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ABSTRACT

The Semiconductors Industry with the advent of submicronic manufacturing flows below 45nm
began to face new challenges to keep evolving according with the Moore’s Law. Regarding the
widespread adoption of embedded systems one major constraint became power consumption
of Integrated Circuit (IC). Also, memory technologies like the current standard of integrated
memory technology for memory hierarchy, the SRAM, or the FLASH for non-volatile storage
have extreme intricate constraints to be able to yield memory arrays at technological nodes
below 45nm. One important is up until now Non-Volatile Memory weren’t adopted into the
memory hierarchy, due to its density and like flash the necessity of multi-voltage operation.

This thesis has the objective to work into these constraints and provide some answers. Into
the thesis will be presented methods and results extracted from this methods to corroborate
our goal of delineate a roadmap to adopt a new memory technology, non-volatile, low-power,
low-leakage, SEU/MEU-resistant, scalable and with similar performance as the current SRAM,
physically equivalent to SRAM, or even better with a area density between 4 to 8 times the area
of a SRAM cell, without the necessity of multi-voltage domain like FLASH. This memory is the
MRAM (Magnetic Memory), according with the ITRS one candidate to replace SRAM in the
near future. MRAM instead of storing charge, they store the magnetic orientation provided by
the spin-torque orientation of the free-layer alloy in the Magnetic Tunnel Junction (MT]). Spin is
a quantical state of matter, that in some metallic materials can have the orientation or its torque
switched applying a polarized current in the sense of the desired field orientation.

Once the magnetic field orientation is set, using a sense amplifier, and a current flow through
the MT], the memory cell element of MRAM, it is possible to measure the orientation given
the resistance variation, higher the resistance lower the passing current, the sense will identify
a logic zero, lower the resistance the SA will sense a one logic. So the information is not a
charge stored, instead it is a magnetic field orientation, reason why it is not affected by SEU or
MEU caused due to high energy particles. Also it is not due to voltages variations to change the
memory cell content, trapping charges in a floating gate.

Regarding the MRAM, this thesis has by objective address the following aspects: MRAM
applied to memory Hierarchy:

e By describing the current state of the art in MRAM design and use into memory hierarchy;

e by providing an overview of a mechanism to mitigate the latency of writing into MRAM
at the cache level (Principle to composite memory bank);

e By analyzing power characteristics of a system based on MRAM on CACHE L1 and L2,
using a dedicated evaluation flow

e by proposing a methodology to infer a system power consumption, and performance.

e and for last based into the memory banks analyzing a Composite Memory Bank, a simple
description on how to generate a memory bank, with some compromise in power, but
equivalent latency to the SRAM, that keeps similar performance.

ix
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Part I

INTRODUCTION

From approximately 1.8 million years ago (Homo Ergaster appearance) to
the current state, the mankind evolved and, since the advent of the CMOS
circuits, the human knowledge is shifting exponentially at the speed of the
Semiconductors industry. Such is the influence of Semiconductors in the
society daily life that the advent of new memory technologies will, again,
create a huge impact in the society. This thesis is just a fragment of this
evolutional cycle and will be another forgotten milestone in the years to
come.
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Any sufficiently advanced technology is indistinguishable from magic.
— Arthur C. Clarke

This research work began sixty years ago with the advent of the Semiconductors [Mu-
seum, a,b]. There are two great milestones that made this thesis possible: the first one
is the Williams tube, that won the race for a practical random-access memory [Williams
and Kilburn, 1949]. The second one was the Core-Memory [Forrester, 1951] by Jay W.
Forrester, who to put it simply, invented the magnetic memory applied to computing
machines, long before the advent of pipelines, memory hierarchy or cache memories
[Evans].

The magnetic memories were already experimented and debunked by integrated
MOS memory [Moore, 1970; Vadasz et al., 1969]. So why try it again ? Well, the answer
is quite simple: when Forrester first experimented with it, the materials and technol-
ogy available where completely different. Currently we have sub-micronic nodes below
32nm. The planar manufacturing process did not have been invented yet or, at least,
Fairchild Semiconductors did not made it public at the time. Also, the current state-of-
the-art for the next generation is around the 10 ~ 14nm, therefore in the existing mem-
ory technologies like SRAM, FLASH and Dynamic Random Access Memory (DRAM),
the memory cells cannot scale down below 28nm without major problems.

Due to the Moore’s law [Moore, 2006], the downscaling of Semiconductors is driv-
ing information processing technology into a broadening spectrum of new applications.
Many of these applications are enabled by performance gains and increased complex-
ity. Since dimensional scaling of Complementary Metal Oxide Semiconductor (CMOS)
eventually will reach fundamental limits, several new alternatives in micro/nano elec-
tronics and microarchitectures are being explored to sustain the historical integrated
circuit evolution into the years to come. This is generating interest in new devices for
information processing and memory, new technologies for heterogeneous integration of
multiple functions (a.k.a. More than Moore) [Bergeron, 2008; ITRS, 2012a; Jammy, 2010;
Kahng, 2010; Loke and Lai, 2008; Roy et al., 2013; van Roosmalen, 2004; Vigna, 2005;
Wang et al., 2007; Zhang, 2007; Zhang et al., 2006a,b], and new paradigms for systems
architecture.

To address this world beyond the Moore’s law [Moore, 2006] it is necessary extend to
the functionality of CMOS, via heterogeneous integration of new technologies, and new
information processing paradigms. The relationship between these domains is schemat-
ically illustrated in Figure 1.1. The expansion of the CMOS platform by conventional di-
mensional and functional scaling has been denominated More Moore. The CMOS plat-
form can be further extended by the More-than-Moore approach, which is a new sub-
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ject. On the other hand, new information processing devices and architectures have been
classified as Beyond CMOS technologies. Owing to the fact that the Memory technolo-
gies like the NVM as the MRAM, Phase Change Random Access Memory (PCRAM),
Resistive Random Access Memory (RRAM) can be categorized into this context, we can
classify this thesis fundamentally as a Beyond CMOS thesis having its main approach
on how to integrate such technology into existing platform. The heterogeneous integra-
tion of Beyond CMOS, as well as More-than-Moore, into More Moore will extend the
CMOS platform functionality to form ultimately the Extended CMOS [ITRS, 2012a].

Existing Technologies domain

More Than More Elements

Rl More Than Moore

More Moore

New Technologies Domain

Years

Figure 1.1: Relationship among More Moore, More-than-Moore, and Beyond CMOS [ITRS,
2012a].

According to [ITRS, 2012a], two emerging memory technologies: STT-MRAM and
Redox Resistive Random Access Memory (ReRAM), exhibit potential to likely be ready
for production within a decade at most. Also, the ITRS suggests that these technologies
are attractive candidates for accelerated development and replacement of SRAM and
Floating-gate transistor NAND or NOR (FLASH) [Masuoka et al.].

The semiconductor industry currently faces three major issues into extends the inte-
grated circuit technology for new applications and beyond CMOS dimensional scaling.
First is to propel CMOS to its ultimate density limits integrating a new memory tech-
nology that possesses performance, density and low-power on CMOS platform. Second,
find alternative solutions to technologies that address existing More than Moore (MtM).
For last, how to extend information processing beyond CMOS, combining on new de-
vices, interconnection and architectural approaches to extend CMOS, developing a new
information processing platform technology. These drawbacks, addressing the long
term period of 2018 — 2026, are presented in Table 1.1 and more detailed in [ITRS,
2012a].
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Table 1.1: Semiconductors Constraints and challenges as defined by ITRS in [ITRS, 2012a]

Challenges 2018 — 2026

Summary of Issues and opportunities

Scale performance, density, in-
tegrability, volatility, and non-
volatile memory technologies to
replace SRAM and FLASH for
manufacture by 2018.

Scale CMOS to and beyond 2018
- 2026

Extend scaled CMOS as a plat-
form technology into new do-
mains of application.

Research and reduce long term
alternative solutions to technolo-
gies that address existing MtM,
according with ITRS in wire-
less/analog and eventually in
power devices, MEMS and image
Sensors

SRAM and FLASH scaling in 2D will reach definite limits
in coming years[ITRS, 2012a]. These limits are driving the
need for new memory technologies to replace SRAM and
FLASH memories by 2018.

Research and develop the next generation of materials to
replace silicon, as an alternate channel and source/drain
to increase the velocity and to further reduce Vdd and
power dissipation in MOSFETs, while minimizing leak-
age currents.

Discover and improve, new device technologies and low-
level architecture, providing special purpose optimized
Application Specific Integrated Circuit (ASIC) cores (e. g.,
accelerator functions, microfluidics analyzes chips) het-
erogeneously integrable with CMOS.

Research a technology capable of replacing CMOS.
Ensure that a new information processing technology is
compatible with any new memory technology. Such logic
technology must also provide the access function in a
new memory technology.

The industry is now faced with the increasing impor-
tance of a new trend, MtM, where added value to devices
is provided by incorporating functionalities that do not
necessarily scale according to Moore’s Law.
Heterogeneous integration of digital and non-digital
functionalities into compact systems that will be the key
driver for a variety of application fields, such as commu-
nication, automotive, environmental control, health care,
security and entertainment.

The drawbacks and issues driving development of emerging research devices are di-
vided into those related to memory technologies, those related to information process-
ing or logic devices, and those related to heterogeneous integration of multi-functional
components (a.k.a. MtM) or Functional Diversification like denoted in Table 1.1 [ITRS,
2012a]. The current concern of Semiconductors industry is the need for a new memory
technology that combines the best features of current memories in a fabrication technol-
ogy compatible with CMOS process flow scaled beyond the present limits of SRAM and
FLASH. This would provide a memory device technology required for both, off-the-chip
and embedded memory applications.

Information processing to accomplish a specific system function, in general, requires
several different interactive layers of technology. An objective in this section is to care-
fully delineate a taxonomy of these layers to further distinguish the scope of this thesis
from that of other research thesis, delineating the current Semiconductors scenario and
contextualizing this thesis into this taxonomy.
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As shown in Figure 1.2, a bottom-up representation of this taxonomy begins with
the lowest physical layer represented by a computational state variable and ends with
the highest layer represented by the architecture. In this more schematic representation,
focused on generic information processing at the circuit level, a fundamental unit of
information (e.g., a bit) is represented by a computational state variable, for example,
the charge or voltage state of a node capacitance in CMOS logic. A device provides the
physical means of representing and manipulating a computational state variable among
its discrete states.

The data representation is how the computational state variable is encoded by the
assembling of devices to process the bits or data. Two of the most common examples
of data representation are binary digital and continuous or analog signaling. This layer
is within the scope of the present thesis. The architecture plane encompasses three
subclasses of this Taxonomy:

1. nano-architecture or the physical arrangement or assembling of devices to form
higher level functional primitives to represent and execute a computational model;

2. the computational model that describes the algorithm by which information is
processed using the primitives, e. g., logic, arithmetic, memory, Cellular Nonlinear
Network (CNN);

3. the system-level architecture that describes the conceptual structure and func-
tional behavior of the system or computational model.

The elements shown in the red-lined yellow boxes represent the current CMOS plat-
form technology that is based on electronic charge so far. This state variable serves as
the foundation for the Von Neumann computational system architecture [Hennessy and
patterson, 2006; Patterson and Hennessy, 2012]. Analog data representation also is in-
cluded in the current CMOS platform technology. The other entries grouped in these
five categories summarize individual approaches that, combined, may provide a new
highly scalable information processing paradigm.

Based on the overview of the current state of Semiconductors as described above and
in [ITRS, 2012a]. We can depict the taxonomy on Figure 1.2. This taxonomy briefly de-
scribes the state of Semiconductors from 2016 and beyond. STT-MRAM can be classified
into Devices — Spintronics and State Variable — Spin Orientation. That, as said, is the
opening for the new paradigm of information process technologies.

Taking this factors as premisses, this thesis has as main objective to pave the way
towards this new paradigm of processing information, discussing how to combine a
emerging technology like MRAM into an existing CMOS based logic architecture of a
microprocessor and its memory hierarchy. Also, exploring and evaluating scenarios and
possibilities, given the available resources. To better understand the shift towards this
new paradigm and during the course of the research for this thesis, we achieved some
milestone contributions:

e An overall state of the art on the MRAM technology and its use into embedded
systems;

e A characterization process to evaluate performance for a system based on MRAM.
A methodology flow is proposed to compare SRAM and MRAM performance,
especially in term of power consumption. We demonstrate that MRAM can bring
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Figure 1.2: A Taxonomy for Emerging Research Information Processing Devices found in [ITRS,
2012a].

significant added value in the memory hierarchy of embedded systems, as well
for cache memories L1 and L2;

e The third contribution is focused on the use of MRAM. For such, we performed
an in-depth study on how the memory hierarchy affects the overall performance
based on pure MRAM or combining it with SRAM. Several scenarios are depicted
depending of the applications target and the chosen architecture. The main re-
sult is that we can retain similar performances with MRAM, while substantially
reducing the power consumption, especially that induced by leakage.

The dynamics of the MRAM field evolves really fast, specially with the renewed inter-
est in perpendicular Spin Transfer Torque (STT). Also, Logic integrated circuit, where
intelligent systems are integrated on a single chip die, is the key technology in mod-
ern systems. Ground-breaking innovation that forces paradigm shift now rarely occurs
in the design and manufacturing technologies of Very Large Scale Integration (VLSI),
which have already seen tremendous growth. However, based on the achievements of
past projects, it has become evident that the fusion of nonvolatile spintronic devices,
which retain information without energy usage with the semiconductor integrated cir-
cuits, will bring about a revolutionary change. This fusion will realize new integrated
computing systems with high performance and ultra low power consumption that dra-
matically exceed conventional levels.

According with professor Ohno from Tohoku University [IKEDA et al., 2012; Ohno,
2012], the next breakthrough resides in Spintronics VLSI, logic built in Spintronics. So,
MRAM is intrinsically tied to this new paradigm shift in information storage and VLSI
manufacturing devices.






Part II

STATE OF THE ART, DRAFTED METHODOLOGIES AND
MATERIALS

The present chapter establishes the state of the art in memory technology,
provides a taxonomy on how to classify the existing memories and the
emerging technologies according with ITRS. It will also introduce the Mag-
netic Tunnel Junction (MT]) and the Magnetic Random Access Memory
(MRAM) technology and the Spin Transfer Torque (STT) principle, the cor-
nerstones of the thesis background. Also, it will explain how to explore and
where into the memory hierarchy we envisage the MRAM usage.
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We have to abandon the idea that schooling

is something restricted to youth. How can it be,

in a world where half the things a man knows at 20

are no longer true at 4o - and half the things he knows at 40
hadn’t been discovered when he was 20?

— Arthur C. Clarke

The present chapter has as objective to provide an overview of the current state of
Memory technologies. To such, we are heavily based into the reports of International
Technology Roadmap for Semiconductors (ITRS) , specifically the reports [for Semicon-
ductors, 2011; ITRS, 2012b].

Specifically for this thesis, the most difficult aspect for any emerging memory tech-
nology, regarding new materials, is to find compounds with properties that will enable
operation of emerging research devices in high density at the nanometer scale. It is
known that perpendicular STT-MRAM challenges the SRAM technology performance
and scalability. But the major drawbacks are the MT] compounds and manufacturing
process, key elements for all emerging memories.

Table 2.1 is an organization or taxonomy for the existing and emerging memory tech-
nologies into four categories according with [ITRS, 2012a]. A strong boundary exists on
how to integrate these memory technologies into existing CMOS technology platform
in a seamless manner. A goal is to provide the end user with a device that behaves
similar to the existing CMOS silicon memory chips.

Details for Table 2.1

A 1T1R - 1 transistor-1 resistor
1D1R — 1 diode-1 resistor
1T1C - 1 transistor-1 capacitor
1T — 1 transistor
FB DRAM - floating body DRAM
FeFET - ferroelectric FET
Multiple T — multiple transistor

B FeRAM —ferroelectric RAM with one transistor and one ferroelectric capacitor

¢ Floating gate or charge-trapping

11

www.itrs.net
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Table 2.1: Memory Taxonomy, according last assessment of ITRS [ITRS, 2012a].

Cell Element Type Non-volatility ~Retention Time
STT-MRAM Nonvolatile > 10 years
Phase change memory Nonvolatile > 10 years
Nano-electro-mechanical memory Nonvolatile > years
1T1R or 1ID1R [A] RedOx Memory Nonvolatile > years
Mott Memory Nonvolatile > years
Macromolecular memory Nonvolatile > years
Molecular memory Nonvolatile > years
(T1C [A] DRAM Volatile ~ seconds
FeRAM [B] Nonvolatile > 10 years
FB DRAM [A] Volatile < seconds
1T [A] FeFET memory [A] Nonvolatile > years
Flash [C] Nonvolatile > 10 years
Multiple T [A] SRAM Volatile large

Seeing that each of these new technologies attempts to mimic and improve on the ca-
pabilities of a present day memory technology, performance parameters are provided in
Table 2.2 for existing baseline and prototypical memory technologies. These parameters
provide relevant details, with the current and expected or projected performance.

Detailed notes for Table 2.2:

A 2011 ITRS PIDS chapter, Tables PIDS7&8

B Estimated as E ~ 0.5 CV2 for C = 25fF, V. = 0.55 Volts (in 2011) and V. = 0.43 Volts
in 2024 (energy to refresh is not included).

¢ Embedded applications (see the Embedded Memory Requirements table in the Sys-
tem Drivers chapter of [ITRS, 2012a])

D SRAM memory state is preserved so long as voltage is applied.

E Estimated for hot-electron injection as: E,, ~ h* N x eVd for the hot-electron injection
efficiency h ~ 10 — 5, the drain voltage V4 = 5 Volt, and the number of stored
electrons N ~ 1000 in 2011 (F = 90nm ) and N ~ 100 in 2024 (F = 25nm)

F Lower bound for Fowler Nordheim write/erase.
G [Takashima et al., 2011]
H [Waser, 2012]

1 Estimated as E ~ 0.5xq* AV for ¢ = 13.5mC/cm2, A = 0.33mm2, V. = 1.5 Volts
(in 2011) and q = 30mC/cm2, A = 0.069mm2, V. = 0.7 Volts (in 2024).

