFCFS
Row Buffer Policy ClosePage

The NVMain configuration files for SOT-MRAM were populated using the ap-
proach proposed to design new memory devices compatible with DDRz protocol stan-
dards (Asifuzzaman et al), 2022). In our experiments, we employed a lower scaling
factor for SOT-MRAM, considering its improved performance and modified sensing
methods while still adhering to the DDRx protocol, similar to DRAM. This con-
servative approach was based on our circuit-level analysis results and supported by

strong evidence from references (Oh et al, 2023) (Rai et all, 2022) and (Saha et al,,
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2022). In contrast, STT-MRAM was scaled at 1.25x, resulting in comparatively infe-
rior read-write latency(Asifuzzaman et al), 2022). Additionally, we set other param-
eters following the DDR3-1600 standard, utilizing models sourced from the micron
data sheet(Micron, 2018). Table @ lists all the multi-core environment-related pa-
rameters, viz., clock speed, caches, memory controller and OS kernel used for FS
simulation. Table provides information on the parameters associated with the

memory configuration and scheduling algorithm used in the F'S simulation.

5.4 Results and Discussion

This section comprehensively analyses the circuit-level main memory parameters for
three memory technologies: DRAM, STT-MRAM and SOT-MRAM. An initial system-
level emulation of the embedded system results is discussed. Then, the full system
simulation and analysis consider the influence of a multi-core environment with dif-
ferent memory organizations and various memory capacities on memory structures.
The work encompasses various metrics across workloads, including latency, power
consumption, and bandwidth. Additionally, it examines the impact of various design
parameters on the performance of SOT-MRAM. To conduct this analysis, we employed
the exploration Algorithm B, which allowed us to obtain valuable circuit-level results

and insights.

5.4.1 Analysis of Micro-architecture Level NVM Main Mem-

ory Design Exploration

This section presents the results of micro-architecture level main memory exploration.
We will focus on the circuit-level analysis of 1GB to 128GB of main memory. The
ensuing analysis is conducted based on our in-depth understanding and by compelling

evidence from (Rai et al), 2022) and (Saha et all, 2022).

Total Area

In Figure @, we observe the impact of memory size on the area occupied by different
main memory technologies, viz DRAM, STT-MRAM, and SOT-MRAM. As we vary

the memory size from 1GB to 128GB, it is evident that the overall memory area also
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increases by approximately two times across all memory technologies. The results show
that the area occupied by the DRAM to STT-MRAM main memory chip undergoes a
significant reduction approximately four times when STT-MRAM replaces DRAM. In
parallel, our analysis also shows a substantial reduction in the total chip area occupied
by SOT-MRAM to DRAM, which amounts to three times. These results underscore
the efficiency and area-saving advantages of employing SOT-MRAM as an alternative
memory technology. The same is listed in Table . Positive values indicate an

increase in the area while negative indicates a decrease in the area (percentage-wise).

Analysis of Total Area(mmz)
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Figure 5.2: Analysis of Area(mm?)

Table 5.11: Average Percentage change of Circuit Level Parameters for Main memory.

Parameters(%) DRAM to STT-MRAM STT to SOT SOT to DRAM
Total Area(mm?) -80.19 88.88 -62.59
Read Latency(ns) -75.22 -13.91 -78.72
Write Latency(ns) -70.68 -29.89 -79.98
Read Dynamic Energy(pJ) -72.17 -16.62 -75.98
Write Dynamic Energy(pJ) -78.84 -65.48 -92.70
Leakage Power 187.64 -15.90 139.38
EDP-Read -92.73 -27.95 -94.54
EDP-Write -93.44 -77.36 -98.56
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The reduction in the area presents two significant advantages. Firstly, it allows for
higher memory density in a given physical space, making it possible to accommodate
larger memory sizes. Secondly, it provides the opportunity to maintain the same
memory capacity as DRAM while utilizing MRAM technology with a more compact
memory area. STT-MRAM enables a 4x increase in memory size, while SOT-MRAM
offers 3x more memory capacity. SOT-MRAM is preferred over STT-MRAM as it

overcomes the limitations associated with the latter.

Read and Write Latency

The analysis of main memory read latency (Fig.@) reveals significant latency re-
ductions that can be achieved by adopting STT-MRAM and SOT-MRAM over tra-
ditional DRAM. At 1GB memory size, STT-MRAM offers approximately 4.56 times
faster read access than DRAM, while SOT-MRAM showcases an even more impres-
sive 5.61 times improvement. These reductions continue across various memory sizes,
with STT-MRAM and SOT-MRAM consistently outperforming DRAM in read access

times.

Similarly, regarding write latency, STT-MRAM and SOT-MRAM demonstrate
substantial improvements over DRAM. At 1GB memory size, STT-MRAM provides
around 2.68 times faster write access, while SOT-MRAM achieves a remarkable 6.34
times improvement. These gains continue at larger memory sizes, with STT-MRAM
offering approximately 3.56x faster write access on average compared to DRAM and
SOT-MRAM, delivering an impressive 5.16x improvement. Also, STT-MRAM takes

3x to 2x more write access time than SOT-MRAM at various memory capacities.

In conclusion, adopting MRAM-based technologies, especially SOT-MRAM presents
a compelling opportunity to significantly reduce both read and write access times com-
pared to traditional DRAM. These latency reductions have the potential to enhance
overall system performance and make MRAM-based main memory systems a promis-
ing choice for future memory architectures. SOT-MRAM’s ability to overcome the
long and unreliable write times of STT-MRAM makes it a superior replacement for

DRAM regarding access latencies.
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Analysis of Access Time(ns)
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Figure 5.3: Analysis of Access Latency(ns)

Dynamic Energy

The analysis of access energy consumption in main memory reveals notable differences
among memory technologies (Flg@) When DRAM main memory is compared to
STT-MRAM main memory, significant reductions in read dynamic energy are ob-
served, with an average decrease of approximately 72.18%. Similarly, SOT-MRAM
has 75.98% read energy reduction compared to DRAM. Further, SOT-MRAM reduces
the read dynamic energy by 16.62% on average compared to STT-MRAM.