] [Kawahara, 2011]

K [De Sandre et al., 2011]



Table 2.2: Current Baseline and Prototypical Memory Technologies according [ITRS, 2012a]

Feature size 2011 36 65 45 90 22 180 65 45
F(nm) 2024 9 20 10 25 8 65 16 8
2 2 2 2 2 2 2 2
Cell Area 2011 6F (12— 30)F 140F 10F 4F 22F 20F 4F
2024 4F2 (12 — 50)F? 140F? 10F2 4F2 12F2 8F2 4F?2
Read Time 201 < 10ns 2ns 0.2ns 15ns 0.1ms 40ns[G] 35ns(]] 12ns[K]
2024 < 10ns Ins 70ps 8ns 0.1ms < 20ms[H] < 10ns < 10ns
W/E Time 201 < 10ns 2ns 0.2ns 1ms/10ms 1/0.1ms 65ns[G] 35ns(]] 100ns[K]
2024 < 10ns Ins 70ps Tms/10ms 1/0.1ms < 10ns[H] < Ins < 50ns
Retention Time 201! 64ms 4ms D] 10y 10y 10y > 10y > 10y
2024 64ms Tms D] 10y 10y 10y > 10y > 10y
Write Cycles 2011 > 1El6 > 1E16 > 1E16 1E5 1E4 1E14 > 1E12 1E9
2024 > 1ET16 > 1E16 > 1E16 1E5 5E3 > 1E15 > 1E15 1E9
Write Operating 2011 2.5 25 1 10 15 1.3-33 1.8 3[K]
Voltage (V) 2024 15 15 0.7 9 15 0.7-15 <1 <3
Read Operating 2011 1.8 1.7 1 1.8 1.8 1.3-33 1.8 12
Voltage (V) 2024 15 1.5 0.7 1 1 0.7-15 <1 <1
Write Energy 2011 4E — 15[B] 5.00E—-15 5.00E — 16 1E — 10[E] > 2E — 16]F] 3E — 14[1] 2.5 —12[A] 6E — 12[L]
(J/bit) 2024 2E — 15[B] 2.00E—-15 3.00E—-17 1E — T1[E] > 2E — 17[F] 7E —15[1] 1.5 — 13[A] 1E —;5[7\/[]

ADOTONHDHAL AYOWHNW 40 HIVLIS LNHIIND
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L Estimated as E ~ 0.5 % I2R x tw for I = 224mA, R = 2.2kOhm, tw = 100ns

M [Xiong et al., 2011]

The emerging technologies for beyond 2026 are organized around a set of six tech-
nologies presented in Table 2.3. These Technologies, according with the ITRS, will be
the next milestone on memory technologies, following the MtM trend.

This technologies are in the initial states and still cannot be considered as replacement
for existing technologies.

Detailed legend for Table 2.3:

A1
A2
A3
A4
A5
Ab

A7

B

[y

B2
B3
B4

B5

C1
Cc2
c3
c4
c5

[Fitsilis et al., 2005]
[Van Hai et al., 2010]
[Ishiwara, 2009a]
[Ishiwara, 2009b]
[Tang et al., 2011]
[Kaneko et al., 2011]

Calculated based on the parameters of scaled FE capacitor projected in [Fitsilis et al.,
2005]

The projections for WRITE voltage and WRITE energy depend on the feature size
(length) of nanoelectromechanical element. For very small length, the operating
voltage might be too high for practical use, as follows from theoretical analysis
in:[Choi et al., 2008]

Corresponds to low-voltage operation, e.g. < 1V [Choi et al., 2008]
[Han et al., 2009]
[Han et al., 2010]

Estimated using 'nearly minimal” NEMS dimensions given in Table I of [B1]: the
NEMS beam of length Lyeqm = 75nm, width Wy eqm = 18nm, thickness Tyeqm =
10nm, air gap x = 3.5nm, operating at voltage V = 3Volts. The switching energy
can be estimated as the energy of charging the NEMS capacitance: E = CV?/2.
Alternatively, the ‘mechanical’ energy of the spring can be estimated as E = kx? /2,
where k is the cantilever spring constant. For the parameters, given in Table I of
[Choi et al., 2008] both “electrostatic’ and ‘'mechanical” estimates yield a very close
result

[Zhirnov et al., 2011]
[Lee et al., 2011a]

[Dietrich et al., 2007]
[Zhirnov et al., 2010]

[Lee et al., 2010b]



[ITRS, 2012a].

Table 2.3: Emerging Research Memory Devices—Demonstrated and Projected Parameters for the next generation of memory technologies beyond 2020

Storage Mechanism

Cell Elements

A. Emerging Ferroelectric
memory

Remnant polarization on a
ferroelectric dielectric

1T or ITIR or IDIR

1) FET with FE gate insulator

B . Nanomechanical Memory

Electrostatically-controlled
mechanical switch

ITIR or IDIR

C. Redox Memory

Ton transport and redox reactions

ITIR or IDIR

1) cation migration

D. Mott Memory

Multiple mechanisms

ITIR or IDIR

E. Macromolecular

Memory

Multiple mechanisms

ITIR or IDIR

F. Molecular Memories

Multiple mechanisms

ITIR or IDIR

Device Types 2) FE barrier effects NEMS 2) anion migration Mott transition M-I-M (nc)-I-M Bi-stable switch
Min. required <65 nm <65 nm <65 nm <65 nm <65 nm <65 nm

Feature size F Best projected 22 nm [A1] >50 nm [B1, B2] 5nm [C1] 5-10 nm 5-10 nm 5nm [F1]
Demonstrated 0.6 um [A2] 500 nm [B3, B4] 30 nm [C2], 9nm [C7] 10 um [D1] 130 nm [E1] 30 nm [F2]
Min. required 8F? 8F2 8F2 8F? 8F2 8F2

Cell Area Best projected 4F? 4F? 4F? 4F? 4F? 4F2
Demonstrated Data not available Data not available 4F2 [C2], 8F? [C3] Data not available 4F?[E1] Data not available
Min. required <I5ns <15ns <15ns <15ns <I5ns <15ns

Read Time Best projected 2.5ns <10 ns <10 ns <10 ns <10 ns <10 ns [F1]
Demonstrated 20 ns [A3] Data not available <50 ns [C3] Data not available 10 ns [E1] Data not available
Min. required Application dependent Application dependent Application dependent Application dependent | Application dependent Application dependent

WIE time Best projected 2.5 ns [Al] <I ns [BI, B2] <l ns [C4] <l ns [D2] <10 ns <40 ns [F1]
Demonstrated 20 ns [A4] ~5 ns [B3, B4] 0.3ns [C5] <20 ns [D3] 15 ns [E2] 10s [F6],0.2 s [F3]
Min. required >10y >10y >10y >10y >10y >10y

Retention Time Best projected >10y [A4] >10y >10y Not known Not known Not known
Demonstrated ~3.5 month [A6] ~days >10y [C2] Not known ~year [E3] 1 hour [F6], 2 months [F4]
Min. required >1E5 >1ES >1ES >1ES >1E5 >1ES

Write Cycles Best projected >1E16 >1E16 >1E16 >1E16 >1E16 >1E16
Demonstrated 2E11 [A5] ~1E3 [B4] 1E12 [C2] ~1E2 [D4] ~1ES5 [E4] ~2E3 [F2]
Min. required Application dependent Application dependent Application dependent Application dependent Application dependent Application dependent

Write operating voltage (V)

Read operating voltage (V)

Write energy (J/bit)

Comments

Best projected
Demonstrated
Min. required
Best projected

Demonstrated
Min. required

Best projected

Demonstrated

<09V [Al]
+4[A4]
25
07
2.5[A3]

Application dependent

2E-15 [A7]

Data not available

Potential for non-destructive
readout

>1V [BI,B2]
5V [B3,B4]
25
0.7
1 [B3]

Application dependent

1E-17 [B5]

Data not available

Inverse voltage scaling presents a
problem;
Limited endurance

<0.5V [C6]
0.6/-02 [C3]
25
<02V [C6]
0.15 [C3]

Application dependent
1E-17 [C4]
1E-13 [CT]

Potential for multi-bit storage;

Low read voltage presents a
problem

Not known
1.25/0.75 V [D1]
25
Not known

0.2 [D1]
Application dependent

Not known

SE-13 [D5]

Retention requires
additional mechanisms to
maintain Mott transition
conditions

<1 V [E5]
~+2 V [E3]
25
0.7
0.5V [E3]

Application dependent

Not known

SE-11 [E6]

80 mV[F5]
4V[F6],~%15 V [F2]
25
03 [F1]
0.5V [F6]0.5 V [F2]

Application dependent

2E-19 [F6]

Data not available

160 Kbit prototype chip
demonstrated [F3]

ADOTONHDHAL AYOWHNW 40 HIVLIS LNHIIND
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c6 Electrochemical cell potentials control the write voltage. In appropriate combina-
tions, 0.5V will leave some safety margin. Read voltages will be significantly
smaller.

c7 [Ho etal]

c8 Estimated based on experimental data reported in [Lee et al., 2011a]: E ~ 0.5 % V =
[« tw, for V=2V, [ =10pA, tw = 10ns.

D1 [McWilliams et al., 2011]

D2 The minimum value of the characteristic time for Mott transition was estimated to
be ~ 1ps based on the single element RC considerations [Stefanovich et al., 2000]

D3 [Chae et al., 2005]

D4 The number represent a recent experimental report on the Mott memory device
[D1]. In an earlier paper on Mott switch (without memory functionality) up to
1E8 switchnong cycles have been reported in [Guzman et al., 1996]

D5 Estimated based on experimental data reported in [McWilliams et al., 2011] and
[Chae et al., 2005]: E ~ 0.5 % VI «tw, for V=1V, [ =50pA , tw = 20ns

E1 [Sang-Sun et al., 2010]
E2 [Kuang et al., 2010]
E3 [Park et al., 2011]

E4 [Son et al., 2011]

E5 [Miller et al., 2006]

E6 Estimated based on experimental data reported in Ref. [G2] for the cell size 5x5um?:
E~05%VxIxtw, for V=3Volts, I = TmA, tw = 15ns.

F1 [DeHon et al., 2005]
F2 [Wu et al., 2005]

F3 [Green et al., 2007]
F4 [Chen et al., 2003]

F5 [Meunier et al., 2007]

F6 [Mukherjee et al., 2010]
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2.1 MEMORY TAXONOMY

The purpose of a memory system is to store information and, therefore, memory ca-
pacity (or memory density) which is a critical parameter. In a typical memory system,
the memory cells are connected to form a two-dimensional array, and it is essential to
consider performance of memory cells in the context of their array architecture [Ha-
raszti, 2000; Iniewski, 2010]. A memory cell in array is composed of two components:
the Storage node and the Selector, which allows a given memory cell in an array to
be addressed for read or write. Both components impact scaling limits for memory. For
several concepts of resistance-based memories, the storage node can, in principle, be
scaled down below 10nm [ITRS, 2012a]. The memory density will be limited by the
Selector device.

The Table 2.1 provides a way to categorize memory technologies. In this sense, equiv-
alent functional elements that compose a cell are identified. For example, the familiar
DRAM cell, that consists of an access transistor and a capacitor storage node, is labeled
as a 1T1C technology. STT-MRAM, where data is stored as the spin state in a magnetic
oriented material, is represented as a TT1R technology. Here, the resistance R indicates
that the cell readout is accomplished by sensing the current through the cell. The usage
of this approach of classification is to simplify cells (reduce cell area) by reducing the
number of equivalent elements to a minimum. Therefore, early in the development of
a given technology, it is common to see multi-transistor multi-x (x equals capacitor or
resistor) cells. As knowledge evolves, the structures are scaled down to a 1T1x form [Ha-
raszti, 2000; Iniewski, 2010; ITRS, 2012a]. In ultra-dense nanoelectronic memory arrays,
instead of the transistor T, a two terminal non-linear diode-like element may be used
with a resistive memory element. Such structure is represented as 1D 1R technology.

An important property that differentiates emerging research memory technologies is
whether data can be retained when power is not present. Nonvolatile memory offers
essential use advantages, and the degree to which non-volatility exists is measured in
terms of the period that data can be expected to be retained. Volatile memories also
have a characteristic retention time that can vary from few milliseconds to the entire
period of operation that power remains active.

The Table 2.4 list the Storage Class Memory (SCM) potential candidates and how
they are classified, based on technologies listed in Table 2.2. Such device technolo-
gies combine the benefits of solid-state memory, as high performance and robustness,
with the archival capabilities and low cost per bit of conventional magnetic Hard Disk
Drive (HDD) or Solid State Drive (SSD). This devices requires a nonvolatile memory
technology that can be manufactured at a low cost per bit. The potential of prototyp-
ical and emerging research memory devices for SCM applications, with or without
Multi-Level Cell (MLC), is assessed in the context of existing commercialized storage
technologies, namely the magnetic HDD and nonvolatile semiconductor FLASH mem-
ory [ITRS, 2012a].
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Table 2.4: Potential of the Current Prototypical and Emerging Research Memory Candidates for

SCM Applications [ITRS, 2012a]

Scalability .
MLC ®
3D integration .
Fabrication cost @

Endurance .

(JBIGICY <
C0eee

GIEICY X
G AAT,
0ODOW
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Table 2.5: Labels detail for Table 2.4

Scalability Fmin > 45mm
MLC difficult
. 3D integration  difficult
Fabrication cost high
Endurance < 10° write cycles demonstrated
Scalability Fmin =10 ~ 45nm
MLC feasible
@ 3D integration  feasible
Fabrication cost medium

Endurance < 1070 write cycles demonstrated
Scalability Fmin < 10nm
MLC solutions anticipated

3D integration
Fabrication cost

Endurance

feasible
potentially low

> 1010 write cycles demonstrated
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This section presents the next generation of memory technologies, that are currently
under intensive research. Many of these ideas are not even in prototype stage yet. They
represent the cutting-edge technology, ReRAM by instance seems to be the contender
that will challenge MRAM.

2.2.1  Ferroelectric Memory

Emerging Ferroelectric Memory consists of two classes: 1) Ferroelectric FET and 2) Fer-
roelectric polarization ReRAM. This should not be misinterpreted with the conventional
ferroelectric capacitor-based memory (FeRAM or FRAM), which is addressed in [ITRS,
2012a] and Table 2.2.

2.2.1.1 Ferroelectric FET

The Ferroelectric Field Effect Transistor (FeFET) memory is a 1T memory device where
a ferroelectric capacitor is integrated into the gate stack of a FET. The ferroelectric polar-
ization directly affects charges in the channel and leads to a defined shift of the output
characteristics of the FET. A typical FeFET memory element uses inorganic complex ox-
ides or fluorides, such as PbZr,Ti;_«0O3, StBayTazp9, BiMgF4, in the gate stack of a
silicon FET. The main difficulty with these materials is interdiffusion and chemical reac-
tion between the stack interfaces at the high deposition temperatures and high oxygen
concentrations needed for deposition of the ferroelectric films on a Si substrate [Gerber
et al., 2010; Ishiwara, 2009b].

Short retention of the FeFET memory raises question of its potential for application
as nonvolatile memory, e.g. for the SCM technologies. Besides, DRAM-like applications
are envisioned and the FeFET memory may have a potential for SCM, if scalability
below 50nm can be demonstrated. Currently, new materials for the FeFET stacks are
being actively investigated, such as organic ferroelectrics [Gerber et al., 2010; Heremans
et al., 2011], nanotubes [Fu et al., 2009], nanowires [Sohn et al., 2010], and graphene
[Zheng et al., 2011]. The FeFET memory scaling is projected to end approximately with
the 22nm generation, due to the fact that the insulation layer becomes too thin and the
properties of the ferroelectric, with respect to thickness dependency of the coercive field,
will not allow further reduction [Fitsilis, 2005; Fitsilis et al., 2005].

2.2.1.2 Ferroelectric Polarization ReRAM

The ferroelectric polarization ReRAM is based on a structure where changing ferroelec-
tric polarization can modify the charge transport properties of Ferroelectric films. The
correlations between the resistance change and the ferroelectric switching are explained
in terms of different mechanisms, such as modulation of the Schottky barrier [Kohlstedt
et al., 2005], Ferroelectric tunnel junctions [Blom et al., 1994] and polarization-induced
lattice strains [Bourim et al., 2011]. A serious challenge for practical ferroelectric ReRAM
is typically low ferroresistive current (most ferroelectrics are insulating wide bandgap
materials) [Jiang et al., 2011]. In order to obtain sufficiently high currents needed for the
stable detection of the memory state, thin ferroelectric layers are required [Jiang et al.,
2011], which constitutes a significant practical issue.
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2.2.2  Nanoelectromechanical memory (NEMM)

The Nanoelectromechanical Memory (NEMM) is based on a bi-stable Nanoelectrome-
chanical switch (NEMS). In this concept, mechanical digital signals are represented
by displacements of solid nanoelements (e.g. nanowires, nanorods, or nanoparticles),
which result in closing or opening of an electrical circuit. Several different modifications
of suspended-beam /cantilever NEMMs are currently being explored with different ma-
terials, including Si [Ng et al., 2011], Ge [Andzane et al., 2009], TiN [Lee and Choi,
2011] and Carbon Nano Tubes (CNT) [Loh et al., 2011]. NEMM scaling analysis [Choi
et al., 2008] suggests that it might be difficult to achieve low-voltage (~ 1V) operation
for the beam length of less than 50nm. Vertically oriented cantilever switches could
reduce the NEMM area footprint [Ng et al., 2011]. In addition, nanoelectromechanical
torsion switches has recently been demonstrated [Rubin et al., 2011; Xiang and Lee,
2010], which are claimed to have better scaling properties [Rubin et al., 2011].

There are also proposals for hybrid NEMS-floating gate memory devices aiming at
the improvement of write/erase characteristics. In these devices, either floating gate
[Tasuku Nagami et al., 2010] or control gate [Garcia-Ramirez et al., 2010] are built as
a suspended bridge or cantilever [Lee et al., 2011b] separated by an air gap. The sus-
pended bridge electrode can move within the gap under applied voltage, thus changing
the separation between the control and floating gates, smaller for the fast write/erase
and larger for longer retention time for the storage mode. Limited endurance is a seri-
ous issue of experimentally demonstrated NEMM devices, as they often fail after ~ 100
switching cycles [Andzane et al., 2009; Choi et al., 2009; Lee and Choi, 2011; Loh et al.,
2011].

2.2.3 Redox Memory

The redox-based nanoionic memory operation is based on a change in resistance of a

Metal-Insulator-Metal (MIM) structure caused by ion (cation or anion) migration com-
bined with redox processes involving the electrode material or the insulator material, or
both [Akinaga and Shima, 2010; Waser et al., 2009]. So far, were identified three classes
of electrically induced phenomena that involves chemical effects, which are related to
redox processes in the MIM cell. In these three ReRAM classes, there is a competition be-
tween thermal and electrochemical driving forces involved in the switching mechanism.
The bipolar electrochemical metallization mechanism or memory effect (ECM), relies on
an electrochemically active electrode metal, such as Ag. The drift of the highly mobile
Ag™ cations in the ion conducting I layer and their electromigration towards the (inert)
counter electrode, leads to a growth of Ag dendrites. These dendrites form a highly con-
ductive filament connecting the metal electrodes that results in the ON state of the cell
[Valov et al., 2011]. Upon reversal of polarity of the applied voltage, an electrochemical
dissolution of these filaments takes place, resetting the system into the high-resistance
OFF state. The valence change mechanism (VCM) or memory effect occurs in specific
transition metal oxides and is triggered by a migration of anions, such as oxygen an-
ions. A subsequent change of the stoichiometry leads to a redox reaction expressed by
a valence change of the cation and a change in the conductivity. This bipolar memory
switching is induced by voltage pulses, where the polarity of the pulse determines the
direction of the change, i.e. reduction or oxidation. A third class relies on a unipolar
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thermo-chemical mechanism or memory effect (TCM, often called fuse-antifuse mem-
ory) which leads to a change of the stoichiometry due to a current induced increase of
the temperature [lelmini et al., 2011].

The material class for redox memory is comprised of oxides, higher chalcogenides
(including glasses), semiconductors, as well as organic compounds including polymers.
In some cases, a formation process required before the bi-stable switching can be started
[Akinaga and Shima, 2010]. Often, the conduction is of filamentary nature. If this effect
can be controlled, memories based on this bi-stable switching process can be scaled to
very small feature sizes. The switching speed is limited by the ion transport. If the active
distance, which is relevant for the redox controlled bi-stable switching, is small (around
< 10nm) the switching time can be as low as a few nanoseconds. Many details of the
mechanism of the phenomena are still unknown. Developing an understanding of the
physical mechanisms governing switching of the redox memory is a key aspect for this
technology. Recent experimental demonstrations of scalability, retention and endurance
seems encouraging, and there is still room for improvements [Lee et al., 2011a; Yang
et al., 2010]

2.2.4 Mott Memory

In the Mott memory, charge injection induces a transition from strongly correlated to
weakly correlated electrons, resulting in an insulator-metal transition (IMT) or Mott tran-
sition. Electronic switches and memory elements based on the Mott transition (some-
times referred as Correlated Electron Random Access Memory (CeRAM)) has been ex-
plored using several materials systems, such as VO, [Ruzmetov et al., 2009], SmNiO3
[Ha et al., 2011], N1O [Celinska et al., 2011; McWilliams et al., 2011; Xue et al., 2011b]
and others. It is argued that the switching mechanism is activated by a critical elec-
tron population described by the Mott-Hubbard model [Haule and Kotliar, 2007; HELD
et al., 1996; Hubbard, 1963; Lieb, 1993; Takahashi, 1994]. Recently, a reversible and non-
volatile resistive switching has been reported for a class of Mott insulators AM4Xg
(A = Ga,Ge;M = V,Nb, Ta; X = §,Se), and their potential for memory devices has
been discussed [Cario et al., 2010].

A critical issue for this type of device is the sensitivity of the behavior of correlated
electrons to small changes in parameters. Thereby, precise control of the physical and
chemical structure of the material compounds are critical. For IMT in NiO, it was found
that fine tuning of electronic phase transition is possible by Ni(CO)4 doping [Celinska
et al., 2011; McWilliams et al., 2011]. Such doping stabilizes the oxygen vacancies re-
sulting in a pure Mott transition system [McWilliams et al., 2011]. More recently, a new
metal-insulator transition effect has been explored, which is based on formation of a
quasi two-dimensional electron gas (2DEG) at the interface between two complex ox-
ides [Niranjan et al., 2009; Ohtomo and Hwang, 2004; Park et al., 2009; Thiel et al., 2006].
For example, room-temperature switching of 2DEG nanowires LaAlO3/SrTiO3 grown
on Si substrate has been demonstrated and the opportunities for nanoscale memory
devices discussed [Park et al., 2009]
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2.2.5 Macromolecular Memory

Macromolecular memory, also referred as polymer or organic resistive memory, con-
sists of a memory element, with a film of organic material between two metal elec-
trodes [Heremans et al., 2011; Scott and Bozano, 2007]. The organic film is typically
relatively thick (~many monolayers, or few nanometers thick). Low fabrication cost
is generally presented as the primary motivation for this type of memory, while ex-
treme scaling is de-emphasized[Heremans et al., 2011]. The memory operation mecha-
nisms are still unclear. Some research suggests that the changes in resistance could be
due to intrinsic molecular mechanisms [Heremans et al., 2011], charge trapping [Lee
et al., 2010a; Prime et al., 2009], or redox/ionic mechanisms [Heremans et al., 2011].
Material systems for macromolecular memory devices include different polymers and
small-molecule organic compounds, e.g. polyimides [Park et al., 2011], polyfluorenes
[Liu et al., 2011], PMMA [Son et al.,, 2011] (PMMA=poly(methylmethacrylate)), TCNQ
(TCNQ = 7,7,8,8— tetracyano-p-quinodimethane) [Miiller et al., 2009]. The active or-
ganic insulator layer in the macromolecular memory often contains embedded conduc-
tive components, such as metal nanoparticles [Park et al., 2011] and ultrathin graphite
layers [Son et al., 2011]. The interaction of these conductive compounds remains un-
clear. Small macromolecular resistive memory arrays have been demonstrated [Kuang
et al., 2010; Lee et al., 2010a; Xing-Hua et al., 2010], including a 3D-stack of three active
layers[Cho et al., 2010; Song et al., 2010b].

2.2.6 Molecular Memory

Molecular memory is an extensive term, that englobes different proposals for using
individual molecules, or small clusters of molecules, as building blocks of memory
cells. In the molecular memory, data are stored by applying an external voltage that
causes a transition of the molecule into a possible conduction states. The data is read
by measuring resistance changes in the molecular cell. The concept emphasizes scaling:
essentially, an element of information can be stored in the space of a single molecule
[Pasupathy, 2003; Song et al., 2011]. Computing with molecules as circuit blocks is a con-
cept with advantages over conventional circuit elements. Given their small size, highly
dense circuits could be built, and bottom-up self-assembly of molecules in complex
structures could be applied to improve top-down lithography fabrication techniques.
As all molecules of one type are identical, molecular switches should have identical
characteristics, therefore, reducing the problem of variability of components. However,
the success of molecular electronics depends into the understanding of the phenomena
accompanying molecular switching. Currently is unclear how it works. Early experi-
ments on the reversible change in electrical conductance generated some interest [Reed
et al., 2001; Tour et al., 2003].

Further studies revealed several drawbacks for single/few molecule devices due to
extreme sensitivity of the device characteristics to the exterior parameters such as con-
tacts, reproducible nanogap, environment and the list keeps growing. Also, there are
multiple mechanisms contributing to the electrical characteristics of the molecular de-
vices. The conductivity switching, as an intrinsic behavior of molecular switches, may
often be masked by other effects, such as, in some cases, formation of metal filaments
along the molecule attached between two metal electrodes [Lau et al., 2004]. In other
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cases, intrinsic molecular switching has been reported and a 160-kbit molecular mem-
ory has been fabricated [Green et al., 2007]. Molecular memory is viewed as a long term
research goal. The knowledge base for molecular electronics needs further fundamental
work, which is currently under way [Cummings et al., 2011; Pro et al., 2009].

2.2.6.1 Vertical Transistors

Examples of experimental demonstrations of vertical select transistors used in memory
arrays are presented in Table 2.6. While a vertical select transistor allows for the highest
planar array density (4F?), this technology is more difficult to integrate into stacked
3D memory than the conventional 8F? technology using planar FETs. To avoid thermal
stress on the memory elements of the existing layers, the processing temperature of the
vertical transistor, as selection devices in 3D stacks, must be low. Also, making contact to
the third terminal (gate) of vertical FET constitutes an additional integration challenge,
which usually results in cells size larger than 4F [Zainuddin et al., 2011], although 4F>
arrays can, in principle, be implemented with 3-terminal select devices [Liu, 2009].

Table 2.6: Experimental demonstrations according with [ITRS, 2012a] of vertical transistors in
memory arrays.
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[Schloesser et al., 2004]  170nm  DRAM  1Mb 8F? FDST 50pA 1.8V
[Song et al., 2010a] 80nm  DRAM 50Mb  4F? gﬁrA 30pA 1.2V
[Kim et al., 2010a] 54nm Z-RAM ¢ ¢ 1]31?[ ) 0.5V
[Servalli, 2009] 45mm  PCM 1Gb 5.5F2 BJT 300pA 2V
[Wang et al., 2010a] 180nm  ReRAM ¢ 4F?2 BJT 100pA 1.2V
u
25nm
[Yang et al., 2008a] (NW I o o E};{}IGAA 25pA 1.2V
dia)

1010

1011

107

Figure 2.1: Physical difference between a vertical and a planar transistor, extracted from [Ou
et al., 2010].
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2.2.6.2 Two-terminal select devices (resistance-based memories)

In order to achieve the highest planar array density of 4F> without considerable con-
straints associated with vertical select FETs, passive memory arrays with two-terminal
select device are currently being investigated [Kiigeler et al., 2011; Wong et al., 2010].
Two-terminal devices with nonlinear behavior (e.g. diodes) can be integrated with re-
sistive storage nodes in a cross-bar array. General requirements for such two-terminal
switches are sufficient ON currents at proper bias to support read and write operations
and sufficient ON/OFF ratio to enable selection. The minimum ON current required for
fast read operation is ~ TpA (Table 2.7). The required ON/OFF ratio depends on the
size of the memory block, mxm, like using a standard scheme of array biasing the re-
quired ON/OFF ratio should be in the range of 107 — 108 for m = 103 — 10%, in order to
minimize the sneak currents[GH et al., 2010]. These specifications are quite challenging,
and the experimental scaled select devices have yet to meet them. Thus, select devices
are becoming a critical part of emerging memory and there is a need for detailed analy-
sis on the performance requirements. Currently, two approaches to integrate the select
device with storage node are being pursued. The first approach is to use an external se-
lect device in series with the storage node, integrated in a multilayer stack. The second
approach is to use a storage element with inherent nonlinear properties.

Table 2.7: Benchmark Select Device Parameters, according ITRS report [ITRS, 2012a]

Parameter Value Driver
ON Voltage (V) ~ 1V Compatibility with logic; low-power operation
ON current (I;) ~107°A Sensing of memory state (fast read)

85°C top end spec for servers

Operanting Temperature
s50cc  NAND spec (the very embodiment of non-volatile

memory for the current state-of-the-art)

2.2.6.3 Diode-type select devices

The simplest realizations of two-terminal memory select devices uses semiconductor
diode structures, such as a pn-junction diode, Schottky diode, or heterojunction diode.
Such devices are suitable for a unipolar memory cell. For bipolar memory cells, selectors
with two-way switching are needed. Proposed examples include Zener diodes [Toda,
2012], BARITT diodes [Woerlee, 2005], reverse breakdown Schottky diode [Puthenther-
adam et al., 2011b], and complementary resistive switches [Linn et al., 2010a; Rosezin
et al., 2011]. In the latter approach, the memory cell is composed of two identical
non-volatile ReRAM switches connected back-to-back, like in the Pt/GeSe/Cu/GeSe/Pt
structure [Linn et al., 2010a], or vertically integrated in a Pt/Si0,/Cu/Si0, /Pt struc-
ture [Rosezin et al.,, 2011]. In such configuration, one of the switches will always be
at the high-resistance state, so the sneak current can be suppressed at low bias. The
read operation, however, is destructive, and the cell state needs to be recovered by re-
programming the disturbed switch back to High Resistance State (HRS) afterwards. It
should be noted that several read modes have been suggested which can be adapted to
specific applications [Li et al., 2013].
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One important detail is found in [Tulapurkar et al., 2005], were they demonstrate
Spin-torque diode effect using magnetic tunnel junctions.

2.2.7 Resistive-Switch-type select devices

The category of switch-based selector refers to recent innovative device concepts that
exhibit resistive switching behavior. In fact, in some of these concepts, the device struc-
ture physics of operation is similar to the structure of the storage node. In other words,
a modified memory element could act as a select device. The main difference between
the two is that a nonvolatile switch is required for the storage node, while for the se-
lect device, depending on the approaches, non-volatility may not be necessary. A brief
description of several proposed select devices is given below.

2.2.7.1  MIT switch

This device is based on the Metal Insulator Transition (MIT), such as Mott transition and
exhibits a low resistance above a critical electric field (threshold voltage). The select de-
vice will exhibit a high-resistance state if the voltage is below a hold voltage. To achieve
reliable read, the select device needs to be volatile to ensure rapid transition from the
low- resistance state to high-resistance state at low bias. If the electronic conditions that
triggered Mott transition can relax within the memory device operation time scale, the
Mott transition device is essentially a volatile resistive switch, which can be used as a
select device. A VO,-based device has been demonstrated as a select device for NiOx
RRAM element[Lee et al., 2007a]. However, the switching mechanism is not clear and
the feasibility of the Mott-transition switch, as a select device, still needs further re-
search. It should be also noted that VO, undergoes a phase transition to the metal state
at temperature around 68°C, thus its operation as MIT switch is restricted to temper-
atures below 68°C. This limits practical applications of VO, in memory devices,since
current specifications require operational temperature of 85°C or more. Suitable Mott
materials with higher transition temperatures need to be investigated. Recently, metal
insulator transitions at ~ 130°C and electrically driven MIT switching were observed in
thin films of SmNiO3 [Ha et al., 2011].

2.2.7.2  Threshold switch

This type of device is based on the threshold-switching effect observed in thin-film
based MIM structures. The threshold switching is caused by electronic charge injection.
Operation of the threshold switch is then governed by an electronic switching process.
Significant resistance reduction can occur at a threshold voltage and, when the applied
voltage falls below a holding voltage, this low-resistance state quickly recovers to the
original high-resistance state. One example is the threshold switching, which occurs
before the structural change in phase change materials [Kau et al., 2009].

2.2.7.3 MIEC switch

This device is based on the exponential I-V characteristics observed in materials that
conduct both ions and electronic charges, called Mixed Ionic and Electronic Conduction
Materials (MIEC). The resistive switching mechanism of MIEC switch is similar to the
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ionic memories [Chen, 2008]. With appropriate control, the resistive switching in MIEC
devices is volatile and provides device selections functions [Gopalakrishnan et al., 2010].

2.2.7.4 2 Terminal Switches

As follows from Table 2.8 of [ITRS, 2012a], the required device characteristics have not
yet been demonstrated, remaining a significant scientific and technical challenge. For
scaled two-terminal select devices, two fundamental challenges are contact resistance
[Sasago et al., 2009] and lateral depletion effects [Simpkins et al., 2008; Zhirnov et al.,
2011]. A high concentration of dopants is needed to minimize both effects. Furthermore,
high dopant concentrations creates an increased reverse bias currents in classical diode
structures and, therefore, in reduced Ion /Io¢¢ ratio. For switch-type select devices, the
main challenge is identify the right material and the switching mechanism to achieve
the required drive current density, Ion /Io¢f ratio, and reliability.

Table 2.8: 2-Terminals Select Devices demonstrated experimentally [ITRS, 2012a]

Select Material Lo

Device System Von1 Jon1) Von2 Ion2 ON/OFF F Ref
. 1.8mA
pn-diode sc-Si (E) 1.8V (3.107A /sz%) ¢ 108 90nm [C]
poly-Si 400mA
() 2V (8.106A/cmz($) 0] 105 80nm [D]
n—-ZnO 45mA
(E) 1A% (500A /cm?) [0} 0] 105 3mm [E]
. Ge NW TmA
Schottky diode (E) 1A% (500A /cm2) [0} [0} 102 0.5mm [F]
. 100nA
a-Si (I) 1A% (1000A/cm2)¢ ) 106 100nm [G]
. 10mA
p-Si(E) 1V (1000A/cm2)¢ ) 103 Tmm [H]
Pt/TiO, 1V 6mA (10A /crp?) ) 109 245mm (1
Reverse
break- Cu/n—
down s 1A% 10mA -3 10mA 103 2mm [L]
Schottky '
diode
Complementary
resistive  Pt/GeSe/CulNGeSe/Pt 600mA —1 600mA 103 5mm [M]
switch
MIT
switch Pt/VO,/Pt 04/0.6V  (400A/cm?) [0} 103 ¢ [N]
[A]
Chalcogenide
Threshold alloy
switch (undis- ¢ ¢ ¢ ¢ 106 ¢ O]
closed)

References and acronyms for Table 2.8:
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A Metal Insulator Transition (MIT)
B Mixed Ionic and Electronic Conduction Materials (MIEC)
c [Oh et al., 2006]

D [Sasago et al., 2009]

E [Huby et al., 2008]

F [Kim et al., 2008]

G [Kim et al., 2010b]

H [Cho et al., 2010]

1 [Park et al., 2010]

7 [Choi et al., 2010]

K [Ahn et al., 2009]

L [Puthentheradam et al., 2011a]
M [Linn et al., 2010b]

N [Lee et al., 2007b]

o [Kau et al., 2009]

P [Gopalakrishnan et al., 2010]

2.3 MAGNETIC TUNNELING JUNCTION (MTJ)

In the MT], the information is stored as the anisotropy (magnetic orientation) in one
of the two ferromagnetic layers separated by a thin tunnel barrier, which is called the
energy barrier. The switchable layer manipulated to contain the information is denom-
inated Free-Layer (FL). The last layer is called Reference-Layer (RL) and is designed in
such a way that it is nearly impossible to reverse its magnetization. There are two types
of MT]J in relation to the direction of magnetic free axes of the two magnetic electrodes.
Figure 2.2a shows a schematic diagram of a typical 1T — MT] cell, as a memory cell ar-
chitecture in MRAM [Huai, 2008]. One is MT] with in-plane axis (i-MT]J, see Figure 2.2b),
and the other is that with perpendicular axis (p-MT], see Figure 2.2c). One important
detail about the MT]J, is that the magnetic state changes from parallel (P) to antiparallel
(AP). Since when using a MT] based memory in fact we use a sense amplifier to identify
the magnetic state, so the resistance currently set on the MT], we have the resistance in
parallel state Rp and in antiparallel state Rap, as depicted in Figure 2.2¢, providing us
the ability to identify the logic state [Huai, 2008]. .
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(a) MT]J layout, 1T-MT], for STT
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Figure 2.2: (a) MT]J structure and interconnection with the CMOS circuit and the relation of the
MT]J according with the technology of anisotropy, (b) Planar MT], (c) Perpendicular
MTJ.
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2.3.1  Tunnel Magnetoresistance (TMR)

Tunneling Magnetoresistance (TMR) is a magnetoresistive effect that occurs in a MT],
if the insulating layer is thin enough (typically a few nanometers), electrons can tunnel
from one ferromagnet into the other. Since this process is forbidden in classical physics,
the tunnel magnetoresistance is a strictly quantum mechanical phenomenon.

MT] are manufactured in thin film technology. On industrial scale, the film deposition
has been done by magnetron sputter deposition [Sun et al., 2003]. On laboratory scale,
molecular beam epitaxy, pulsed laser deposition and electron beam physical vapor de-
position are also employed. The junctions are etched using standard photolithography.

The effect of magnetization field in the MT] was originally discovered in 1975 by M.
Julliere (University of Rennes, France) in Fe/Ge/Co, Fe/Ge/Pb junctions at T < 4.2K,
while Albert Fert and Peter Griinberg discovered the Giant Magnetoresistance (GMR)
effect in thin-film structures in 1988 [Fert and Griinberg, 1997]. The relative change of
resistance was around 14%, and did not attract much attention [Julliere, 1975]. In 1991
T. Miyazaki (University Tohoku, Japan) found an effect of 2.7% at room temperature
[Miyazaki et al., 1991]. Later, in 1995, Miyazaki found 18% in junctions of iron sepa-
rated by an amorphous aluminum oxide insulator [Miyazaki and Tezuka, 1995] and
J. Moodera found 11.8% in junctions with electrodes of CoFe and Co [Moodera et al.,
1995]. The highest effects observed with aluminum oxide insulators are around 70% at
room temperature. Since the year 2000, tunnel barriers of crystalline magnesium oxide
(MgO) have been under development. TMR effects up to 600% at room temperature
and currently TMR with more than 1100% were observed, also at room temperature, in
junctions of CoFeB/MgO/CoFeB [Amara et al., 2012; Arakawa et al., 2011; Fukushima
et al., 2012; Ikeda et al., 2010; Ishibashi et al., 2011; Jiang et al., 2009; Min et al., 2010;
Nakayama et al., 2008; Tanaka and Moodera, 1996; Zhu et al., 2012].