The write dynamic energy (Fig.@) reduction from STT-MRAM in place of DRAM
results in an average decrease of about 78.84%. In contrast, the STT-MRAM to
SOT-MRAM main memory comparison yields a reduction of approximately 65.48%.
Replacing DRAM from SOT-MRAM leads to the most significant energy reduction,
with an average decrease of around 92.70% for write dynamic energy.

These findings highlight the potential benefits of adopting MRAM-based tech-
nologies, especially SOT-MRAM, in reducing the energy consumption of main mem-
ory systems. The considerable energy reductions achieved through these transitions
can improve energy efficiency and lower power consumption in memory-intensive ap-

plications, making SOT-MRAM-based main memory systems a promising choice for
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Figure 5.4: Analysis of Access Energy consumption(nJ)

energy-conscious memory architectures.

Energy-Dealy Product(EDP)

Fig.@ presents the Energy-Delay Product (EDP) analysis in main memory micro-
architecture, revealing significant advantages of transitioning from DRAM to MRAM-
based technologies, particularly SOT-MRAM. At 1GB memory size, STT-MRAM of-
fers approximately 93.71% lower EDP for read operations and around 85.99% lower
EDP for write operations than DRAM. However, SOT-MRAM outperforms DRAM
and STT-MRAM, with approximately 96.35% and 96.62% lower EDP for read and
write operations, respectively.

At 8GB memory size, STT-MRAM shows around 97.16% and 98.86% EDP re-
duction for read and write operations, respectively, compared to DRAM. Yet, SOT-
MRAM exhibits even greater improvements, with approximately 97.88% and 99.75%
lower EDP for read and write operations, respectively.

For the 64GB memory size, STT-MRAM achieves approximately 90.23% lower
EDP for read operations and around 92.59% lower EDP for write operations compared

to DRAM. On the other hand, SOT-MRAM again surpasses DRAM and STT-MRAM,
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Figure 5.5: Analysis of micro-architecture level EDP

showing approximately 92.35% and 98.58% lower EDP for read and write operations,

respectively.

Finally, at 128GB memory size, STT-MRAM exhibits around 80.04% lower EDP
for read operations and approximately 84.14% lower EDP for write operations com-
pared to DRAM. Nevertheless, SOT-MRAM remains the superior choice, showcasing
approximately 84.68% and 97.12% lower EDP for read and write operations, respec-
tively.

On average, STT-MRAM provides an EDP reduction of approximately 92.73% for
read operations and around 77.37% for write operations compared to DRAM. However,
SOT-MRAM continues to exhibit the most significant improvements, with an average
EDP reduction of approximately 94.55% for read operations and 98.57% for write
operations compared to DRAM.

The substantial EDP reductions observed in SOT-MRAM indicate its superiority
over DRAM and STT-MRAM. The technology’s ability to deliver remarkably lower
energy consumption and access delays makes it a highly favourable alternative for
energy-efficient memory architectures, offering the potential for enhanced system per-

formance and reduced power consumption.
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Leakage Power

In Fig.@, the main memory analysis reveals interesting insights regarding leakage
power. STT-MRAM consumes approximately 1.8 times more than DRAM, while
SOT-MRAM consumes around 1.3 times more than DRAM and has 0.5 times less
leakage power than STT-MRAM. Despite this higher leakage power, other essential
performance parameters strongly favour SOT-MRAM.

Analysis of Leakage Power(Watts)

T T T T T

256

DRAM —f—
STT-MRAM
SOT-MRAM —fli—

128

Leakage Power(W)

fGB 2GB 4GB 8GB 16GB 32GB 64GB 128GE
Memory Size

Figure 5.6: Analysis of Leakage Power(W)

In conclusion, the analysis reveals that STT-MRAM and SOT-MRAM consistently
outperform DRAM regarding access time. SOT-MRAM showcasing the most impres-
sive performance in Table . On average, SOT-MRAM provides approximately
4.83 times faster read access and 5.16 times faster write access than DRAM, mak-
ing it a superior option for memory-intensive tasks. Furthermore, SOT-MRAM leads
in energy efficiency, achieving remarkable reductions in dynamic energy consumption
compared to DRAM. On average, SOT-MRAM demonstrates a 75.98% reduction in
read dynamic energy and a significant 92.70% reduction in write dynamic energy.
While STT-MRAM also exhibits energy savings, SOT-MRAM’s improvements are
more substantial.

The Energy-Delay Product (EDP) further highlights the dominance of SOT-MRAM,
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offering approximately 94.54% and 98.56% reductions in read and write EDP com-
pared to DRAM, respectively, outperforming both DRAM and STT-MRAM. Regard-
ing chip area, SOT-MRAM is more efficient, occupying approximately three times
less space than DRAM. Although STT-MRAM can provide higher memory density,
it has significant disadvantages, such as read disturbance, high write time, and energy
consumption.

Despite having slightly higher leakage power than DRAM, SOT-MRAM exhibits
nearly 16% less leakage than STT-MRAM. Combined with its superior access time,
dynamic energy savings, lower EDP, and better memory density, as shown in Table
(fourth column), SOT-MRAM proves to be a compelling alternative to replace
DRAM in primary memory systems. Its potential for improved memory performance
and energy efficiency, along with overcoming the drawbacks of STT-MRAM Table
(third column), solidifies SOT-MRAM as the more promising choice for next-
generation memory solutions.

Table summarizes three memory technologies’ average micro-architectural pa-
rameter values. Positive values denote an increase, whereas negative values indicate
a reduction in the corresponding parameters. The first column lists the parameters,
while the subsequent columns compare values between DRAM and STT-MRAM, STT-
MRAM and SOT-MRAM, and DRAM and SOT-MRAM, respectively.