2.3.2 Field Induced Magnetic Switching (FIMS) MRAMs

The Toggle or Field Induced Magnetization Switching (FIMS) MRAM technology elim-
inates the single-line disturb phenomenon that exists in other approaches to MRAM
switching. Through the use of a proprietary layer structure, bit orientation and current
pulse sequence, the MRAM bit state can be programmed via a Savtchenko switching
toggle mode [Durlam et al., 2004; Savtchenko et al., 2001]. Toggle switching employs
the same pulse sequence to either write from the ‘0" state to the "1” state or write from
the "1” state to the '0” state. Each time the sequence is executed, the device changes from
its current magnetic state to the opposite state. The switching is different from the pre-
vious switching technologies, where the free layer magnetic moment simply followed
the applied field [Everspin Technologies Inc., 2010].

Savtchenko switching relies on the unique behavior of a Synthetic Antiferromag-
net (SAF) free layer, that is formed from two ferromagnetic layers separated by a non-
magnetic coupling spacer layer. This is shown schematically in Figure 2.4, the moment-
balanced SAF free layer responds to an applied magnetic field differently than the single
ferromagnetic layer of conventional MRAM. Rather than following an applied magnetic
field, the two anti-parallel layer magnetizations will rotate to be approximately orthog-
onally to the applied field. A current pulse sequence is used to generate a rotating
magnetic field that moves the free-layer moments through the 180° switch, from one
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Write Line 1
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OFF for Program

Write Line 2 >_

i ref

Figure 2.3: Schematic of a 1-transistor, 1-MT] memory cell showing the write lines above and
below the bit and the read current path [Everspin Technologies Inc., 2010].

state to the other, as shown in Figure 2.5. To exploit the unique field response of this
free layer, a two-phase programming pulse sequence, shown in Figure 2.3, is applied to
rotate the magnetic moments of the SAF by 180 degrees. Due to its inherent symmetry,
this sequence toggles the bit to the opposite state, regardless of existing state. A pre-read
is therefore used to determine if a write is required. Given the way a SAF responds to
applied fields, a single line alone cannot switch the bit, providing enhanced selectivity
over the previous approaches to MRAM switching.
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Figure 2.4: The magnetic tunnel junction (MT]) material stack used for Toggle MRAM. The Free
SAF magnetic moments switch between two states when the proper magnetic field
sequence is applied. Electrons tunnel across the alumina (AlOx) tunnel barrier, re-
sulting in a magnetoresistance that is sensitive to the magnetic moment direction of
the sense layer [Everspin Technologies Inc., 2010].
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Figure 2.5: Schematic of a toggle MRAM bit with the field sequence used to switch the free layer
from one state to the other. The fields, H1, Hi+H2 and H2 are produced by passing
currents, i1 and i2, through the write lines [Everspin Technologies Inc., 2010].
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2.3.3 Thermally Assisted Switching (TAS) MRAMs

The Thermally Assisted Switching MRAM (TAS-MRAM), already employed in previ-
ous works like [Guillemenet et al., 2010], [Guillemenet et al., 2009] and [Guillemenet
et al., 2008b], has shown improvements in terms of required writing current and power
consumption during write operation. TAS-MRAM is an improvement, or a parallel de-
velopment, of the Toggle-MRAM and is classed as a second generation MRAM, together
with Toggle [BRUCHON, 2007a].

Thermally Assisted Switching approach combines a local heating of the junction and
a single low amplitude magnetic field. This writing method also requires several steps
that are depicted in Figure 2.6. When the junction is heated above the blocking temper-
ature, ~ 150°C by a current (Ineqt ~ 340pA) flowing through the junction, the magne-
tization of the ferromagnetic layer is freed and can be reversed under the application
of a single low amplitude magnetic field. This entire operation is performed in ~ 35ns
[Guillemenet et al., 2010].

Read Line

Pinned layer Iwrite 4

Free layer

),

oN oN

Write Field Line

"0" state Heat Switch Field cool "1" state

Figure 2.6: MT]J process to switch the electromagnetic thin-layer field and store the logic value
into the MT]J passing from the electrical layer.

2.3.4 Spin Transfer Torque (STT) RAMs

The Spin Transfer Torque (STT) was not widely known until 1996. It is common sense
that the beginning of Spin Transfer Torque research, applied to semiconductors devices,
start with the patent [International Business Machines Corporation, 1996] it also ref-
erenced [Edw; Hornreich and M]. Given the potential applications of the technology,
academy and industry have been proactively researching it, and lots of progresses have
been made in recent years: from the first experimental verification of spin-torque trans-
fer in GMR film, to magnetic tunneling junction devices. A large portion of this effort
was made towards the development of practical MRAM chips based on STT. A key
milestone in STT research has been reached, in early 2004, by first demonstration of
STT switching in Al203 based MTJs by Huai et al. [Huai et al., 2005a; Rippard et al.,
2005]. In late 2004, the revolutionary high TMR above 200% has been reported in MT]Js
with crystalline MgO barrier [Parkin et al., 2004; Yuasa et al., 2004], following the early
theoretical predictions [Butler et al., 2001; Mathon and Umerski, 2001].

The following sections covers the basic in physics of spin-torque transfer, the switch-
ing properties of the magnetic tunnel junction and, also, the technological aspects of
STT-MRAM technology.
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2.3.5 STT based Magnetic Tunnel Junction (STT-MT])

MT]J is the basic cell of MRAM [Chappert et al., 2007b]. It is a nano-pillar composed
of two Ferromagnetic (FeM) layers and one oxide thin barrier (see Figure 2.2). As the
magnetization direction of the two FeM layers is either in parallel or anti-parallel, a
MT] shows two different resistance values Rp and Rap. For practical applications, the
magnetization direction of one FM layer is pinned as reference and that of the other
ferromagnetic layer is free to be switched to store binary state [Hoya et al., 2006; Wolf
et al., 2001].

STT-MRAM technology has significant advantages over magnetic-field-switched (FIMS,
Toggle) MRAM or TAS-MRAM. The main challenge for implementing STT writing
mode, in high-density and high-speed memory, is the substantial reduction of the intrin-
sic current density J.o (defined in Equation 2.1), required to switch the magnetization
of the FL, while maintaining high thermal stability needed for long-term data retention.
Minimal switching (write) current is necessary, mainly, for reducing the size of the ac-
cess transistor in series, with MTJ in one transistor and one MT] design (1T1]), in order
to achieve the highest possible memory density, since the channel width (in unit of F)
of the transistor is proportional to the write current for a given transistor current driv-
ability (uA/pum). Minimal channel width of 1F, or at least the width of MT] element,
is expected for achieving ultimate smallest STT-MRAM cell size. Also, smaller voltage
across MT] decreases the probability of tunneling barrier degradation and breakdown,
ensuring endurance for the junction. This is particularly important for STT-MRAM, for
the reason that both, sense and write currents are driven through MTJ cells [Huai, 2008].

2.3.6  Planar and Perpendicular STT

As described in [Theodonis et al., 2006], when a spin-polarized current passes through
a magnetic multilayer structure, the Magnetic Tunnel Junction (MT]), it can transfer
spin angular momentum from one ferromagnetic electrode to another, exerting this way
a torque on the magnetic moments of the electrodes. Using sufficiently high current
densities, this spin transfer can stimulate spin-wave excitations and even reverse the
magnetization of one of the alloy layers, denominating the process as Current induced
magnetic switching (CIMS) a.k.a. Spin Transfer Torque (STT).

This angular spin transfer is important to understand that it will be tied with the
MT] manufacturing process. According with the mathematical model, in the in-Plane or
Parallel Magnetic Tunnel Junction (iMT]), the anisotropy vectors are contained inside the
thin-film physical structure. The field orientation is given by the equation Equation 2.1,
that is explained in details in [Huai, 2008], that defines the MT] magnetization in the
film plane be expressed as Equation 2.1.

2exMtr(H + Hy + 2tM)
fn

In Equation 2.1 the H is the field applied along the easy axis, M and tf are the

magnetization and thickness of the free layer respectively, « is the damping constant,

and Hy is the effective anisotropy field including magnetocrystalline anisotropy and

shape anisotropy. The spin transfer efficiency n, is a function of the current polarity,
polarization, and the relative angle between the FL and Pinned Layer (PL).

(2.1)

]cO =
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According with [Huai, 2008], observing the Equation 2.1, the intrinsic current den-
sity is primarily governed by the thin film easy-plane anisotropy 47tM; (> 10kOe). The
anisotropy field Hy, mainly dominated by shape anisotropy, is about several hundred
Oe. Therefore, most efficient means of reducing J.o would be using a FL with perpen-
dicular anisotropy with Hy | > 4ntM; as stated in [Huai, 2008]. In this case, the magne-
tization is out of the film plane, which would eliminate the 2tM; term in Equation 2.1,
where the Hy becomes the effective perpendicular anisotropy Hy | = Hy | —47M; [Huai,
2008]. Additional sources into this subject are [Chappert et al., 2007a; Chshiev et al.,
2008; Heinonen et al., 2010; Huai et al., 2005b; Jung et al., 2010; Mejdoubi et al., 2013;
Oh et al., 2009; Stiles and Zangwill, 2002; Wilczyniski et al., 2008; Xiao et al., 2008].

So, it needs less energy to switch the anisotropy in Perpendicular Magnetic Tunnel
Junction (pMT]) than in a iMT], according with Equation 2.1 and [Huai, 2008; Theodonis
et al., 2006], this is true. Also, it is easy to control the angular momentum of a MT] in
perpendicular orientation. Additionally, regarding the architectural aspects, since the
MT]J can be built in a circular shape instead of a oval shape due to the angular field
orientation because of the alloy etching to create the MT] nanopillar, it can scale below
45nm, use less energy for field switching, it is also possible to create denser memory
banks than using iMT].

According with [Chun et al., 2013], they explored the scalability of in-plane (iMTJ)
and perpendicular (pMT]) MT] based STT — MRAMSs from 65nm to 8nm, focusing on
the read and write performances of a STT-MRAM based cache, rather than the ob-
vious advantages such as the denser bit-cell and zero static power. An accurate MT]
macromodel capturing key MT] properties was adopted for efficient Monte Carlo sim-
ulations. For the simulation of access devices and peripheral circuitries, ITRS projected
transistor parameters were utilized and calibrated, using the MASTAR tool that has
been widely employed in industry. The 6T SRAM and STT-MRAM arrays were imple-
mented to mimic industrial memory designs. The thermal stability factor ensuring a
10 year retention time was obtained by adjusting the FL thickness, as well as assum-
ing improvement in the crystalline anisotropy. The paper demonstrated that in-plane
STT-MRAM can outperform SRAM from 15nm node, while its perpendicular counter-
part requires further innovations in MT] material in order to overcome the poor write
performance scaling from 22nm node onwards.

In [Kim et al., 2011b] they report the first experimental demonstration of sub-20nm
MT]J cells investigating the downscaling feasibility of Spin Transfer Torque MRAM
(STT-MRAM). They demonstrated a STT switching of 17nm node pMT] cell, allegedly
the smallest feature size reported until now, using perpendicular materials possessing
with high interface anisotropy of 2.5erg/cm? and an integration processes, to achieve
reproducible switching, with critical current (I.) of 44puA, TMR ratio of 70% and thermal
stability factor (E/kgT) of 34.

It is widely recognized that Perpendicular Magnetic Anisotropy (PMA) should be
implemented into MT]Js at such a small node to obtain high enough thermal stability.
Although many PMA materials have been studied, for instance L1y ordered alloys (FePt
and CoPt), Co based multilayers (Co/Pd and Co/Pt), rare-earth and transition metal
alloys [Kim et al., 2011b]. Adopting the PMA materials as a free layer in the MT]Js is
a highly complex process [Kim et al., 2011b]. They demonstrate the feasibility of sub-
20nm MRAM device adopting the free layer of interface driven PMA (i-PMA) [Kim
et al., 2011b] with enhanced anisotropy energy.
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These two studies are among the most elucidating and innovative regarding the MT]
technologies. It is strongly advised to consult the references [Chun et al., 2013; Huai
et al., 2011] to have an overview and comparative studies regarding the in-plane and
perpendicular MT]J structures. Specifically for perpendicular MTJ [Chun et al., 2013;
Driskill-Smith et al., 2011; Huai et al., 2011; Kim et al., 2011b; Krivorotov et al., 2012;
You, 2012] this are the latest available publications about the subject.

The research group lead by professor Hideo Ohno of Tohoku University, have pub-
lished works on MRAM applied for building logic circuits as well the recent advances
in Perpendicular STT [Brataas et al., 2012; IKEDA et al., 2012; Matsunaga et al., 2009,
2012].

The proposed MTJ of Tohoku university is depicted in Figure 2.7, with a cross-section
photo in Figure 2.7a. At Figure 2.7b we have depicted the material schematic organi-
zation of the MTJ, with its respective thicknesses. This MT] architecture is the pMT],
currently adopted and is the leading edge on the field.

Cr / /*\\L A

(b)

Figure 2.7: High performance perpendicular MT] with ¢ 40nm
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2.4 CURRENT STATE COMPARED TO THE MEMORY STATE OF THE ART

SRAM has been the dominant technology for building cache memories in processors
and programmable logic in Field Programmable Gate Arrays (FPGAs). It is a fast, yet
nowadays very power-hungry, variety of memory. DRAM comes next in the hierarchy,
serving as a larger, but not so fast, volatile memory. Finally, in embedded systems and
FPGAs, secondary storage is usually made with solid-state devices based on Flash mem-
ory.

Many obstacles threaten continued scaling of these three technologies: from increas-
ing leakage power to lithography issues. It has been estimated that, by 2018, SRAM,
DRAM and Flash technologies will likely be replaced if Moore’s law is to stand [itr,
2011].

This scenario motivated the appearance of a number of NVMs technologies in the
past years. STT-MRAM, Phase-Change Memory (PCM) and Resistive Random Access
Memory (RRAM), among others, are considered by ITRS as the most promising can-
didates to take over the mainstream market. In Table 2.9, a quick comparison of those
technologies is provided.

Since 2006, a certain number of proposals on the NVM field have emerged, from
architecture-level enhancements to actual circuit implementations [Augustine et al., 2012;
Chen et al., 2012; Chen and Li, 2011; Chun et al.,, 2013; Dason et al., 2011; Dingler et al.,
2012; Dorrance et al., 2013; Fong et al., 2013, 2011; Gupta et al., 2012; Huda and Sheik-
holeslami, 2013; Iba et al.,, 2011; Jadidi et al.,, 2011; Jiang et al., 2012; Kim et al., 2011b;
Kitagawa and Fujita, 2013; Kitagawa et al., 2012; Lakys et al., 2012; Lee et al., 2012b;
Li et al., 2011a; Mandhdapu and Samson Immanuel, 2012; Mao et al., 2013; Mishra
et al., 2011; Morris et al., 2012; Panagopoulos et al., 2012; Park et al., 2012a,b; Sun et al,,
2012a,b, 20114, 2012d; Torres and Zhao, 2011; Tsunoda et al., 2012; Venkatesan et al.,
2012; Wang et al., 2013; Wang and Amiri, 2012; Wang et al., 2012; Wen et al., 2012; Yoda
et al., 2012a,c; Yoshida et al., 2012; Yu et al., 2013].

Table 2.9: Comparison of NVM technologies [itr, 2011; Kim et al., 2011a; Yoda et al., 2012c]

Min. cell Endurance Read Write

Tarhnalaoxr

size (F2) (cycles) time(ns) time (ns)

SRAM 150 [0} 2 2
STT-MRAM 20 10'6 5 15
Perpend. STT ¢ () 3 3
TAS-MRAM = ¢ 1012 30 30
NAND-Flash 4 104 10 10°
NOR-Flash 10 10° 15 103
FeRAM 22 1012 40 65
RRAM 30 10° 100 100
PCM 4 1012 12 100

% Data provided by Crocus Technology
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Table 2.10: Timeline of the MT] current power, according with technology.

F]I;\grstm) (Té?nm) STT (45nm) ?zségl) Fz%ii)
Everspin g;if;sc / SPINTEC*  SPINTEC!  Toshiba
write (LA) 16000 14320 29 17 50
Read (nA) 10 10 20 7
Period (ns) 40 35 17 6 3

In Table 2.10 is denoted the evolution of the currents used for read and write into
each specific MT] technology. Also, details regarding the Toshiba’s pMT] can be found
in [Inc., 2011; Kitagawa and Fujita, 2013; Yoda et al., 2012b].

2.5 COMPUTER ARCHITECTURE AND MEMORY HIERARCHY

The founders of Computer Science predicted that programmers would desire unlimited
amounts of fast memory. Since memory is not infinity, and its performance is inversely
proportional to its density, the trade-off created to supply this eagerness for memory is a
memory hierarchy, which takes advantage of locality and cost-performance of memory
technologies.

The principle of locality denotes that most programs do not access all code or data uni-
formly. Locality occurs in time (temporal locality) and in space (spatial locality)[Hennessy
and Patterson, 2007b]. This principle evolved to hierarchies based on memories of differ-
ent speeds and sizes. Figure 2.9 shows a multilevel memory hierarchy, including typical
sizes and speeds of access [Hennessy and Patterson, 2007b; Patterson, 1980; Patterson
and Hennessy, 2012].

Since fast memory is expensive, a memory hierarchy is organized into several levels.
The levels nearest to the microprocessor, beginning by the registers, are extremely expen-
sive and work at the core frequency. Further we advance in the memory hierarchy the
density increases, to the expense of performance [Hennessy and Patterson, 2007b; Pat-
terson and Hennessy, 2012]. Note that each level maps addresses from a slower, larger
memory to a smaller but faster memory higher in the hierarchy. As part of address
mapping, the memory hierarchy is given the task of address checking and translation
(virtual to physical and vice-versa). Hence, protection schemes for addresses segments
are also part of the memory hierarchy.

The importance of the memory hierarchy has increased with advances in performance
of processors [Hennessy and Patterson, 2007b; Patterson and Hennessy, 2012]. So, is
feasible to assert that: still, there is room in computer architecture to close the processor-
memory gap.

1 MT] Model, stablished during discussions with Guillaume Prenat and Gregory Di Pedina of CEA-Spintec
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Figure 2.8: Microprocessor Datapath [Hennessy and Patterson, 2007b; Patterson and Hennessy,
2012].

2.5.1  Working Principles of the Memory Hierarchy

When a data/instruction word is not found in the cache, the word must be fetched from
the memory and placed in the cache before continuing [Hennessy and Patterson, 2007b;
Patterson and Hennessy, 2012]. Multiple words, called a block (or line), are moved for
efficiency reasons: instead one word each fetch, you move a block (Spatial Locality).
Each cache block includes a tag, to see which memory address it corresponds to.

Size Speed

256~2048 bytes 250 ps

CACHE LI 64KB 1~2 ns
CACHE L2 2MB~32MB 20~100 ns

CACHE L3 8MB~64MB 20~120 ns

1~16GB 30~120 ns

1/O Bus

1~4TB ~10 ms
/O Devices

Figure 2.9: The levels in a typical memory hierarchy in embedded and server computers. As we
move further away from the processor, the memory in the lower level increases in
latency and density. Note that the time units change by factors of 10, from picosec-
onds to milliseconds, and that the size units change by factors of 1000, from bytes to
terabytes.
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A cornerstone design decision, is the blocks (or lines) placement in a cache. The most
popular scheme is set associative, where a set is a group of blocks in the cache. A block
is first mapped onto a set, and then the block can be placed anywhere within that set.
Finding a block consists in mapping the block address to the set, and then searching the
set, usually in parallel, to find the block. The set is chosen by the address of the data
[Hennessy and Patterson, 2007b; Patterson and Hennessy, 2012]:

(Block address)MOD (Number of sets in cache) (2.2)

Address
3130:--12111098---3210

Jd22 Jds

I~ I~

Index V Tag Data V Tag Data V Tag Data V Tag Data

e
253
254
255
N \22 N \32
r“' /— /= f:

4-to-1 multiplexor

Hit Data

Figure 2.10: An example of a possible Set-Associative Cache Organization [Patterson and Hen-
nessy, 2012].