The analysis shows that at the circuit level, SOT-MRAM performs better than
DRAM. However, when adapting an NVM cell for main memory using the same
DDRrx protocol, we took a cautious approach. In the following section, we will delve
into system-level simulations and their results, where we intentionally scaled the cur-
rent and timing parameters for SOT-MRAM beyond what DRAM typically uses as
in (Asifuzzaman et al|, 2022; Asifuzzaman, 2019). Even with these conservative ad-
justments, SOT-MRAM not only exhibited similar performance to DRAM but even

outperformed it in some aspects.

5.4.2 Embedded System Level Analysis

Circuit level analysis gives us strong evidence that in terms of leakage power and
write energy, SOT-MRAM has better qualities than DRAM and STT-RAM. In this

subsection, we discuss the results obtained while performing system-level analysis using
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MiBench(Guthaus et all, 2001), an open-source embedded benchmark. Though we
included several programs from the benchmark, we included only a few in our results,
which had comparative results. This work could be used as evidence to establish
SOT-MRAM as a memory in embedded devices. These devices have strict energy
constraints, and hence, power consumption is an important factor; hence, a reduction

in power consumption can enhance the battery life of such devices.

Analysis of Power

Power contribution is an important factor to be considered in embedded systems. We
analyzed the power consumed for burst operation and the total power consumed by
different programs. The total power consumed is the sum of power consumed for
a refresh as well as other operations. Figure @ and @ give the details of these
power consumption. For all these benchmark programs, the total power consumed by
SOT-MRAM is much lower than that of DRAM. However, in the case of burst power,
there is only a difference of 6.1%. On average, SOT-MRAM consumes 46.09% less
total power than DRAM; for the benchmark programs considered in our experiments,
this reduction is mainly because there is no refresh power in SOT-MRAM. In most
cases, SOT-MRAM has nearly a 50% power consumption reduction. The total power
consumed may depend on write operations as well because write consumes more energy

in DRAM.

Performance Analysis

Even though power is an essential factor in embedded systems, we cannot compromise
performance entirely. Next, we analyzed the memory behaviour regarding time spent;
figure @ shows the time spent by different benchmark programs using DRAM and
SOT-MRAM as main memory. Even though the parameters for SOT-MRAM were set
at 1.1x times higher than DRAM, the total time taken for the benchmark program is
less when compared to DRAM. On an average, there is a performance improvement
of nearly 30% when we compared the time spent in cycles, this is because as we see in
latency comparison graph, read latencies of SOT-MRAM is lower than DRAM when
the size chosen is 4 GB. In our analysis, we have considered the benchmark programs

which have nearly similar time spent, Patricia, Qsort have large memory footprints,
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and they have too much deviation from other programs; hence we have not included
them in the graph. In this work, we have proposed and analyzed the impact of using
SOT-MRAM as the embedded system’s main memory technology. Our experiments
show that SOT-MRAM has a power reduction of up to 46.09 % in comparison to
DRAM on average. In the case of performance, SOT-MRAM is 30% better than

DRAM as a potential main memory candidate.
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Figure 5.9: Analysis of Time Spent for Execution
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5.4.3 Full System Analysis of Multi-core Environment

In this section, we examine how different applications in a multi-core environment
perform in terms of power consumption, bandwidth utilization, EDP (Energy-Delay

Product), and total latency when using DRAM, hybrid memory, and SOT-MRAM as

the main memory structures.

Analysis of Total Power Consumption

This section analyses the total power consumed by different memory structures. Figure

|5.10a|,|5.11a|,|5.12a| and l5.13a| depicts the total power consumed by different benchmark

programs. Analysis was performed in single-core, dual-core, quad-core, and octa-core
environments. The values in Table shed light on the power consumption of each
memory technology across different core configurations. When values are positive,
there’s an increase in total power consumption, while negative values indicate a re-
duction. This analysis helps us understand how core counts influence the total power
consumption of different memory technologies under various application workloads.

We consistently observe reductions when comparing DRAM and Hybrid memory
power consumption across various core configurations. In a single-core setup, Hybrid
memory consumes 62.16% less power than DRAM. This reduction remains consistent
as the number of cores increases, with power reductions of 61.32%, 60.99%, and 61.59%
in 2-core, 4-core, and 8-core environments, respectively.

It is interesting to note that full SOT-MRAM main memory outperforms DRAM in
terms of power consumption. Specifically, in a 1-core environment, full SOT-MRAM
exhibits 74.78% less power consumption, which significantly improves over DRAM.
This trend continues as the number of cores increases, with reductions of 73.73%,
73.97%, and 73.73% in 2-core, 4-core, and 8-core environments, respectively.

The analysis shows that SOT-MRAM consistently has lower power consumption
than Hybrid memory. In a 1-core environment, the SOT-MRAM configuration shows
a 33.36% decrease in power consumption compared to Hybrid memory. This re-
duction remains consistent in 2-core, 4-core, and 8-core environments, with 32.09%,
33.26%, and 31.61% less power consumption, respectively. These findings suggest that
SOT-MRAM is more efficient and cost-effective for power-conscious applications than

DRAM.
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Table 5.12: Comparison of the memory structures Total power consumption(%)

Total Power Consumption

No.of Cores DRAM and Hybrid DRAM and SOT-MRAM Hybrid and SOT-MRAM
1-core -62.16 -74.78 -33.36
2-Core -61.32 -73.73 -32.09
4-Core -60.99 -73.97 -33.26
8-Core -61.59 -73.73 -31.61
Average -61.51 -74.05 -32.58

In conclusion, regardless of the number of cores, on average, full SOT-MRAM
demonstrates superior power reduction(74.05%) compared to both DRAM and Hy-
brid memory configurations. Its consistent performance across various core configu-
rations makes it a promising and energy-efficient memory technology for multi-core

environments.

Analysis of Bandwidth

The exploration of bandwidth utilization across different core configurations and mem-
ory technologies yields insights into three memory structures. The values presented
in Table provide insights into the performance of each memory technology across
varying core configurations. Positive values indicate an increase in bandwidth utiliza-
tion, while negative values signify a reduction. This analysis elucidates the impact of

core counts on the bandwidth utilization of different memory technologies.

Table 5.13: Comparison of the memory structures Bandwidth Utilization(%)

Average Bandwidth(%)

No.of Cores DRAM and Hybrid DRAM and SOT-MRAM Hybrid and SOT-MRAM
1-core 29.24 40.36 -8.60
2-Core 29.18 41.24 -9.34
4-Core 27.98 40.89 -10.09
8-Core 26.98 37.90 -8.60
Average 28.34 40.10 -9.16

Figure |5.10d|,b11d|,l5.12d|, and presents the details of the bandwidth utiliza-

tion for different memory technologies. In bandwidth utilization higher the value
better the result.

SOT-MRAM consistently demonstrates the highest bandwidth utilization across all
core configurations. In a single-core setup, SOT-MRAM achieves an impressive 40.35%

increase in bandwidth utilization compared to DRAM. Moreover, Hybrid memory
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attains a 29.24% enhancement over DRAM, while its performance is slightly diminished
by 8.60% when compared to SOT-MRAM.

As the core counts increase, this trend perseveres. SOT-MRAM maintains its
bandwidth utilization superiority in dual-core, quad-core, and octa-core environments,
sustaining an average increase of 40.10%. In contrast, DRAM and Hybrid memory
showcase comparatively lower values. This consistent pattern underscores the ex-
ceptional efficiency of SOT-MRAM in managing data-intensive tasks across diverse
computational workloads.

Furthermore, a closer examination of the percentage change values accentuates
this prevailing trend. On average, SOT-MRAM exhibits an impressive 40.10% higher
bandwidth utilization than DRAM, with Hybrid memory having a noteworthy 28.34%
advantage over DRAM. Notably, Hybrid memory’s edge over SOT-MRAM diminishes
significantly to -9.16%, underscoring the consistent and superior performance of SOT-
MRAM in optimizing bandwidth utilization.

In conclusion, this in-depth analysis highlights the significant influence of memory
technology on bandwidth utilization, with SOT-MRAM standing out as the preferred
option across a range of core configurations. Its consistently maintaining high band-
width utilization under varying workloads underscores its potential to enhance overall

system performance and efficiency.

Analysis of Total Latency

Table 5.14: Comparison of the memory structures Total Latency (%)

Average Latency of Main memories

No.of Cores DRAM and Hybrid DRAM and SOT-MRAM Hybrid and SOT-MRAM
1-core 5.72 4.98 0.71
2-Core 1.13 0.22 0.91
4-Core 4.37 -0.68 4.84
8-Core 3.61 -4.81 8.12
Average 3.71 -0.07 3.64

Examining total latency across various core configurations and memory technolo-
gies yields significant insights into their performance dynamics. The comparison of
DRAM, Hybrid memory, and SOT-MRAM structures, as showcased in Table ,
each entry in the table represents the percentage change in total latency when tran-

sitioning between memory technologies for different core counts. The interpretation
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of positive and negative values reveals the percentage increase or decrease in latency,

effectively highlighting the impact of memory technologies. To further enhance clar-

ity, Figures |5.10d, IB.lch |5.12c|, and 15.13(1 visually represent these trends, elucidating

the intricate interplay between core counts and memory technologies in influencing
latency outcomes. Notably, a lower latency value indicates better performance, un-
derscoring the critical role of memory technology and core configuration in shaping

system responsiveness.

Analyzing the average latency across all core configurations provides a more com-
prehensive view. On average, Hybrid memory showcases a latency of approximately
47.80 cycles, while DRAM records a latency of about 46.14 cycles, and SOT-MRAM
demonstrates the lowest latency at around 43.92 cycles. This reveals that SOT-MRAM
consistently offers the lowest latency values regardless of the core count, while Hybrid

memory and DRAM follow closely.

In a single-core environment, replacing DRAM with Hybrid memory leads to an
increase of 5.72% in total latency, indicating that Hybrid memory technology takes
slightly longer to execute tasks in this configuration. Similarly, comparing DRAM
to SOT-MRAM, a 4.98% increase in latency is observed for core-1, underlining the
potential efficiency of SOT-MRAM in single-core scenarios. As core counts rise to 2,
the trend continues. For DRAM to Hybrid memory, the increase in latency drops to
1.13%, showing that the difference in latency between the two memory technologies
diminishes with more cores. Comparing DRAM to SOT-MRAM in a dual-core setup
yields a mere 0.22% increase in latency for Hybrid memory, implying a minimal impact
on performance. Interestingly, core-4 showcases a varying impact. For DRAM to
Hybrid memory, the latency increase becomes more significant at 4.37%, suggesting
that Hybrid memory may become less favourable in quad-core environments. On
the other hand, comparing replacing the DRAM to SOT-MRAM results in a -0.68%
latency reduction for core-4, signifying SOT-MRAM’s suitability for specific multi-core
workloads. Core-8 reveals further intriguing outcomes. DRAM to Hybrid memory
results in a latency increase of 3.61%, while switching from DRAM to SOT-MRAM
leads to a substantial latency reduction of -4.80%. This divergence highlights the
potential of SOT-MRAM to excel in highly parallel computational scenarios.

One notable trend is the consistent latency increase when transitioning from DRAM
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to Hybrid memory. Across various core counts, the latency values for Hybrid mem-
ory consistently exceed DRAM’s. On average, Hybrid memory exhibits around 3.70%
higher latency than traditional DRAM. This increase in latency aligns with the charac-
teristics of Hybrid memory, which typically introduces some overhead due to its com-
plex architecture. However, when assessing the shift from DRAM to SOT-MRAM, a
different pattern emerges. The average latency change is almost negligible, with SOT-
MRAM showcasing a mere 0.07% variation from DRAM. This outcome indicates that
SOT-MRAM performs on par with, if not better, DRAM in terms of latency. This
holds across different core counts, suggesting SOT-MRAM’s consistently delivering
efficient memory access, reinforcing its suitability for diverse computational loads.