If there are n blocks in a set, the cache placement is called n-way set associative.
A direct-mapped cache has just one block per set (so a block is always placed in the
same location), and a fully associative cache has just one set (so a block can be placed
anywhere). Read access to the CACHE, that is only read, is easy, since the copy in the
cache and memory will be identical. Writing access is more difficult: the circuit must,
kept the CACHE copies consistent in all levels of the hierarchy. There are two main
strategies for that: the write-through and write-back. A write-through cache updates
the item in the cache and writes through to update main memory. A write-back cache
only updates the copy in the cache. When the block is about to be replaced, it is copied
back to memory. Both write strategies can use a write buffer to allow the cache to
proceed as soon as the data is placed in the buffer, rather than wait the full latency to
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write the data into memory [Hennessy and patterson, 2006; Patterson and Hennessy,
2012].

A measurement unit for performance evaluation of different cache organizations is
MISS rate. Miss rate is simply the fraction of cache accesses that result in a miss, that is,
the number of accesses that MISS divided by the number of accesses. To gain insights
into the causes of high MISS rates, which can inspire better cache designs, the three C;
model sorts all misses into three categories [Hennessy and Patterson, 2007b; Patterson
and Hennessy, 2012]:

e Compulsory — The very first access to a block cannot be in the cache, so the block
must be brought into the cache. Compulsory misses are those that occur even if
you had an infinite cache.

e Capacity — If the cache cannot contain all the blocks needed during execution of
a program, capacity misses (in addition to compulsory misses) will occur because
of blocks being discarded and later retrieved.

e Conlflict — If the block placement strategy is not fully associative, conflict misses
(in addition to compulsory and capacity misses) will occur because a block may
be discarded and later retrieved if conflicting blocks map to its set.

Miss rate can be a misleading measure for several reasons. Hence, some designers
prefer measuring misses per instruction rather than misses per memory reference (miss
rate) [Hennessy and Patterson, 2007b; Patterson and Hennessy, 2012]. These two are
related:

Misses Miss rate = Mlemory Accesses . Memory Accesses
= = Miss rate *

Instructions Instruction Count Instruction
(2.3)

. For speculative processors, we only count instructions that are committed [Hennessy
and Patterson, 2007b; Patterson and Hennessy, 2012]. The problem with both measures
is that they do not factor in the cost of a miss. A better measure is the average memory
access time:

Average Memory Access Time = Hit Time + Miss rate * Miss penalty (2.4)

where Hit time is the time to HIT in the cache and Miss penalty is the time to replace
the block from memory (that is, the cost of a miss). Average memory access time is
still an indirect measure of performance; although it is a better measure than MISS rate,
it is not a substitute for execution time [Hennessy and patterson, 2006; Patterson and
Hennessy, 2012].

2.6 CACHE MEMORIES

CACHE memories are probably the most important advent for microprocessors, be-
cause it marks the appearance of the memory hierarchy concept [Hennessy and Patter-
son, 2007b; Patterson and Hennessy, 2012]. It is in place for the last 30 years and have
granted the fast evolution of microprocessors and the advent of System-on-Chip (SoC)
for embedded systems.
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There are six basic cache optimizations approachs, which we quickly review here,
as described in [Hennessy and patterson, 2006], that will be listed in the following
subsections.

2.6.1 Larger block size to reduce MISS rate

The simplest way to reduce the MISS rate is to take advantage of spatial locality and
increase the block size. Note that larger blocks also reduce compulsory misses, but they
also increase the MISS penalty.

2.6.2 Bigger caches to reduce MISS rate

The obvious way to reduce capacity misses is to increase cache capacity. Drawbacks
include potentially longer HIT time of the larger cache memory and higher cost and
power (Indeed bigger the caches, higher the latencies as will be seen in Section 3.5.3).

2.6.3 Higher associativity to reduce MISS rate

Obviously, increasing associativity reduces conflict misses. Greater associativity can
come at the cost of increased HIT time too.

2.6.4 Multilevel caches to reduce MISS penalty

A difficult decision is whether to make the cache HIT time fast, to keep pace with the
increasing the frequency and bandwidth of processors, or to make the cache large, to
overcome the widening gap between the processor and main memory. Adding another
level of cache, between the original cache and memory, simplifies the decision (observe
Figure 2.9 and Figure 2.11). The first-level cache can be small enough to match a fast
clock cycle time, yet the second-level cache can be large enough to gather many accesses
that would go to the main memory. The focus on misses in second-level caches leads
to larger blocks, bigger capacity, and higher associativity. Given that L1 and L2 refer
to first and second level caches, we can define, like in [Hennessy and patterson, 2006;
Patterson and Hennessy, 2012], the average memory access time as:

Hit time L1 + Miss rate L1 = (Hit time L2 + Miss rate L2 =« Miss penalty L2) (2.5)

2.6.5 Giving priority to read misses over writes to reduce MISS penalty

A write buffer is a neat place to implement this choice of optimization. Write buffers cre-
ate hazards, since they hold the updated value of a location needed on a read miss—that
is, a read-after-write hazard through memory [Hennessy and patterson, 2006; Patterson
and Hennessy, 2012]. A solution is to check the contents of the write buffer on a read
miss. If there are no conflicts, and if the memory system is available, sending the read
before the writes reduces the MISS penalty. Most processors give reads priority over
writes.
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2.6.6 Avoiding address translation during indexing of the cache to reduce HIT time

Memory Management Unit (MMU), within CACHES must cope with the translation of
a virtual address from the processor to a physical address to access memory. Figure 2.11
shows a general flow between caches, Translation Lookaside Buffers (TLBs), and virtual
memory. A common optimization is to use the page offset, the part that is identical in
both virtual and physical addresses, to index the cache. The virtual address is translated
while the cache is read using that index, so the physical addressing can be employed for
TAG matching. The drawback of this virtually indexed, physically tagged optimization
is that the size of the page limits the size of the cache. Higher associativity can keep the
cache index in the physical part of the address.

Virtual Address <64>

R R
| | Al .
B

to CPU

L > (=

to L1 or CPU

=?

Figure 2.11: A general overview of a hypothetical memory hierarchy going from virtual address
to L2 cache access. [Hennessy and patterson, 2006]

2.7 MRAM APPLIED INTO MEMORY HIERARCHY

To close this chapter, the idea is take into account the concepts of memory hierarchy
and search how the research in the field of computer architecture is exploring this
elements of memory hierarchy. This way, better positioning our research goals, targets
and exploratory experiments.

In [Kim et al., 2011b] article, they report the first experimental demonstration of
sub-20nm MT] cells for investigating the downscaling feasibility of STT-MRAM. They
demonstrate the STT switching of 177nm node P-MT]J cells, the smallest feature size re-
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ported, utilizing perpendicular materials possessing high interface anisotropy of 2.5erg/cm?
and improved integration processes to achieve reproducible switching, with critical cur-
rent (I.) of 44pA, TMR ratio of 70% and thermal stability factor (E/kBT) of 34.

In the paper [Mishra et al., 2011], they study the integration of STT-MRAM in a 3D
multicore environment and propose solutions at the on-chip network level, to mitigate
the write overhead problem in the CACHE architecture with STT-MRAM technology.
Their scheme is based on the observation that, instead of staggering requests to a write-
busy STT-MRAM bank, the network should schedule requests to other idle CACHE
banks for effectively hiding the latency. Thus, they prioritize CACHE accesses to the
idle banks by delaying accesses to the STT-MRAM CACHE banks, that are currently
serving long latency write requests. Through a detailed characterization of the CACHE
access patterns of 42 applications, they propose a mechanism to facilitate delayed writes
to CACHE banks by estimating the busy time of each CACHE bank through logical par-
titioning of the CACHE layer and prioritizing packets in a router requesting accesses to
idle banks. Evaluations on a 3D architecture, consisting of 64 cores and 64 STT-MRAM
CACHE banks, according with the authors the proposed approach achieves 14% av-
erage IPC improvement for multi-threaded benchmarks, 19% instruction throughput
improvement for multi-programmed workloads, and 6% latency reduction compared
to a proposed write buffering mechanism.

In recent years, NVM technologies have emerged as candidates for future universal
memory. NVMs generally have advantages, such as low leakage power, high density,
and fast read speed. At the same time, NVMs also have disadvantages. For example,
NVMs often have asymmetric read and write speed and energy cost, which poses new
challenges when adopting NVMs. In [Xue et al., 2011a] they present four contributions,
comparing three emerging NVM technologies, their characteristics, potential challenges,
and new opportunities that they may bring forward in memory systems.

In [Sun et al., 2011b], they propose both, L1 and lower level CACHE designs, that
use STT-MRAM. In particular, their designs use STT-MRAM cells with multiple data
retention time and write performances, made possible by different MT] designs. For
the fast STT-MRAM bits with reduced data retention time, a counter controlled dy-
namic refresh scheme is proposed to maintain the data validity. According with them,
their dynamic scheme saves more than 80% refresh energy compared to the simple re-
fresh scheme proposed in previous works. A L1 CACHE built with ultra low retention
STT-MRAM coupled with the proposed dynamic refresh scheme can achieve 9.2% in
performance improvement, and saves up to 30% of the total energy, when compared to
one that uses traditional SRAM. For lower level CACHESs, with relative large CACHE
capacity, they propose a data migration scheme, that moves data between portions of
the CACHE with different retention characteristics to maximize the performance and
power. Their experiments show that on the average, the proposed multi retention level
STT-MRAM CACHE reduces 30 ~ 70% of the total energy compared to previous works,
while improving IPC performance for both 2-level and 3-level CACHE hierarchy.

The recently proposed retention-relax design could improves STT-MRAM write ac-
cess performance. Nevertheless, the process variations could affect the writability of
STT-MRAM cells. The situation for retention-relax design is even more severe. In [Sun
et al., 2012c], they study the impact of process variations, including those from both,
CMOS and magnetic technologies, on STT-MRAM design. Also, they propose pro-
cess variation aware non-uniform CACHE access (PVA-NUCA) technique for large
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STT-MRAM CACHE design. Besides the varying interconnect latencies determined by
memory locations, PVA-NUCA compensates write time variations of STT-MRAM cells
resulted by process variations. Two algorithms, conservative promotion and aggressive
prediction, have been introduced and evaluated. A conflict-reduction mechanism is uti-
lized to degrade the data access miss rate, caused by conflicts of access-intensive data
blocks. Compared to the traditional STT-MRAM Dynamic Non-Uniform CACHE Ac-
cess (DNUCA), their proposed dynamic PVA-NUCA can improve 25.29% of IPC perfor-
mance and reduce 26.4% of STT-MRAM CACHE energy consumption, with < 1% of
area overhead, according with the authors.

The simulation results in [Sun et al.,, 2012b], on the STT-MRAM based last-level
CACHE, show that their technique can improve the system performance by 4% while
obtaining 35% power reduction on average. According with them, emerging NVM mem-
ory technology, suffer from a common issue in their write operations: the switching
processes at different write operations (i.e., 0 — 1 and 1 — 0) are asymmetric. Using
a pessimistic design corner to cover the worst case of a write operation incurs large
power and performance cost in the existing emerging memory technology designs. In
this work, they demonstrated a universal log style write methodology to mitigate this
asymmetry issue, by operating two switching processes in separate stages. The dedi-
cated design optimizations are allowed on either switching process.

While GPUs are designed to hide memory latency with massive multi-threading, the
tremendous demands for memory bandwidth and power consumption constrain the
system performance scaling. In [Zhao and Xie, 2012], they propose a hybrid graphics
memory architecture with different memory technologies (DRAM, STT-MRAM, and
RRAM), to improve the memory bandwidth and reduce the power consumption. In ad-
dition, they present an adaptive data migration mechanism that exploits various mem-
ory access patterns of GPGPU applications, for further memory power reduction. They
evaluate their design with a set of multi-threaded GPU workloads. Compared to tradi-
tional GDDR5 memory, their design leads to 16% of GPU system power reduction, and
improves the system throughput and energy efficiency by 12% and 33%.

Emerging memory technologies are explored as potential alternatives to traditional
SRAM/DRAM-based memory architecture in future microprocessor designs. Among
various emerging memory technologies, STT-MRAM has the benefits of fast read la-
tency, low leakage power, and high density, and therefore has been investigated as a
promising candidate for last-level CACHE (LLC). One of the major disadvantages for
STT-MRAM is the latency and energy overhead associated with the write operations.
In particular, a long-latency write operation to STT-MRAM CACHE may obstruct other
CACHE accesses, resulting in performance degradation. Consequently, mitigation tech-
niques to minimize the write overhead are required, in order to successfully adopt this
new technology for CACHE design. In [Wang et al., 2013], they propose an obstruction-
aware CACHE management policy called OAP. OAP monitors the CACHE to periodi-
cally detect LLC-obstruction processes and manage the CACHE accesses from different
processes. The experimental results, on a 4-core architecture with an 8MB STT-MRAM
L3 CACHE, shows that the performance can be improved by 14% on average and up to
42%, with a reduction of energy consumption by 64%.

Data prefetching is a common mechanism to mitigate the bottleneck of off-chip mem-
ory bandwidth in modern computing systems. A major side effect is increase off-chip
communication number of write operations. With the adoption of STT-MRAM at last-



2.7 MRAM APPLIED INTO MEMORY HIERARCHY

level CACHESs (LLCs) for their high density and low power consumption, the increase of
write pressure to the CACHE from prefetching, associated with the long write access in
MRAM, exacerbates the performance cost of prefetching schemes. In [Mao et al., 2013],
they propose two techniques to reduce the negative performance impact induced by
aggressive prefetching on multicore systems, employing STT-MRAM based LLC. First,
basic priority assignment focus on the different types of access requests of LLC by their
criticality, responding to them based on priority. Second, priority boosting differentiates
requests by application, prioritizing the relatively few requests from applications with
non-intensive accesses to the LLC, which usually creates the most severe performance
degradation in multi-core systems. Combining these two prioritization policies they
suggest that it can alleviate the negative effect induced by aggressive prefetching. The
results show that these techniques could achieve an 8.3% average application speedup
compared to a baseline, design with prefetch without prioritization.

Compared to the reviewed literature, our approaches to solve the architectural prob-
lems are strictly VLSI oriented, our results are based in physical factors, compared
with real integrated circuits, a exception of the architectural simulation, where is quite
difficult to present a complete time frame of an ARM V7 ISA in details, give the intel-
lectual property protection. In at least two referenced researchs of the literature, they
are proposing solutions, seems based in software solutions, which is not our intention.
Besides that, a common factor between this work and the state of the art is the draw-
back of MRAM, due to the high current to switch the anisotropy. Furthermore, we do
not have by objective circumvent or mitigate the latency of a MRAM, instead we try to
present the advantages and drawbacks of adopting MRAM into the memory hierarchy
and how this would affect an existing SoC performance and power consumption.

In the following sections and chapters, we will demonstrate our methodology to ana-
lyze individual memory banks for a specific technology and how we incorporate the de-
tails of this memory banks into an architectural level simulator. Finally, we will present
the Composite Bank, a set of CACHE set associative that contains an original and sim-
ple to implement solution in order to obtain a better trade-off to incorporate MRAM
into the memory hierarchy:.
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ANALYTICAL METHODOLOGY FLOW

This chapter will present our analytical methodology to evaluate memory
banks and architectural systems given a memory technology. The set of tools
employed to compose the methodology and how to combine them to extract
useful data. Also, it will present in the end the results for intrinsic analyses.
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If an elderly but distinguished scientist says that something is possible,
he is almost certainly right; but if he says that it is impossible,

he is very probably wrong.

— Arthur C. Clarke

The main problematic addressed by this thesis is how and when to incorporate
MRAM into memory hierarchy. The evaluations will denote that there are constraints
about the adoption of MRAM into memory hierarchy, with the current technological
state. Of course, if the technology achieve the expectation of ITRS, it will be possible
to use it in the coming years. One major achievement to make possible the adoption
of MRAM is indicated in Section 2.3.6, the perpendicular MT]. There are a series of
problems to be addressed before the adoption of MRAM into mainstream designs. One
major, if not the biggest drawback of MRAMs, is the MT] write current (I,,). Once this is
solved, MRAM becomes a viable technology using the current state of semiconductors
manufacturing.

CACTI is used for the purpose to simulate SRAM L2 CACHE banks. It simulates
bank-sets with the organization of TAG and DATA contained into the same element.
This was due to the usage of associativity (> 4) as one of the parameters. Since NVSim
is based on CACTI, the same pattern is observed on it.

NVSim is used on the same fashion as CACTL Its main purpose is to simulate our
NVM banks. Particularly for this thesis, the focus is MRAM. Experiments were con-
ducted for other technologies, but comparisons and results are not presented due to the
fact that they were neither relevant nor substantial, to provide any valuable conclusion.

Further results were generated to simply compare SRAM vs MRAM banks. At this
point, to obtain convergence and reliable results, we used only the NVSim simulator,
since it produces nearly the same results as CACTI, with improvements and higher
accuracy.

3.1 CACTI: INTEGRATED MEMORY SIMULATOR

CACTTIis an integrated CACHE and memory simulator, developed by Hewlett—Packard,
to evaluate a CACHE memory bank. By combining a set of models, we can have confi-
dence that tradeoffs between time, power and area are all based on the same assump-
tions and, hence, are mutually consistent. CACTI is designed to be used to explore
computer architecture at memory hierarchy level, to evaluate and understand the per-
formance tradeoffs inherent in memory system organizations [Labs].
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With the technological node shrink, the disparity between transistor and wire delay
increases. The properties of future CACHE memories will depend on the characteristics
of the interconnection network that connects various sub-modules of a CACHE memory.
CACTI 6.5 is a significantly enhanced version that focuses on memory interconnect
design [Tarjan et al., 2006].

3.1.1  CACTI background

This section presents some basics on the CACTI CACHE access model. Figure 3.1 shows
the basic logical structure of a Uniform CACHE Access (UCA) organization. The ad-
dress request to the CACHE is first provided as input to the decoder, which then acti-
vates a wordline in the DATA array and TAG array. The contents of an entire row are
routed on the sense amplifiers through a network of wires. The routed outputs of the
TAG arrays are compared against the input address, to detect if one of the ways of the
set does contain the requested DATA. This comparator logic drives the multiplexor that
finally forwards at least one of the routed output of the DATA array, from one of the
sets, back to the requesting processor.

Bitlines Input address
Wordline — - <
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Figure 3.1: CACHE bank memory physical organization [Tarjan et al., 2006]

The CACTI CACHE access model [Tarjan et al., 2006] takes in the following major
parameters as input: CACHE capacity, CACHE block size (also known as CACHE line
size), CACHE associativity, technology node, number of ports and number of indepen-
dent banks (not sharing address and DATA lines).

As result, it generates the CACHE configuration that minimizes delay, along with its
power and area characteristics. CACTI models the delay, power and area of eight ma-
jor CACHE components: decoder, wordline, bitline, sense amplifier, comparator, multi-
plexor, output driver and interbank wires. The wordline and bitline delays are two of
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the most significant components of the access time. They are both quadratic functions
of the width and height of each array, respectively [Tarjan et al., 2006].

In practice, the TAG and DATA arrays are complex and physically large structures,
that makes it inefficient to implement them as single individual structures. Hence,
CACTI partitions each storage array (in the horizontal and vertical dimensions) to pro-
duce smaller sub-arrays and reduce wordline and bitline delays. The bitline is parti-
tioned into Ndbl different segments, the wordline is partitioned into Ndwl segments,
and so on. Each sub-array has its own decoder and some central pre-decoding is now
required to route the request to the correct sub-array. CACTI carries out an exhaustive
search across different sub-array counts (different values of Ndbl, Ndwl, etc.) and sub-
array aspect ratios to compute the CACHE organization with optimal total delay. A
CACHE may be organized into a handful of banks. An example of a CACHE’s physical
structure is shown in Figure 3.1

3.1.2 CACTI Thesaurus

To clearly understand CACTI and its functioning, you should comprehend the termi-
nology used by CACTL

The following is a list of keywords introduced in various releases of CACTI [Tarjan
et al., 2006].

e Bank: A memory structure that consists of a DATA and a TAG array. A CACHE
may be partitioned into banks and CACTI assumes enough bandwidth to access
these banks simultaneously. The network topology that interconnects these banks
can change depending on the CACHE model (UCA or Non-Uniform CACHE
Access (NUCA)).

e Sub-arrays: A DATA or TAG array is divided into a number of sub-arrays to reduce
the delay due to wordline and bitline. The total number of sub-arrays in a CACHE
is equal to the product of Ndwl and Ndbl.

e Mat: A group of four sub-arrays (2x2). They share a common central predecoder.
CACTT’s deep search starts from a minimum of one mat.

e Sub-bank: In a typical CACHE, a block is distributed across multiple sub-arrays
to improve the reliability of a CACHE. Regardless of the CACHE organization,
CACTI assumes that every CACHE block in a CACHE is distributed across a row
of mats and the row number corresponding to a particular block is determined

based on the block address. Each row (of mats) in an array is referred as a sub-
bank.

e Ntwl/Ndwl: Number of horizontal partitions in a TAG or DATA array i.e., the
number of segments that a single wordline is partitioned into.

e Ntbl/Ndbl: Number of vertical partitions in a TAG or DATA array i.e., the number
of segments that a single bitline is partitioned into.

e Ntspd/Nspd: Number of sets stored in each row of a sub-array. For a given Ndwl
and Ndbl values, Nspd decides the aspect ratio of the sub-array.
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e Ntcm/Ndcm: Degree of bitline multiplexing.

e Ntsam/Ndsam: Degree of sense-amplifier multiplexing.

3.1.3 NUCA Modeling

Earlier versions of CACTI assumed a UCA model, in which the access time of a CACHE
is determined by the delay to access the farthest sub-array. To enable pipelining, an H-
tree network is employed to connect all the sub-arrays of a CACHE. For large CACHEs,
this uniform model can suffer from a very high HIT latency. A more scalable approach
for future large CACHEs is to replace the H-tree bus with a packet-switched on-chip
grid network. The latency for a bank, is determined by the delay between to route
the request and the response from the bank that contains the DATA and the CACHE
controller. Such NUCA model was first proposed in [Kim et al., 2002] and has been the
subject of many architectural evaluations. CACTI builds upon this model and adopts
the following algorithm to identify the optimal NUCA organization.

3.2 NVSIM

A series of new NVM technologies have emerged in the last years. Among all these
emerging candidates for the so called Universal Memory, STT-MRAM or simply MRAM,
PCRAM and ReRAM are regarded as the most promising candidates in replacing DRAM,
FLASH and SRAM, while competing with others technologies for the spot into Regis-
ters, L1, L2, L3, SSD and HDD in the memory hierarchy [Dong et al., 2012b; Natarajan
et al., 2009].

Since one of the purposes of this research is to evaluate the aspects of deploying NVM
into the levels of the memory hierarchy, is necessary to explore the design space and
find the most adequate implementations at different memory hierarchy levels. While
some tools are available to analyze SRAM/DRAM design, like CACTI, similar tools
for NVM designs were currently unavailable. So far to obtain base-line systems, only
physical parameters and circuit designs were used, to analyze NVM memory banks,
which means you had to apes through a design cycle to obtain some physical and
electrical details. Currently, the main focus on this thesis is the usage of MRAM, but it
can be extended to others NVM technologies, such as RRAM.

According with [Dong et al., 2012a], the NVSim is a circuit-level model simulator
for NVM performance, energy, and area estimation, which supports NVM technologies,
differently from CACTI, its base line, that only support SRAM. The supported NVM
includes STT-MRAM, PCRAM, ReRAM and legacy NAND Flash. NVSim was validated
comparing to industrial NVM prototypes and helps to boost architecture-level NVM-
related exploration.

Seeing that we have to devise the impact of MRAM memory across multiple layers of
the memory hierarchy, we need to evaluate the MRAM in a wide design space that cov-
ers a spectrum from high performance microprocessor caches to highly dense secondary
storage.

However, since few of these NVM technologies are mature so far, only a limited
number of prototype chips have been demonstrated, covering just a small portion of
the emerging technologies. Therefore, additional data from physical implementations
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would help to improve the precision of NVSim. Such data would help on architectural
research.

3.2.1  NVSim NVM Physical Mechanisms and Write Operations

NVSim was made to support different NVM technologies with their particular storage
mechanisms and write methods. These models as foreseeing by NVSim are described
below.

3.2.2 NAND Flash

The physical mechanism of the Flash memory consists in store floating electrons through
the floating gate and control the gate threshold voltage. The series bit-cell string of
NAND Flash eliminates contacts between the cells and approaches the minimum cell
size of 4F? [lizuka and Masuoka; Masuoka et al.]. The small cell size, low cost and
strong application demands, make the NAND Flash dominates the traditional non-
volatile memory market. A Flash memory cell consists of a floating gate and a control
gate aligned vertically [Chen, 2012; Grupp et al., 2009]. The Flash memory cell modi-
fies its threshold voltage V1 by adding electrons to, or subtracting electrons, from the
isolated floating gate. NAND Flash usually charges or discharges the floating gate by
using Fowler-Nordheim tunneling or hot electron injection [Masuoka et al.]. A program
operation adds tunneling charges to the floating gate and the threshold voltage becomes
negative, while an erase operation subtracts charges and the threshold voltage returns
positive.

3.2.3 STT-RAM

The details of STT-MRAM are already well detailed presented in Section 2.3.4. The
important details regarding NVSim are, When writing 0 state into STT-MRAM cells
(RESET operation in NVSim modelisation), positive voltage difference is established be-
tween Source Line (SL) and Bit Line (BL). When writing 1 state (SET operation), the
opposite voltage difference is established between BL and SL [Dong et al., 2012b]. The
current amplitude and duration required to reverse the direction of the free ferromag-
netic layer is determined by the size and aspect ratio of the MT], according with physical
parameters off the MTJ.

3.2.4 PCRAM

PCRAM uses chalcogenide material to store information. The chalcogenide materials
can be switched from a crystalline phase (SET state) to an amorphous phase (RESET
state) with the application of heat (current induced). The crystalline phase shows low
resistance, while the amorphous phase is characterized by high resistance. The SET
operation crystallizes by heating it above its crystallization temperature, and the RESET
operation melts it to make the material amorphous. The temperature is controlled by
passing a specific electrical current profile and generating the required heat. High-power
pulses are required for the RESET operation to heat the memory cell above the melting
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temperature. In contrast, moderate power, but longer duration pulses, are required for
the SET operation to heat the cell above the crystallization temperature, but below the
melting temperature [141, 2004; 454, 2007; Dong et al., 2009; Raoux et al., 2008].

3.2.5 ReRAM

Although many nonvolatile memory technologies are based on electrically induced re-
sistive switching effects, they define ReRAM as the one that involves electro and ther-
mochemical effects in the resistance change of a metal /oxide/metal system. In addition,
the authors of NVSim in [Dong et al., 2012a] confine their definition to bipolar ReRAM
. An ReRAM cell consists of a metal oxide layer (e.g., Ti, Ta, and Hf [Chen et al., a; Yang
et al., 2008b, 2010]) sandwiched by two metal (e.g., Pt [Yang et al., 2008b]) electrodes.
The electronic behavior of metal/oxide interfaces depends on the oxygen vacancy con-
centration of the metal oxide layer. Typically, the metal/oxide interface shows Ohmic
behavior in the case of very high doping and rectifying behavior in the case of low
doping [Yang et al., 2008b]. The oxygen vacancy in metal oxide is n-type dopant, whose
draft under the electric field can cause the change of doping profiles. Thus, applying
electronic current can modulate the I-V curve of the ReRAM cell and, further, switch the
cell from one state to the other state [479, 2008; Wong et al., 2012]. Usually, for bipolar
ReRAM,, the cell can be switched ON (SET operation), only by applying a negative bias,
and OFF (RESET operation), only by applying the opposite bias [Yang et al., 2008b].

3.2.6  Charge Pump

The write operations in NAND Flash and PCRAM circuits require voltage higher than
the chip supply voltage. Therefore, a charge pump that uses capacitors as energy storage
elements to create a higher voltage is implemented in its designs.

In NVSim, the silicon area occupied by charge pump is neglected, since the charge
pump area can vary, depending on its underlying circuit design techniques, and is
relatively small compared to the cell array area in a large-capacity NAND circuit [Grupp
et al., 2009].

However, the simulator models the energy dissipated by charge pumps during the op-
erations on the memory cells, due to their contribution to the total energy consumption.
The energy consumed by charge pumps is referred from an actual NAND Flash chip
design [Ishida et al., 2009], which specifies that a conventional charge pump consumes
0.25p]J at 1.8V supply voltage. NVSim use this value as its default.

3.2.7  Write Endurance Issue

Write endurance is the number of times that an NVM cell can be overwritten. Among
all the NVM technologies modeled in NVSim, only STT-MRAM doesn’t suffer from the
write endurance issue. NAND Flash, PCRAM and ReRAM all have limited write en-
durance. NAND Flash has write endurance of only 10° ~ 10® . The PCRAM endurance
is now in the range between 10° and 107 [Ahn et al.; Lee et al., 2008]. ReRAM research
currently shows endurance numbers in the range between 10° and 1079 [Kim et al.,
2010b; Seevinck et al., 1991]. A projected plan by ITRS for 2024 for emerging NVM, i.e.,
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PCRAM and ReRAM , highlight endurance in the order of 10'5, or more, write cycles
[ITRS, 2012a,b]. In NVSim, the write endurance limit is not modeled.

3.2.8 Retention Time Issue

Retention time is the time that data can be retained in NVM cells. Typically, NVM tech-
nologies require retention time of higher than 10 years. However, in some cases, such
a high retention time is not necessary. For example, in [Smullen et al.] they relaxed the
retention time requirement to improve the timing and energy profile of STT-MRAMSs
. Since the tradeoff among NVM retention time and other NVM parameters (e. g., the
duration and amplitude of write pulses) is on the device level, as a circuit-level tool,
NVSim does not model this tradeoff directly, but instead, takes different sets of param-
eters with various retention periods as the device-level input.

3.2.9 MOS-Accessed Structure Versus Cross-Point Structure

Some NVM technologies (e. g., PCRAM in [Kau et al., 2009; Xu et al., 2011] and ReRAM
in [479, 2008; Akinaga and Shima, 2010; Chen et al., b; Kau et al., 2009; Kim et al., 2010b;
Lee and Wong, 2011; Lee et al., 2012a; Marinella, 2013; Park et al., 2012¢; Terai et al.,
2009; Valov et al., 2011; Wang et al., 2010a, 2012; Wong et al., 2012, 2010; Yoon et al., 2009;
Zhirnov et al., 2010]) have the capability of building cross-point memory arrays without
access devices. Conventionally, in the MOS-accessed structure, memory cell arrays are
isolated by MOS access devices. The cell size is dominated by the access gate, that is
necessarily dimensioned to drive enough current, even though the NVM cell itself is
much smaller. However, taking advantage of the cell nonlinearity, a NVM array can be
accessed without any extra access devices. The removal of MOS access devices leads
to a memory cell size of only 4F?, where F is the process feature size. Unfortunately,
the cross-point structure also brings extra peripheral circuitry design challenges and a
tradeoff among performance, energy and area is always necessary as discussed in [Xu
et al., 2011]. NVSim models both the MOS-accessed and the cross-point structures.

3.3 COMPARISON OF NVSIM TO CACTI

NVSim was also tested against CACTI, by simulating identical SRAM caches and DRAM
chips. The results denoted that NVSim models SRAM and DRAM more accurately than
CACTI does, since some false assumptions in CACTI are fixed in NVSim [Dong et al.,
2012a]. Also, according with a detailed description of the original CACTI that is given
in the CACTI technical report [Wilton and Jouppi, 1993], it is known that the CACTI has
a 4% difference between CACTI and SPICE simulation for the same technological node
and this performance have been kept in subsequent releases of CACTI [Muralimanohar
et al., 2009; Reinman and Jouppi, 2000; Shivakumar and Jouppi, 2001; Tarjan et al., 2006;
Thoziyoor et al., 2008b]. NVSim is validated by comparing against industrial prototype
chips within the error range of 30% [Dong et al., 2012b].

The main reasons for adopting the NVSim is that, since it has improvements over
CACT]I, like better models for the SRAM cells than compared to CACT], it is easier to
concentrate in one tool to simplify the analytical flow. Also, NVSim allowed us estimate
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the latencies, energy and silicon imprint of NVM memory banks before the effort of
manufacturing a physical prototype. Besides, CACTI does not support NVM memory
technologies.

NVSim also has as target, to always search for the optimal NVM memory bank organi-
zation, optimized for one design metric while keeping other metrics under constraints.

Still comparing to CACTI, NVSim also allow us to move sense amplifiers from inner
memory subarrays to the outer bank level of the memory bank. Also, provides flexibility
in the array organizations and data activation modes, by considering any combinations
of memory data allocation and address distribution. It enables to try different models
of sense amplifying, not only Voltage sensing. Another aspect of differentiation is that
allows trying memory banks organized in a bus manner and not only as H-trees. NVSim
also, permits provide the choices of buffers to use, not only for latency optimization, that
is achieved on CACTI through logical effort.

Regarding modern memory banks organizations, NVSim is capable of modelize a
cross-point memory cell [Johnson, 2008; Li et al., 2011b], not only MOS accessed memory
cells. Also, considers the subarray size limit by analyzing the current sneak path. The
last main advantage over CACTI, NVSim allows advanced target for users to redefine
memory cell properties by providing a customized interface.

That is the reasoning, together with the fact that NVSim is based on CACTI, to choose
the NVSim as the main tool used to perform our intrinsic evaluations.

3.4 RELIABILITY OF THE METHODOLOGY BASE-LINE MODELS

On the models mentioned at Table 3.1, the SRAM is a generically SRAM model assump-
tion, based into the physics for the CMOS at 45nm, so the SRAM cell was dimensionally
configured that way. If taken into account that the TSMC had at 45nm a 296pm? and
at 40nm a 242pm? [TSMC, 2007, 2008], while at 28nm a 127um? [Wilson, 2009] SRAM
cells, for 45nm we are almost with the same dimensioning as TSMC, slightly bigger.
Also, based in [Iwai, 2008] as base-line, we are having pessimistic assumptions regard-
ing the 28nm model, because ours is bigger compared to the TSMC model. Which is
good, in my opinion, given the fact that the MRAM did not surpass the SRAM neither
with a SRAM cell supersized. This denotes that MRAM still having lots of room to im-
prove its operation. Since the physical parameters of the MRAM are coming from the
SPINTEC, that means they are near exact to the real physical junction, providing more
than 90% of confidence into them. For my SRAM model at 28nm, since it was dimen-
sionate with twice the TSMC dimension, I would say that the accuracy of the results is,
at most, of 70% ~ 80%. Which means the results are not the best, nor the most accu-
rate, but the evaluation flow sustain its validity. This is proved by the fact that, for the
45nm node technology, we almost match the TSMC 45nm SRAM cell area dimensioning,
which provides a great confidence into the results, based on the assumed models.

We found similar analyses in [Abu-Rahma et al., 2010; Argyrides et al., 2008; Cao
et al., 2002; Chellappa et al., 2011; Chen et al., 2009; Do et al., 2006, 2007; Dong et al.,
2008; Donkoh et al., 2012; Fang et al., 2005; Hu et al., 2002; Kanda et al., 2004, Kim
et al., 2007, 2003; Kim and Guthaus, 2011; Kolar et al., 2011; Okabe and Abe, 2010; Park
et al., 2002; Plass and Chan, 2007; Qureshi et al., 2009; Singhee, 2011; Sun et al., 2008;
Swonger et al., 2012; Takeda et al., 2006; Tan et al., 2009; Wang et al., 2009b; Wu et al.,
2010; Yueh et al., 2013]. All these publications evaluate SRAM cells. There are works
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from dual-rail compilers of SRAM in 45nm to 32nm, high-k gate first process to SRAM
cells, even circuit simulation and how to calibrate electrical simulators regarding the
leakage current, in order to obtain a more fine-grain simulation model.

In the publications, the SRAM cells dimensioning and power detailing are similar to
our models in one way or another. Ours seems to be one of the most accurate so far.
There is not exactly a consensus about the right values, for reasons that goes from in-
tellectual property protection, to foundry process protection. Others like us, that knows
the details, cannot disclose them, so they assume a synthetical model that can be com-
bined with synthetic libraries, having a high likelihood with real existing physical cells
in same technological node, but that fits a synthetic library technology, so the results
can be disclosed and published.

3.5 METHODOLOGY TO EVALUATE THE INTRINSIC ASPECTS OF MRAM COMPARED
TO SRAM MEMORIES

As mentioned before, to evaluate the memory technology, specifically the MRAM, we
have two main approaches: one is the intrinsic analyses, that means compare the mem-
ory banks in different technologies of memory with similar characteristics like size and
associativity. This approach is depicted in Figure 3.2, and we name it intrinsic analyses.
In the second approach, we combine the results of the intrinsic analyses, applying them
into the memory hierarchy analyses. This approach is depicted in Figure 3.23.

CACTI - (HP) NVSIM- (Qualcomm)

SRAM detailed STT-MRAM detailed

Perf. Evaluation Access time, Perf. Evaluation Access time,
Power Power

Comparison SRAM vs STT-MRAM
Performance & Energy

Figure 3.2: Evaluation Methodology depicted.

Depending on the objectives with the proposed model of Figure 3.2, the researcher
have the possibility to use NVSim or CACTI, we do not encourage the usage of both for
comparisons purposes. If possible try to concentrate all your experiments with the same
simulator, unless you are comparing the results from same technology in both tools. Our
flow supports both CACTI or NVSim, remembering we discourage the usage of both
in parallel. Is possible that you already have all you SRAM cells models for CACTI and
validated against your own model of STT-MRAM, that you built using CACTI, there is
no reason to mix NVSim in this case, you can choose one of the tools, but your flow will
have to use only one of them.
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3.5.1 Memory models used in NVSim for analyses

For the purpose of comparing our memory models, we configured the NVSim memory
models for two specific technologies: MRAM and SRAM.