In summary, the analysis underscores memory technology’s pivotal role in influenc-
ing total latency. Hybrid memory consistently introduces a modest latency increase
compared to DRAM, with variations influenced by core counts. On the other hand,
SOT-MRAM maintains latency levels comparable to or better than DRAM across dif-
ferent core configurations. This study advocates for SOT-MRAM’s adoption, given its
potential to enhance system responsiveness, particularly in multi-core environments.
These findings contribute to the broader discourse on memory technology’s impact on
system performance and highlight SOT-MRAM as a compelling choice for memory

system optimization.

Burst Power

Figure |5.10b|,|5.11b|,15.12b| and shows the burst power analysis conducted across

various core configurations (ranging from single-core to octa-core) and memory tech-
nologies (DRAM, Hybrid memory, and SOT-MRAM) provides valuable insights into
the dynamic interaction between core count and memory technology. As we examine
the burst power values, it becomes evident that core count and memory technology
play pivotal roles in determining power consumption patterns. When focusing on the
average burst power values, we find that the lowest value is associated with DRAM at
0.016 watts, Hybrid memory at 0.023 watts, and SOT-MRAM with the highest burst
power consumption at 0.034 watts. Considering the impact of core count, a consis-
tent trend emerges: as the number of cores increases, the burst power consumption

converges around the average values mentioned above across all memory technologies.
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Analysis of EDP

The analysis conducted on the Energy-Delay Product (EDP) across diverse core con-
figurations and memory technologies offers valuable insights. The comparison of sub-
stituting DRAM with Hybrid or SOT-MRAM memory technologies across varying
core counts, along with the average EDP values, is presented in Table . Addi-
tionally, the findings illustrated in Fig. underscore a notable trend: EDP values
tend to converge around the memory technology employed rather than the number of
cores. This analysis comprehensively explains the intricate relationship between core
configurations, memory technologies, and EDP.

The comparative analysis between DRAM and Hybrid Memory Structures demon-
strates a consistent average reduction of approximately 57.08% in the Energy-Delay
Product (EDP) across varying core configurations. This underscores the inherent
energy efficiency improvements that Hybrid memory consistently provides over con-
ventional DRAM, regardless of the number of cores in the system.

Similarly, the comparison between DRAM and SOT-MRAM Memory Structures
reveals an average EDP reduction of approximately 72.85% across diverse core counts.
This underscores the substantial energy-saving potential inherent in SOT-MRAM

when juxtaposed with DRAM, irrespective of the system’s core configuration.

Table 5.15: Comparison of Percentage Change in EDP of Main memories(%)

Average Energy-Delay Product(EDP) of Main memories

No.of Cores DRAM and Hybrid DRAM and SOT-MRAM Hybrid and SOT-MRAM
1-core -52.82 -69.62 -35.61
2-Core -58.50 -72.78 -34.41
4-Core -60.56 -73.60 -33.06
8-Core -56.45 -75.40 -43.53
Average -57.08 -72.85 -36.65

Further, examining SOT-MRAM and Hybrid Memory Structures elucidates an
average EDP reduction of approximately 36.65% across varying core counts. This
finding underscores the synergy between Hybrid memory and SOT-MRAM, showcasing
their collective capacity to enhance energy efficiency in memory systems, irrespective of
core count fluctuations. The findings conclusively establish that the choice of memory
technology exerts a substantial influence on Energy-Delay Product (EDP), whereas the

impact of core count remains marginal. Hybrid memory and SOT-MRAM consistently
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Figure 5.14: EDP of Multi-cores.

emerge as superior alternatives to conventional DRAM in terms of energy efficiency,
emphasizing their potential to optimize energy consumption and performance within

memory systems.

5.4.4 Memory Organization Analysis

In this section, three memory organizations for DRAM, Hybrid and SOT-MRAM main
memory are evaluated. Table presents a comparison of system-level parameters
for three memory organizations: DRAM-1, DRAM-2, DRAM-3, Hybrid-1, Hybrid-2,
Hybrid-3, SOT-MRAM-1, SOT-MRAM-2, and SOT-MRAM-3. The metrics include
total power consumption (Watts), burst power (W), average latency (in cycles), band-
width (MB/s), and Energy-Delay Product (EDP). Positive values indicate an increase,
while negative values represent a reduction in the respective parameter.

Fig. and present EDP, power, and performance analysis of the three
memory organizations evaluated.

Looking at the total power consumption, SOT-MRAM-1 stands out as the most
power-efficient, followed closely by Hybrid-1 and DRAM-3. Burst power favors Hybrid-

1, with SOT-MRAM-1 and SOT-MRAM-2 showing comparable results. Regarding
123



5. SOT-MRAM as an alternative to DRAM in Main Memory for Embedded Systems
and Multi-Core Environment

Table 5.16: Different memory organizations for evaluation

Memory Parame- DRAM/SO’ Hybrid DRAM/SO’ Hybrid DRAM/SO’ Hybrid
ters MRAM MRAM MRAM
Memory Organization 1 Memory Organization 2 Memory Organization 3
Channels 4 143 2 1+1 4 242
Rank 1 1 2 2 1 1
Banks 8 8 8 8 4 4
Rows 32768 32768 32768 32768 8192 8192
Columns 64 64 64 64 512 512
Main Memory 4GB 1GB 4GB 2 GB + 4GB 2 GB +
Size DRAM + 2GB 2GB
3GB SOT
Memory Schedul- FRFCFS
ing
Row Buffer Policy ClosePage
MAT Height 32768 2048
Row Buffer Size 1 2
Table 5.17: Comparison of Three Memory Organizations
Comparision of Memory Organizations of Full System Simulation
System Level Parameters(Avg.) Dram-1 &2 DRAM- Dram- Hybrid- Hybrid- Hybrid- SOT- SOT- SOT-
2 & 3 &1 1&2 283 143 MRAM-  MRAM- MRAM-
3 1 &2 2 &3 1 &3
Total power(Watts) 1.55 - - 51.37 - -2.16 4.23 10.10 14.75
36.56 37.54 35.36
Burst Power(Watts) 1.03 109.90 112.06 -7.03 29.33 20.24 1.52 -0.74 0.78
Average Latency(in Cycles) -0.91 -4.05 -4.92 -0.18 103.78 103.41 3.45 6.46 10.14
Bandwidth (MB/s) 5.24 - - 3.44 - - -4.75 -6.30 -10.75
60.58 58.51 52.87 51.25
EDP -3.32 - - 50.82 170.32 307.70 1150 24.90 39.26
41.57 43.51
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Figure 5.15: Analysis of EDP for memory organizations
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bandwidth, SOT-MRAM configurations exhibit higher values, with SOT-MRAM-
1 leading the way. Regarding average latency, DRAM-3 has the lowest latency,
while Hybrid-3 shows the highest. As for EDP, DRAM-3 demonstrates the lowest
energy-delay product, indicating better overall performance. Comparing the different
DRAM configurations, DRAM-2 and DRAM-3 show similar results in most param-
eters. Hybrid-1 offers the best performance among the Hybrid configurations, while