The MRAM MT]J and the SRAM cells specifications employed for analyses on bank
comparisons MRAM vs SRAM, are defined on Table 3.1 specifications.

Table 3.1: Memory Cell characterization models, employed to simulate the electrical and physi-
cal resulting bank.

pMT] SRAM  pMTJ

Technology 45nm  45/28nm  28nm
Temperature Operation 300K 300K 300K
Cell Area 10F?  146F2 20F?
Aspect Ratio 1.0 1.46 1.0
Ry 7100 ¢ 18000
Rap 15600 ¢ 36000
Read Current 20pA ¢ 70A
Write Current 290A ¢ 17pA
Write Pulse 10ns ¢ 6ns
Access CMOS Width 6F 1.31F 2F
NMOS Width ¢ 2.08F ¢
PMOS Width ¢ 1.23F ¢

The STT-MRAM is evaluated using a MTJ] model, for a specific technological node.
A SRAM cell model was also described. These physical models of the memory cells
are described in Table 3.1. The NVSim based into the cell physical model began to
search and calculate, using the equational models of CACTI and NVSim, in a spread
search mode. Than, pruning the search trees looking for the best solution for a given
memory bank given the set of constraints, like size, technological node, word size and
associativity.

Besides, in the intrinsic analyses (Section 3.5.3) for the technology nodes of 45nm and
28nm, we also evaluate the memory banks regarding two possible implementations:
High Performance (HP) and Low Power Performance (LOP). Specifically for the SRAM,
these two models assume different kinds of SRAM cells of 6T and 8T cells respectively.
In addition to that, the LOP has two additional transistors to control access to the mem-
ory cells, plus, it assumes that the memory bank has tension scaling for low power
operation.

3.5.2 Intrinsic Analyses

The first milestone using the simulators was evaluate how the memory banks compare
one-to-one. In that sense we used the NVSim and generated a series of memory banks:

o 16KB/4-way/32-bytes;
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e 32KB/4-way/32-bytes;
e 64KB/4-way/32-bytes;
o 128KB/4-way/32-bytes;
e 256KB/4-way/32-bytes;
o 512KB/8-way/64-bytes;
e 1MB/8-way/64-bytes;

e 2MB/8-way/64-bytes;

e 4MB/8-way/64-bytes;

o 8MB/8-way/64-bytes.

The Table 3.2, Table 3.3, Table 3.4, Table 3.5, Table 3.6 and Table 3.7 are the sources
for the depicting at Section 3.5.3. The results presented in this tables are plotted there
for a better understanding. The tables that do not appear into this chapter are included
in Appendix C, specifically the HP tables. This section it will be focused in the LOP
models, however, the additional results for HP are found in Appendix C. Analyzing the
available data, result tables and the depicting results, one major conclusion we arrive is
that the TAG array is the responsible for the low performance of the MRAM memory
bank set. So, based on that, we devised and denominated the Composite Bank, wich is
well detailed and discussed in Section 4.5. In Figure 3.3, Figure 3.4, Figure 3.5, Figure 3.9,
Figure 3.10, Figure 3.7, Figure 3.8, Figure 3.11, Figure 3.12, Figure 3.6, Figure 3.17 are
depicted the relations of power, latency, dynamic power and leakage. This are by far
the most critical important details about the memory banks alone. Also, these are the
factors that will affect the systems performance in the end.

Based on these results, and comparing with the SRAM, we could observe one critical
factor: the TAG array. The TAG array is the critical component for NVM memory bank
based on MRAM. This conclusion, as well as the graphics, is based analyzing the simula-
tion results obtained with NVSim. Also, our results were obtained using NVSim [Dong
et al., 2012a]. The results presented here match similar results presented in [Chen et al.,
2008; De and Borkar, 1999; Gangwal et al., 2006; Hentrich et al., 2009; Jan et al., 2009;
Jarollahi and Hobson, 2010; Kuang et al., 2005; Luo et al., 2004; Mohammad et al., 2012;
Panda et al., 2009; Pilo et al., 2013; Rajendra Prasad et al., 2012; Tuan and Lai, 2003;
Valaee and Al-Khalili, 2011, 2012; von Arnim et al., 2007, Wang et al., 2009a, 2010b],
given the technological node difference.
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MRAM
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Miss (ns)
Power
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Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)

Hit (ns)

Miss (ns)
Power

Write (n])
Read (n])
leakage (mW)
Associativity

line size bits

16K
0.048

109.442
10.490
10.322

(operation)
0.146

0.034

0.022

4

128

16K
0.057

1.099

1.293

1.158
(operation)
0.002

0.007

0.141

4

128

32K
0.053

118.732
19.792
19.624

0.145
0.034
0.036
4

128

32K
0.108

1.977
2.287
2.036

0.002
0.013
0.263
4

128

64K
0.064

118.204
19.265
19.097

0.145
0.034
0.062
4

128

64K
0.212

1.960
2.271
2.019

0.003
0.022
0.517
4

128

128K
0.086

117.723
18.788
18.620

0.147
0.033
0.115
4

128

128K
0.414

2.553
3.134
2.610

0.004
0.038
0.998
4

128

256K
0.109

117.199
18.350
18.113

0.148
0.035
0.120
4

128

256K
0.819

3.768
4.352
3.825

0.006
0.077
1.969
4

128

512K
0.278

135.875
37.213
36.771

0.151
0.150
0.130
8

256

512K
1.445

3.740
5.323
3.797

0.009
0.139
3.426
8

256

™
0.392

134.731
36.086
35.645

0.157
0.149
0.234
8

256

™
2.870

4.884
6.474
4.942

0.009
0.249
6.807

256

M
0.618

133.609
35.038
34.593

0.171
0.148
0.443
8

256

2M
5.664

11.245
16.702
7.658

0.0T6
0.523
13.354

256

4M
0.996

170.296
72.565
71.303

0.176
0.162
0.459
8

256

4M
11.267

13.168
18.632
9.890

0.017
0.964
26.577

256

Table 3.2: Details about SRAM and MRAM memory banks, generated using NVSim, this table comprises the 45nm results of the memory banks for LOP

8M
1.830

167.692
70.240
68.973

0.206
0.161
0.875
8

256

8M
22.341

38.388
59.228
16.632

0.030
2.025
52.550

256
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Latency(ns)
Write (ns)
Hit (ns)

Miss (ns)
Power

Write (n])
Read (n])
leakage (mW)
Associativity

line size bits

16K
0.017

92132

4.784

4.644
(operation)
0.005

0.044

0.112

4

128

16K
0.022

0.889

1.039

0.932
(operation)
0.001

0.003

0.565

4

128

32K
0.020

9.048
4.700
4.560

0.005
0.043
0.152
4

128

32K
0.042

1.620
1.879
1.663

0.001
0.006
1.063
4

128

64K
0.027

12.134
7.796
7.656

0.006
0.043
0.235
4

128

64K
0.083

1.707
1.968
1.749

0.002
0.011
2.093
4

128

128K
0.040

11.983
7.646
7.505

0.006
0.043
0.391
4

128

128K
0.160

2.175
2.732
2.216

0.002
0.019
3.940
4

128

256K
0.062

11.801
7.566
7.326

0.006
0.043
0.518
4

128

256K
0.317

3.380
3.940
3.421

0.003
0.038
7.775
4

128

512K
0.141

11.802
7.892
7.317

0.007
0.200
0.677
8

256

512K
0.560

3.724
5.365
3.399

0.004
0.069
13.528
8

256

™
0.223

18.150
14.252
13.675

0.008
0.200
1.098
8

256

™
1.111

4.523
6.170
4.311

0.004
0.124
26.877

256

M
0.385

17.737
13.856
13.276

0.009
0.199
1.920

256

M
2.193

12.024
18.104
7.156

0.007
0.261
52.727

256

4M
0.680

32.194
29.663
27.752

0.011
0.203
1.982
8

256

4M
4.362

14.123
20.209
8.960

0.008
0.483
104.938
8

256

Table 3.3: Details about SRAM and MRAM memory banks, generated using NVSim, this table comprises the 28nm results of the memory banks for LOP

8M
1.298

31.125
28.654
26.738

0.013
0.202
3.624

256

8M
8.655

41.959
65.532
16.512

0.014
1.016
207.909
8

256
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3.5.3 Intrinsic Analyses - Results

In the Figure 3.3, Figure 3.4, Figure 3.5, Figure 3.9, Figure 3.10, Figure 3.7, Figure 3.8,
Figure 3.11, Figure 3.12, Figure 3.6, Figure 3.17 are depicted the relations of power,
latency, dynamic power, leakage and area. These are by far one of the most critical and
important details about the memory banks alone. Also, these are factors that will affect
the systems performance in the end.

The basic idea of the intrinsic analyses is to compare one-to-one memory banks of
equivalent sizes, and understand how a system would perceive the impact of a memory
technology switch.

As is observed in Section 4.4, a synthesis was performed using a memory library char-
acterized for that purpose. In this sense, similar results were generated for 45nm (Sec-
tion 3.5.3.1) and 28nm (Appendix E). These results in two different technology nodes,
also, specifically for 28nm, serves to illustrated the pattern behavior when adopting ad-
vanced submicronic nodes to build MTJs, that composes memory arrays, the impacts
on power and latency for similar banks in 45nm.

3.5.3.1 Memory banks of 45nm

In Figure 3.3 we can observe that, increasing the memory size, the area increases, which
is expected. However, the area of SRAM memory banks starting in 1TMB increases ex-
ponentially, while MRAM keeps a steady, almost linear, increase. One reason is the
memory density: is known that the MRAM density is 4 ~ 8 times the SRAM density,
e.g., MRAM at 45nm has a dimension of 10F? while the SRAM has 146F2. So, for every
increase in the memory array organization, the impact regarding the density in SRAM
are much more critic than in the MRAM, to keep the time coherence, power distribution
and so on.
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Table 3.4: Details about SRAM and MRAM DATA memory arrays,this table comprises the 45nm LOP

16K
29564.739

100.373
1.208
(operation)
67.254
16.051
0.019

0.149
13.829
4

128

16K
44105.891

0.534
0.534
(operation)
0.959
5.186
0.112

37.599
41.773
4

128

32K
34460.487

100.414
1.218

68.085
16.054
0.032

0.149
11.434
4

128

32K
84110.422

0.727
0.727

1.559
10.000
0.208

25.833
34.016
4

128

64K
44154.149

100.538
1.238

69.746
16.061
0.058

0.148
8.413
4

128

64K
166207.457

0.869
0.869

1.690
16.941
0.409

20.939
21.093
4

128

128K
63878.447

100.868
1.359

73.069
16.075
0.110

0.148
5.365
4

128

128K
326283.895

1.464
1.464

2.887
33.441
0.793

11.608
16.000
4

128

256K
80814.420

100.942
1.586

74.175
18.498
0.115

0.148
5.305
4

128

256K
649941.472

1.817
1.817

3.150
61.162
1.573

9.442
9.701
4

128

512K
235478.564

101.954
2.207

77.057
116.539
0.122

0.293
10.669
8

256

512K
1276301.711

3.617
3.617

5.803
122.689
3.030

8.796
14.686
8

256

™M
339539.867

103.541
2.536

83.707
116.571
0.226

0.288
5.864
8

256

™
2543600.249

4.401
4.401

6.328
233.479
6.046

7.269
8.432
8

256

M
544975.240

107.194
3.603

96.986
116.612
0.433

0.279
2.776
8

256

2M
5035430.745

11.245
11.245

10.732
465.140
11.883

2.741
5.741
8

256

4M
881857.849

108.031
6.089

101.329
126.226
0.445

0.277
2.768
8

256

4M
10052727.329

13.168
13.168

11.781
908.113
23.740

2.339
3.190
8

256

3M
1638009.333

117.639
10.046

127.887
126.308
0.860

0.254
1.139
8

256

8M
19996890.560

38.388
38.388

20.584
1814.240
47.063

0.788
2.090
8

256
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Table 3.5: Details about SRAM and MRAM DATA memory arrays,this table comprises the 28nm LOP

16K
9730.754

6.245

1.722
(operation)
2572
20.325
0.080

2.423
9.806
4

128

16K
17132.668

0.439
0.439
(operation)
0.444
2.500
0.449

44.045
44.235
4

128

32K
12459.250

6.259
1.727

2.621
20.327
0.120

2419
9.627
4

128

32K
33009.969

0.631
0.631

0.720
4.834
0.844

28.607
35.824
4

128

64K
17891.657

6.285
1.734

2.719
20.332
0.198

2410
9.279
4

128

64K
65227.487

0.766
0.766

0.786
8.325
1.666

22.905
21.657
4

128

128K
28841.432

6.375
1.786

2.914
20.340
0.354

2.389
8.590
4

128

128K
126324.259

1.396
1.396

1325
16.444
3.130

11.813
16.063
4

128

256K
47022.296

6.480
1.928

3.305
21.287
0.479

2.352
8.470
4

128

256K
251631.183

1.735
1.735

1.457
30.385
6.211

9.572
9.543
4

128

512K
120235.151

6.957
2.306

4.251
158.001
0.616

4.367
17.084
8

256

512K
494132.809

3.724
3.724

2.674
60.936
11.963

8.399
14.053
8

256

™M
193534.812

7.282
2.401

4.639
158.016
1.027

4.191
14.491
8

256

™
984786.763

4.523
4.523

2.939
116.655
23.873

6.941
7.930
8

256

M
339864.533

7.981
2.626

5416
158.045
1.847

3.823
10.305
8

256

2M
1949511.361

12.024
12.024

4.974
232.514
46.917

2.539
5.336
8

256

4M
603552.626

9.336
4.226

6.839
161.692
1.892

3.266
10.232
8

256

4M
3892008.360

14.123
14.123

5.502
455.296
93.736

2.161
2.898
8

256

SM
1161659.749

11.192
5.041

8.393
161.750
3.531

2.723
5.526
8

256

SM
8.655

41.959
41.959

9.579
909.720
186.245

0.718
1.891
8

256
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Table 3.6: Details about SRAM and MRAM TAG memory arrays,this table comprises the 45nm LOP

16K
18041.728

109.442
10.322
(operation)
78.624
17.454
0.003

0.040
4.601
4

128

16K
12649.157

1.099
1.158
(operation)
0.609
1.597
0.029

4.816
5.808
4

128

32K
18479.358

118.732
19.624

77.202
18.403
0.004

0.036
4.385
4

128

32K
24219.092

1.977
2.036

0.858
2.566
0.055

2421
2.775
4

128

64K
19611.676

118.204
19.097

75.587
17.913
0.004

0.035
3.827
4

128

64K
45747.695

1.960
2.019

1.481
4.606
0.108

2443
1.562
4

128

128K
22265.910

117.723
18.620

74.397
17.421
0.005

0.035
3.083
4

128

128K
87898.091

2.553
2.610

1.451
4.486
0.205

1.766
1.399
4
128

256K
27753.110

117.199
18.113

74.041
16.935
0.005

0.034
2.212
4

128

256K
168985.746

3.768
3.825

2.653
15.825
0.396

1.142
0.621
4

128

512K
42397.835

135.875
36.771

73.715
33.811
0.008

0.029
2.963
8

256

512K
169165.249

3.740
3.797

2.785
16.033
0.396

1.151
0.624
8

256

™M
52607.607

134.731
35.645

73.270
32.834
0.009

0.029
2.129
8

256

™M
326355.013

4.884
4.942

2.734
15.585
0.761

0.839
0.565
8

256

M
73367.961

133.609
34.593

74.380
31.860
0.009

0.028
1.325
8

256

2M
628850.958

7.601
7.658

5.014
57.468
1.471

0.518
0.222
8

256

4M
113903.168

170.296
71.303

74.215
35.584
0.014

0.021
1.264
8

256

4M
1214583.959

9.834
9.890

4.900
55.706
2.837

0.383
0.204
8

256

&M
192248.146

167.692
68.973

78.053
34.463
0.015

0.021
0.679
8

256

&M
2343805.568

16.576
16.632

9.014
210.971
5.487

0.220
0.070
8

256

SHIMOINAIN VIS OL AFIVAWNOD INVIW 40 SIDAISYV DISNIMINI HHIL ALVNIVATZ OL XDOTOAOHILIW S°¢€

99



ANALYTICAL METHODOLOGY FLOW

66

MRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n))
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity

line size bits

Table 3.7: Details about SRAM and MRAM TAG memory arrays,this table comprises the 28nm LOP
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4.644
(operation)
2.782
23.530
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0.490
2.953
4
128

16K
4904.042

0.889
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(operation)
0.287
0.767
0.115
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6.139
4

128

32K
7690.061

9.048
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22.915
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2.846
4
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32K
9392.464
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64K
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256K
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4
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65424.502
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1.255
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2.464
8
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21.664

0.219
0.060
8

256



3.5 METHODOLOGY TO EVALUATE THE INTRINSIC ASPECTS OF MRAM COMPARED TO SRAM MEMORIES
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Figure 3.3: Total Area.
Table 3.8: Total Area (mm?).
MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 0.0474 0.0569 0.0476 0.0568
32KB 0.0528 0.1086 0.0529 0.1083
64KB 0.0637 0.2126 0.0638 0.2120
128KB 0.0863 0.4145 0.0861 0.4142
256KB 0.1085 0.8195 0.1086 0.818¢9
512KB 0.2757 1.4461 0.2779 1.4455
1MB 0.3904 2.8712 0.3921 2.8700
2MB 0.6178 5.6655 0.6183 5.6643
4MB 0.9919 11.2698 0.9958 11.2673
8MB 1.8285 22.3432 1.8302 22.3407

In Figure 3.4 we can observe the stigma of a MRAM memory bank: the write latency.
Assuming that a system has at least 80% readings [Hennessy and patterson, 2006], this
would configure a great problem at the initialization time of a system, during the called
cold start, when a cache has only compulsory misses. During this moment the applica-
tion is loaded to the main memory at the boot or load moment.
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Cache Write Latency
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Figure 3.4: CACHE Total Write Latency.

Table 3.9: Cache Total Write Latency (ns).
MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 109.3390 0.5315 109.4420 1.0987
32KB 109.0710 0.9391 118.7320 1.9773
64KB 108.8020 0.8787 118.2040 1.9596
128KB 108.5620 1.1819 117.7230 2.5528
256KB 108.2970 1.6796 117.1990 3.7679
512KB 118.1400 2.8795 135.8750 3.7399
1MB 117.5150 3.3515 134.7310 4.8844
2MB 116.9060 9.6606 133.6090 11.2448
4MB 137.9750 10.9909 170.2960 13.1675
8MB 136.4120 34.7428 167.6920 38.3881

In Figure 3.7, Figure 3.5, Figure 3.6 and Figure 3.8 we can observe the major advan-
tages of MRAM until the present moment, the leakage power. Regarding the HP set
of memories, is almost unproductive to compare SRAM versus MRAM, since is practi-
cally impossible to SRAM achieve so low leakage power as MRAM. Leakage power is
one of the biggest strengths of MRAM technology, that makes it competitive, even with
the higher latency to write in the current technology state. Observing Table 3.10 and
Table 3.11 , is possible to conclude that, the TAG banks represent roughly a small-%
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(exception in HP for SRAM) of the total leakage in any technology, being irrelevant to

the calculus of total leakage.