Hybrid-2 and Hybrid-3 have higher latency values.

In the case of SOT-MRAM, SOT-MRAM-1 and SOT-MRAM-2 are generally more
power-efficient and have lower latency compared to SOT-MRAM-3. When comparing
the best-performing memory configurations among DRAM, Hybrid, and SOT-MRAM,

Hybrid-1 and SOT-MRAM-1 stand out with lower power consumption, latency, and
bandwidth. In terms of EDP, SOT-MRAM-1 exhibits the most favourable results.

In conclusion, Hybrid-1 and SOT-MRAM-1 emerge as the best-performing memory
organizations among the tested configurations, offering a balance of power efficiency,
low latency, high bandwidth, and favourable EDP. These findings highlight the po-
tential benefits of adopting Hybrid and SOT-MRAM technologies for next-generation
memory solutions, showcasing their superior performance over traditional DRAM con-

figurations.

Regarding total power consumption, Hybrid-1 shows a significant advantage with
a 60.74% reduction compared to DRAM-2. However, SOT-MRAM-1 outperforms
DRAM-2 and Hybrid-1 with a remarkable 73.21% reduction in total power. Regarding
burst power, SOT-MRAM-1 consumes the highest, with a 102.81% increase compared
to DRAM-2 and a 44.55% increase compared to Hybrid-1. Average latency is slightly
improved in DRAM-2 and SOT-MRAM-1 configuration by 4.55% and 3.94%, respec-
tively, compared to Hybrid-1. For bandwidth, both DRAM-2 and SOT-MRAM-1 show
improvements compared to Hybrid-1, with percentage increases of 20.66% and 31.03%,
respectively. EDP reduction is most significant in SOT-MRAM-1, showing a 75.27%
reduction compared to DRAM-2 and a 42.36% reduction compared to Hybrid-1.

Overall, SOT-MRAM-1 exhibits the best balance of power, performance, and en-
ergy efficiency among the three memory configurations, making it the most promising

choice for next-generation memory solutions.
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5.4.5 Memory Capacity Based Analysis

This section analyses how different main memory technologies with varying capac-
ities, organized into three memory structures, affect system-level parameters when
employing an optimal memory organization. The study investigates how these mem-
ory configurations impact performance and power consumption in the overall system.
The results shed light on the relationship between memory capacity, organization, and
key system-level metrics, helping to make informed decisions on memory architecture
for improved overall system performance and efficiency. Fig. presents the results
for 4GB to 128GB main memory as the average of values across all workloads from
PARSEC. Table- shows the various capacity hybrid memory compositions from
4GB to 128GB used in the analysis.

Table 5.18: Composition of Hybrid Memories.

Hybrid Memory Size DRAM(GB) SOT-MRAM(GB)
4GB 2 2
8GB 4 4
16GB 8 8
32GB 16 16
64GB 32 32
128GB 64 64

The analysis of total power consumption for the given workloads is shown in
Fig.. The following points analyse the DRAM, Hybrid and SOT-MRAM memory

structures.

o« DRAM and Hybrid: The hybrid memory configuration shows a notable reduction
in total power consumption compared to DRAM across all capacities, ranging
from -30.96% to -68.28%. At 16GB capacity, the hybrid memory demonstrates
a surprising 67.46% increase in power consumption, suggesting that it may not

be the optimal choice for this specific capacity.

e DRAM and SOT-MRAM: The SOT-MRAM configuration consistently displays
significant power savings over DRAM, with reductions ranging from -37.3% to
-84.62%.At 64GB capacity, the SOT-MRAM configuration shows a 61.89% de-
crease in power consumption, highlighting its superiority over DRAM for this

capacity.
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o Hybrid and SOT-MRAM: The SOT-MRAM memory configuration experiences
varying power savings compared to the hybrid memory configuration, ranging
from -9.25% to -62.75% reduction. At 16GB capacity, the SOT-MRAM memory
exhibits a 62.74% decrease in power consumption compared to hybrid memory,

indicating its potential advantage over hybrid memory for this capacity.

Overall, the analysis reveals that SOT-MRAM consistently demonstrates the most
significant power savings compared to DRAM and hybrid memory across different ca-
pacities. However, it is crucial to consider specific capacity requirements when selecting
the optimal memory organization to balance power consumption and performance.
Figure illustrates the average Energy-Delay Product (EDP) analysis for op-

timal memory organizations suitable for 4GB to 128 GB capacity.

« DRAM and Hybrid: The hybrid memory configuration shows an increase in
EDP compared to DRAM, with the percentage change ranging from 79.61%
to 481.14%.At 8GB capacity, the hybrid memory exhibits the highest increase
in EDP, indicating that it may not be the most energy-efficient option for this

specific capacity.

e DRAM and SOT-MRAM: The SOT-MRAM configuration demonstrates a re-
duction in EDP compared to DRAM, with the percentage change ranging from
-33.75% to -82.17%.At 4GB capacity, the SOT-MRAM configuration exhibits
the highest reduction in EDP, suggesting it may offer better energy efficiency

for low-capacity scenarios.

o Hybrid and SOT-MRAM: The SOT-MRAM memory configuration shows a de-
crease in EDP compared to the hybrid memory configurations, with the percent-
age change ranging from -63.11% to -93.85%.At capacities of 8GB and 32GB,
the SOT-MRAM memory demonstrates the most significant EDP reduction of
-93.8% and -93.6%, respectively. This suggests that, for these specific capac-
ities, SOT-MRAM could offer enhanced energy efficiency compared to hybrid

memory.

In summary, the analysis reveals that SOT-MRAM demonstrates lower EDP values

compared to DRAM, making it a more energy-efficient choice. However, the hybrid
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memory configuration shows higher EDP values than both DRAM and SOT-MRAM,
suggesting it may not be the best option for optimizing energy efficiency. Selecting the
appropriate memory organization should consider the specific capacity requirements
and the desired trade-off between energy efficiency and performance.

In the following analysis, we consider F ig. the average bandwidth utilization

across all workloads for three memory structures.

e DRAM and Hybrid: The hybrid memory configuration experiences a decrease in
bandwidth utilization compared to DRAM, with the percentage change ranging
from -6.66 to 15.36%. At 4GB capacity, the hybrid memory demonstrates the
highest decrease in bandwidth utilization, indicating that it may not be the best

choice for low-capacity scenarios.

e DRAM and SOT-MRAM: The SOT-MRAM configuration shows an increase in
bandwidth utilization compared to DRAM, with the percentage change ranging
from 10.09% to 84.45%. At 8GB capacity, the SOT-MRAM configuration ex-
hibits the highest increase in bandwidth utilization, suggesting it may provide

better performance for this specific capacity.

o Hybrid and SOT-MRAM: The hybrid memory configuration experiences varying
changes in bandwidth utilization compared to SOT-MRAM, with the percentage
change ranging from 17.94% to -4.18%. At 64GB capacity, the SOT-MRAM
memory exhibits the highest increase in bandwidth utilization, indicating it may

offer better performance for this particular capacity.

Overall, the analysis reveals that the hybrid memory shows lower bandwidth utilization
compared to DRAM, whereas SOT-MRAM demonstrates improvements over DRAM
depending on the capacity.

Fig. presents the analysis of the three memory technologies’ average total

latency at various memory capacities.

« DRAM and Hybrid: The hybrid memory configuration exhibits a consider-
able increase in average latency compared to DRAM, ranging from 61.24% to
137.20%.At 32GB capacity, the hybrid memory shows the highest increase in

average latency, indicating that it may not be the best choice for applications.
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o« DRAM and SOT-MRAM: The SOT-MRAM configuration demonstrates a slight
increase and decrease in average latency compared to DRAM, ranging from
2.83% to -32.37%.At 8GB capacity, the SOT-MRAM configuration displays the
highest reduction in average latency by -32.37%, suggesting it may offer better

performance for this specific capacity.

o Hybrid and SOT-MRAM: The hybrid memory configuration experiences vary-
ing changes in average latency compared to SOT-MRAM, ranging from -36.23%
to -71.49%.At 8GB capacity, the SOT-MRAM memory exhibits the highest de-
crease in average latency at -71.48%, indicating it may provide better latency
performance for this particular capacity. On average, the SOT-MRAM memory
can reduce the latency and speed up workloads by 49.90%.

The analysis indicates that hybrid memory exhibits higher average latencies than
DRAM, while SOT-MRAM showcases enhancements and comparable latencies to
DRAM, contingent upon the capacity. Specific capacity needs and the intended bal-
ance between latency and performance should guide the choice of an optimal memory
organization.

The analysis of average burst power across capacities from 4GB to 128GB reveals
distinct power consumption patterns among the memory technologies in Fig..
DRAM exhibits the lowest burst power consumption at 0.015 watts, followed by hy-
brid memory at 0.017 watts. Notably, SOT-MRAM demonstrates higher burst power
consumption, registering 0.036 watts. This observation underscores the varying power
efficiency profiles of these memory technologies.

In summary, Fig. offers a comprehensive overview of the analysis conducted
on different memory technologies across various capacities, from 4GB to 128 GB.
Comparing DRAM to hybrid memory, there is a noteworthy reduction in average total
power consumption by 23.56%, and in comparison to SOT-MRAM, the reduction is
even more significant at 53.21%. Similarly, the average total latency demonstrates
a substantial increase of 115.78% when comparing DRAM to hybrid memory but a
slight reduction of -2.2% when comparing to SOT-MRAM and a larger reduction of
-49.90% for SOT-MRAM to hybrid memory.

Furthermore, the analysis shows improvements in bandwidth utilization. There

are increases of 13.27%, 83.80%, and 62.54% for DRAM to hybrid, DRAM to SOT-
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MRAM, and SOT-MRAM to hybrid comparisons, respectively. On the other hand,
the Energy-Delay Product (EDP) shows an increase of 291.72% for DRAM to hybrid
while experiencing reductions of -56.44% and -83.80% for DRAM to SOT-MRAM and
SOT-MRAM to hybrid comparisons, respectively.

It is important to note that burst power varies across different sizes, except for
SOT-MRAM, which remains consistent across all capacities. In conclusion, this anal-
ysis underscores the significance of memory technology selection based on specific
capacity requirements and trade-offs between factors such as power consumption, la-
tency, bandwidth utilization, and energy-delay products. Considering these factors,
SOT-MRAM emerges as an appealing main memory candidate. Its combination of
energy efficiency, competitive performance, and capacity scalability positions it as a
technology that could address the evolving demands of modern computing systems

while contributing to more sustainable and efficient computing practices.

5.5 Summary

This chapter explores SOT-MRAM as a primary memory alternative to DRAM in
embedded systems and multi-core environments. Our analysis indicates notable ad-
vancements across various performance parameters. The circuit level analysis shows
that SOT-MRAM offers a footprint that is three times smaller and access latencies that
are 4 to 5 times lower than those of DRAM. Additionally, it demonstrates a 72.18% re-
duction in read energy and a 92.70% decrease in write energy. System-level evaluation
of embedded systems shows that SOT-MRAM results in a 46.09% reduction in power
consumption and a 30% performance improvement over DRAM. In multi-core setups,
SOT-MRAM enhances power efficiency by 74.05%, increases bandwidth utilization by
40.10%, and reduces the @ by 72.85% while maintaining minimal latency impacts.
These findings emphasize the potential of SOT-MRAM to significantly enhance per-
formance and energy efficiency in memory systems, positioning it as a replacement for

DRAM across a broad spectrum of computing applications.
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Chapter 6

Conclusion and Future work

6.1 Conclusions

The SOT-MRAM scaling roadmap uses the proposed MFS framework integrated with
the PSC-VRO policy to demonstrate the end-to-end framework for evaluating power
performance tradeoffs. The framework also uses the results of the scaling road map
to study the density replacement of SRAM with SOT-MRAM in modern applications.
The MFS framework reduces the time for the end-to-end design. It integrates and
evaluates the different levels of the study to give a complete picture. The results
show significant benefits of using SOT-MRAM over SRAM in various performance
parameters.

Overall, SOT-MRAM offers better energy efficiency and performance improve-
ments, making it a compelling alternative to traditional SRAM. For example, it re-
duces average leakage power by around 56%, while the manageable increase in write
latency for smaller caches of below 1MB highlights the trade-off between power savings
and latency. The density replacement study confirms these results, showing that SOT-
MRAM outperforms SRAM in power consumption, latency, and bandwidth utilization
at the application level. For example, for a 1:1 MB iso-capacity replacement, SOT-
MRAM’s total power consumption was 60% lower on average compared to SRAM.
Similarly, SOT-MRAM shows an average latency improvement of around 75% and
notable gains in both read and write operations. In the iso-area comparison, replac-
ing 4MB of SRAM with 8MB of SOT-MRAM resulted in an average power reduction

of 55%, with a 50% improvement in read/write latency. These findings establish
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SOT-MRAM as an efficient and scalable memory solution for high-capacity cache im-

plementations.

The Physically Split Cache with Virtual Reordering(PSC-VRO) focused on intra-
set write variation and showed substantial reductions in WVAR and wear levelling
using the PSC-VRO method. The PSC-VRO approach consistently demonstrated
lower WVAR percentages than the baseline and the two state-of-the-art methods across
various workload mixes. The average intra-set write variation was reduced by 58.8%
with the PSC-VRO method, compared to a 48% reduction with the SA-2 method
and a 13% reduction with the SA-1 method. This reduction in variation translates
to improved reliability and longevity of the cache memory, reinforcing the benefits of
adopting SOT-MRAM in modern applications. The PSC-VRO method improved LI

by an average of 65.48%, indicating a significant enhancement in cache lifetime.

In summary, as CMOS technology scales down, SOT-MRAM’s advantages become
more prominent. SOT-MRAM exhibits reduced leakage power and area with smaller
technology nodes. The framework shows SOT-MRAM and its potential to replace
SRAM in AI, NLP, and general computing tasks. The MFS framework helps reduce
the DSE time needed to study new designs and cache management policies. Given
any new NVM design, performing an end-to-end evaluation using this framework is

straightforward.

This thesis brings a fresh approach by introducing SOT-MRAM into various mem-
ory structures within multi-core systems. The work tackles the challenge of evaluating
SOT-MRAM-based memory systems when specific parameters are missing. In-depth
investigations at the micro-architectural level and extensive full-system simulations
across diverse applications highlight SOT-MRAM’s potential as a main memory tech-
nology.

At the circuit level, SOT-MRAM offers advantages like a 3x smaller footprint,
4x to 5x lower access latencies compared to DRAM at various capacities, 72.18%
less read energy usage, and an impressive 92.70% reduction in write energy. The
system-level results conclusively demonstrate that SOT-MRAM, when used as main
memory in embedded systems, offers substantial power savings of up to 46.09% and
a 30% performance improvement over traditional DRAM. Furthermore, at the system

level, during multi-core evaluations with real workloads, it demonstrates substantial
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power efficiency with a remarkable 74.05% reduction, a 40.10% increase in bandwidth
utilization, and a significant 72.85% reduction in @ Crucially, it maintains minimal
latency impact, which is vital for real-time applications. The comprehensive evaluation
in this work, encompassing circuit-level and system-level analyses, underscores SOT-
MRAM'’s superiority over traditional DRAM. It suggests significant enhancements in
performance, energy efficiency, and minimal latency penalties. These findings position
SOT-MRAM as a technology with the potential to revolutionize memory systems
across a wide spectrum of computing applications.

The application of these results extends to various computing domains, where SOT-
MRAM can offer substantial benefits. Its reduced power consumption and enhanced
bandwidth utilization can enhance the performance of energy-sensitive applications
in fields like IoT and mobile devices. In high-performance computing, the minimal
latency impact and favourable power reduction make it a promising candidate for
optimizing memory-intensive tasks. Additionally, real-time systems, which demand
low latency and energy efficiency, can greatly benefit from the superior attributes of
SOT-MRAM. The potential for SOT-MRAM to replace or complement DRAM in
diverse computing applications is a significant step toward improved system efficiency

and performance.

6.2 Future Directions

One future work direction is to optimize sense amplifiers in the memory array and
evaluate performance against modern workloads in future work. Furthermore, de-
vice parameters may differ, and manufacturing and operating conditions can influence
results. As memory technologies continue to evolve, our findings require updates to
remain relevant. Despite these constraints, our research provides valuable insights into
integrating SOT-MRAM into memory systems with reliable simulations.

A potential enhancement for PSC would be to make the reordering interval and
partition ratio dynamic, further optimizing performance. The fault maps can be cre-
ated once the cells wear out, and a byte/frame level handling mechanism helps extend

the reliability and lifetime of LLC further.
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