Data Leakage
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Figure 3.5: CACHE DATA Array Leakage Power.
Table 3.10: Cache Data Array Leakage Power (nW).
MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 1.9093 11.2182 0.0189 0.1123
32KB 3.2807 20.7374 0.0320 0.2075
64KB 6.0130 40.8760 0.0580 0.4093
128KB 11.4824 79.0373 0.1101 0.7928
256KB 12.0386 156.7850 0.1155 1.5731
512KB 12.2694 301.3650 0.1216 3.0298
1MB 23.2024 601.3570 0.2258 6.0462
2MB 44,9838  1180.6800 0.4334 11.8826
4MB 46.1475  2358.7800 0.4448 23.7402
8MB 89.7104  4673.7500 0.8601 47.0629
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In Figure 3.6 is depicted the TAG array leakage power. On HP memory banks, the
leakage of the tag array increases proportionally to the DATA array . In this depicting,
the LOP seems to have a better power relation, almost similar to the MRAM.

TAG Leakage
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Figure 3.6: CACHE TAG Leakage Power.

Table 3.11: Cache TAG Array Leakage Power (nW).
MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 0.3762 2.8944 0.0029 0.0291
32KB 0.3815 5.4894 0.0044 0.0552
64KB 0.3881 10.7580 0.0044 0.1081
128KB 0.4106 20.3837 0.0046 0.2050
256KB 0.4403 39.3581 0.0049 0.3960
512KB 0.7370 39.4043 0.0084 0.3965
1MB 0.7651 75.5880 0.0086 0.7610
2MB 0.8375 146.1160 0.0093 1.4713
4MB 1.3674 281.6980 0.0144 2.8372

8MB 1.4678 544.7340 0.0154 5.4868




3.5 METHODOLOGY TO EVALUATE THE INTRINSIC ASPECTS OF MRAM COMPARED TO SRAM MEMORIES

In Figure 3.7, we observe the total leakage power, so TAG+DATA arrays of a cache
memory bank. Adding up the TAG with the DATA does not help the SRAM case regard-
ing leakage. Here in this case, the leakage is a great problem for HP memory banks. The
great advantage of MRAM is that, despite its high latency, on power aspects it is always
better. SRAM cannot overcome MRAM on leakage and general power consumption, due
to the low power threshold for reading.

Cache Total Leakage Power
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Figure 3.7: Leakage Power.
Table 3.12: Cache Total Leakage Power (mW).
MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 2.2855 14.1126 0.0218 0.1414
32KB 3.6622 26.2267 0.0363 0.2627
64KB 6.4012 51.6340 0.0624 0.5174
128KB 11.8930 99.4210 0.1148 0.9978
256KB 12.4789 196.1430 0.1204 1.9691
512KB 13.0065 340.7700 0.1300 3.4262
1MB 23.9675 676.9460 0.2344 6.8072
2MB 45.8213  1326.8000 0.4427 13.3539
4MB 47.5148  2640.4800 0.4593 26.5774
8MB 91.1782  5218.4800 0.8754 52.5496
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As said before in the previous depicting, the SRAM LOP seems to have a better power
relation, almost similar to the MRAM, in fact this is not entirely true. In Figure 3.8,
we have a magnification, focusing only into the LOP banks. We can observe that the
power leakage relation between MRAM and SRAM is maintained. It also shows two
things: first) the HP memory banks architecture based in SRAM, consumes a great
amount of energy and has a high leakage, as expected. What wasn’t expected was
that they would consume as depicted in Figure 3.7; second) the LOP relation is not
that advantageous, or more fair, compared against MRAM. The reason is that the LOP
SRAM banks still having a higher leakage than MRAM counterparts. The SRAM leakage
power increases exponentially even in LOP memory banks model. Surely, the LOP is
also tied to mechanisms like clock-gating and low voltage (multi-voltage) to "deactivate’
the circuit during execution time in order to control power consumption. Regarding
clock-gating it also greatly increases the latency as it will be seen.

Cache Total Leakage Power - LOP 45nm

60 T T T T T T T
Il MRAM LOP
[TISRAM LOP

40+
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L I =1 | !
16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure 3.8: Low-Power (LOP) Total Leakage, observe only the LOP banks observed in Figure 3.7.
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In Figure 3.9 we have the energy depicting regarding a HIT into the memory bank,
that means the information was found in the desired memory bank, without the latency
to wait the MMU search for the block, in lower memory levels and updating the current
memory bank. In our particular case, a HIT means the memory line is present and it
will be updated or just read.

Cache Hit Dynamic Energy
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Figure 3.9: Hit Dynamic Energy.

Table 3.13: Cache Hit Dynamic Energy (n]).
MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 0.0411 0.0138 0.0335 0.0068
32KB 0.0405 0.0256 0.0345 0.0126
64KB 0.0400 0.0438 0.0340 0.0215
128KB 0.0394 0.0770 0.0335 0.0379
256KB 0.0436 0.1561 0.0354 0.0770
512KB 0.1675 0.2815 0.1504 0.1387
1MB 0.1665 0.5047 0.1494 0.2491
2MB 0.1654 1.0586 0.1485 0.5226
4MB 0.1924 1.9511 0.1618 0.9638

8MB 0.1912 4.0991 0.1608 2.0252
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In Figure 3.10 we observe the HIT latency, due to the higher write latency of MRAM.
At 45nm comparing equipotencial memory banks, the MRAM always loses at the present
state of the memory. Is known, based into the [Zhao et al., 2012], comparing with the
present results, that there is a direct relation between the MT] technological node to
power and Latency of the memory bank. The reason is: lower the techonological node,
lower the layers thickness, which needs lower electric currents to switch the anisotropy
of the FL.

Cache Hit Latency
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Figure 3.10: Hit Latency.

One factor that is easily noticeable is: regarding Figure 3.11, it is the same as Figure 3.9.
So, miss or hit, the energetic cost will be almost the same.

Table 3.14: Cache Hit Latency (ns).
MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 10.2953 0.6533 10.4902 1.2926
32KB 10.0276 1.1525 19.7923 2.2867
64KB 9.7603 1.0939 19.2655 22712
128KB 9.5246 1.6477 18.7884 3.1341
256KB 9.3351 2.1476 18.3503 4.3523
512KB 19.3512 4.2859 37.2127 5.3230
1MB 18.7428 4.7618 36.0863 6.4738
2MB 18.2018 14.9050 35.0382 16.7024
4MB 40.0442 16.2397 72.5652 18.6320

8MB 38.7401 55.1709 70.2395 59.2280
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Cache Miss Dynamic Energy
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Figure 3.11: Miss Dynamic Energy.

Table 3.15: Cache Miss Dynamic Energy (n]).
MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 0.0411 0.0138 0.0335 0.0068
32KB 0.0405 0.0256 0.0345 0.0126
64KB 0.0400 0.0438 0.0340 0.0215
128KB 0.0394 0.0770 0.0335 0.0379
256KB 0.0436 0.1561 0.0354 0.0770
512KB 0.1675 0.2815 0.1504 0.1387
1MB 0.1665 0.5047 0.1494 0.2491
2MB 0.1654 1.0586 0.1485 0.5226
4MB 0.1924 1.9511 0.1618 0.9638
8MB 0.1912 4.0991 0.1608 2.0252

On the other hand, if we compare the latencies depicted in Figure 3.12 with those
depicted in Figure 3.10, we can observe that for SRAM a miss costs more, while for the
MRAM case it is the same cost. The reason can be due to its high latency compared to
the SRAM.
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Cache Miss Latency
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Figure 3.12: Miss Latency.
Table 3.16: Cache Miss Latency (ns).

MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 10.1874 0.5605 10.3223 1.1577
32KB 92.9195 0.9681 19.6243 2.0363
64KB 9.6520 0.9077 19.0972 2.0186
128KB 924158 1.2102 18.6196 2.6101
256KB 9.1674 1.7079 18.1132 3.8252
512KB 18.9930 1.6960 36.7710 3.7973
1MB 18.3854 2.2987 35.6448 4.9418
2MB 17.8419 3.4984 34.5929 7.6584
4MB 38.9224 4.7310 71.3032 9.8897
8MB 37.6153 8.0312 68.9729 16.6321

Here in Figure 3.13, we have, one of the most interesting results of this experiment.
Observing the figure, we see that the MRAM LOP latency is practically the same of the
SRAM HP. This has, at least, 3 possible implications: 1) you could replace the SRAM
HP by MRAM LOP, and have a considerable reduction in power consumption; 2) this
is mainly valid to the data array matrix; 3) the TAG array represents the bottleneck of a
MRAM memory bank. If the TAG bank had a better efficiency, the MRAM banks would
have had a better outcome.
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Data Read Latency(ns)
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Figure 3.13: Data Read Latency.

Table 3.17: Data Read Latency (ns).
MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 1.0553 0.3040 1.2077 0.5339
32KB 1.0621 0.4597 1.2178 0.7269
64KB 1.0803 0.5260 1.2382 0.8690
128KB 1.1762 1.0291 1.3590 1.4635
256KB 1.3564 1.2156 1.5860 1.8168
512KB 1.9328 2.8795 2.2071 3.6172
1MB 2.2221 3.3515 2.5359 4.4008
2MB 3.2074 9.6606 3.6027 11.2448
4MB 5.5340 10.9909 6.0894 13.1675

8MB 9.1545 34.7428 10.0463 38.3881
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TAG Read Latency(ns)
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Figure 3.14: TAG Read Latency.

Table 3.18: TAG Read Latency (ns).

MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB
32KB
64KB
128KB
256KB
512KB
1MB
2MB
4MB
8MB

10.1874
9.9195
9.6520
9.4158
9.1674

18.9930

18.3854

17.8419

38.9224

37.6153

0.5605
0.9681
0.9077
1.2102
1.7079
1.6960
2.2987
3.4984
4.7310
8.0312

10.3223
19.6243
19.0972
18.6196
18.1132
36.7710
35.6448
34.5929
71.3032
68.9729

1.1577
2.0363
2.0186
2.6101
3.8252
3.7973
4.9418
7.6584
9.8897
16.6321
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Observing the results in Table 3.24 and Table 3.23, we noticed the latency factor played
by the TAG array into the total performance of the CACHE memory bank. This obser-
vation, after many essays helped us to devise the Composite Memory Bank (CMB).

ns

Data Write Latency(ns)
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Figure 3.15: DATA Write Latency.

Table 3.19: DATA Write Latency (ns).

MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 100.2340 0.3040 100.3730 0.5339
32KB 100.2870 0.4597 100.4140 0.7269
64KB 100.4030 0.5260 100.5380 0.8690
128KB 100.6970 1.0291 100.8680 1.4635
256KB 100.7590 1.2156 100.9420 1.8168
512KB 101.7170 2.8795 101.9540 3.6172
1MB 103.1950 3.3515 103.5410 4.4008
2MB 106.6340 9.6606 107.1940 11.2448
4MB 107.4050 10.9909 108.0310 13.1675
8MB 116.4490 34.7428 117.6390 38.3881
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TAG Write Latency(ns)
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Figure 3.16: TAG Write Latency.

Table 3.20: Read Latency (ns).

MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 109.3390 0.5315 109.4420 1.0987
32KB 109.0710 0.9391 118.7320 1.9773
64KB 108.8020 0.8787 118.2040 1.9596
128KB 108.5620 1.1819 117.7230 2.5528
256KB 108.2970 1.6796 117.1990 3.7679
512KB 118.1400 1.6677 135.8750 3.7399
1MB 117.5150 2.2704 134.7310 4.8844
2MB 116.9060 3.4701 133.6090 7.6010
4MB 137.9750 4.7034 170.2960 9.8340

8MB 136.4120 8.0036 167.6920 16.5764
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In Table 3.21 we can observe, supported by the depicting Figure 3.17, is possible to
observe that due to the high current, necessary to store the information into the MT],
this affects performance of the MRAM. It departs already with 63.96 times more energy
than SRAM in 16KB in HP, and in LOP it began with 93.125 times more dynamic
energy to write than SRAM. This helps to demonstrate the biggest, drawback so far of
the MRAM technology.
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Figure 3.17: CACHE Write Dynamic Energy
Table 3.21: CACHE Write Dynamic Energy (n]).
MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 0.2111 0.0033 0.1459 0.0016
32KB 0.2102 0.0050 0.1453 0.0024
64KB 0.2113 0.0066 0.1453 0.0032
128KB 0.2164 0.0090 0.1475 0.0043
256KB 0.2188 0.0121 0.1482 0.0058
512KB 0.2239 0.0182 0.1508 0.0086
1MB 0.2369 0.0192 0.1570 0.0091
2MB 0.2656 0.0332 0.1714 0.0157
4MB 0.2743 0.0351 0.1755 0.0167

8MB 0.3339 0.0621 0.2059 0.0296
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For the TAG arrays the problem with dynamic energy to write is not as critical as in
the DATA array, as is possible to observe in Table 3.22 .
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Figure 3.18: TAG Dynamic Energy

Table 3.22: TAG Write Dynamic Energy (n]).
MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 113.8640 1.2262 78.6242 0.6093
32KB 111.3400 1.7284 77.2016 0.8576
64KB 109.2400 2.9948 75.5873 1.4812
128KB 107.9570 2.9350 74.3972 1.4513
256KB 108.2780 5.4298 74.0408 2.6533
512KB 107.6720 5.6278 73.7150 2.7846
1MB 107.8230 5.5258 73.2701 2.7341
2MB 110.9670 10.2586 74.3801 5.0145
4MB 111.5730 10.0250 74.2152 4.9001

8MB 119.9700 18.3804 78.0532 9.0142
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Observing the results Table 3.23 and comparing it to Table 3.24, we notice, supported
by Figure 3.19 and Figure 3.20, that the burden caused by the TAG array built using
MT]J, due to the write operation, given the fact that the total write time is mixture among
write latency of TAG+DATA, is tremendous. Based into this facts, we began to evaluate
and finally achieved the proposed solution of the Composite Memory Bank (CMB), to
help mitigate this performance penalty caused by the TAG array built in MRAM as is
explained in Section 4.5.

TAG Write Latency(ns)
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Figure 3.19: TAG Write Latency
Table 3.23: TAG Write Latency (ns).
MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 109.3390 0.5315 109.4420 1.0987
32KB 109.0710 0.9391 118.7320 1.9773
64KB 108.8020 0.8787 118.2040 1.9596
128KB 108.5620 1.1819 117.7230 2.5528
256KB 108.2970 1.6796 117.1990 3.7679
512KB 118.1400 1.6677 135.8750 3.7399
1MB 117.5150 2.2704 134.7310 4.8844
2MB 116.9060 3.4701 133.6090 7.6010
4MB 137.9750 4.7034 170.2960 9.8340

8MB 136.4120 8.0036 167.6920 16.5764
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Figure 3.20: Data Write Latency

Table 3.24: Data Write Latency (ns).

MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB 100.2340 0.3040 100.3730 0.5339
32KB 100.2870 0.4597 100.4140 0.7269
64KB 100.4030 0.5260 100.5380 0.8690
128KB 100.6970 1.0291 100.8680 1.4635
256KB 100.7590 1.2156 100.9420 1.8168
512KB 101.7170 2.8795 101.9540 3.6172
1MB 103.1950 3.3515 103.5410 4.4008
2MB 106.6340 9.6606 107.1940 11.2448
4MB 107.4050 10.9909 108.0310 13.1675

8MB 116.4490 34.7428 117.6390 38.3881
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Figure 3.21: Write Bandwidth.

Table 3.25: Write Bandwidth (GB/s)

MRAM HP SRAM HP MRAM LOP SRAM LOP
16KB 0.1488 65.38 0.1486 37.60
32KB 0.1487 39.60 0.1486 25.83
64KB 0.1485 33.96 0.1484 20.94
128KB 0.1481 16.05 0.1480 11.61
256KB 0.1480 13.77 0.1479 9.442
512KB 02.933 10.82 0.2928 8.796
1MB 0.2891 9.347 0.2884 7.269
2MB 0.2798 3.149 0.2786 2.741
4MB 0.2778 2.767 0.2765 2.339
8MB 0.2563 0.8649 0.2540 0.7880
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Figure 3.22: Write Bandwidth.

Table 3.26: Write Bandwidth (GB/s)

MRAM HP SRAM HP MRAM LOP SRAM LOP

16KB
32KB
64KB
128KB
256KB
512KB
1MB
2MB
4MB
8MB

0.04049
0.03952
0.03855
0.03757
0.03658
0.03354
0.03272
0.03190
0.02618
0.02563

10.29
5.204
5.656
3.904
2.613
2.634
1.825
1.144
0.8042
0.4558

0.04047
0.03632
0.03550
0.03466
0.03383
0.02917
0.02856
0.02793
0.02122
0.02086

4.816
2421
2.443
1.766
1.142
1.151
0.8387
0.5179
0.3830
0.2195
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Observing this preliminary results we were able to understand the strengths and
weaknesses of MRAM compared to SRAM. Also, we could identify the architectural
targets to explore and propose improvements, like the write access timing, that can
be exploited with perpendicular MTJ. In addition to that, we observed that: the write
bandwidth and latency are affected by the TAG arrays in the CACHE set banks. Another
important conclusion is: as we increase the bank sizes and due to that the complexity
of internal circuitry to access the matrix of memory cells proportionally increases, the
differences in bandwidth and write latency between MRAM and SRAM also decreases.

36 METHODOLOGY TO EVALUATE THE ASPECTS OF MRAM INTO MEMORY HIER-
ARCHY

After has tested, validated and worked on experiments with the described simulators
Section 3.1, Section 3.2 and Section 3.8 a methodology on how to combine them was
drafted.

The methodology is quite straightforward, as depicted in Figure 3.23. The memory
bank simulators are used to generate memory bank models, obtaining the essential
details like latency, silicon imprint and power of the memory banks. After that, these
values are used to calibrate the architectural simulator. Then the architectural simulator
provides support for the analyses, with the behavior of an existing architecture and the
performance of a system equipped with this kind of memory banks into its memory
hierarchy. After that, results are gathered to estimate power consumption, using power
details from the memory bank simulator with the architectural outcome for this bank.

CACTI - (HP) NVSIM- (Qualcomm)

SRAM detailed STT-MRAM detailed

Perf. Evaluation Access time, Perf. Evaluation Access time,
Power Power

Applications
Comparison SRAM vs. STT-MRAM

Performance & Energy

os I T

Processor Architecture simulator
Quasi Cycle Accurate

GEM5 - # Processors (ARM, MIPS, x86, SPARC)
- Memory Hierarchy definition
- CPU Time
- # Cycles

- # Memory Hierarchy Transactions (Read/Write, Cache Hit/Miss)
- Many other parameters

Figure 3.23: Evaluation Methodology depicted.
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The Gems is used to measure performance and architectural statistics regarding the
overall system. It was modified, so is possible to set the architecture parameters on-the-
The script code  fly, automatizing the workload flow.
_ below is merely Gems generates statistics data regarding the access to the memory hierarchy like
lll:;lStr.aiwe 1; s n,O: number of accesses for read and write, misses, hits, replacements, for the entire memory
c s Sf:er; hierarchy. It is also possible to configure it and analyze, according with our own system,
to the approximate performance of the target SoC.
#!/usr/bin/perl -w
use strict;
use POSIX qw/strftime/;

my @cpu_cores=('1",'2");#,3,4,5,6,7,8,9,10,12,20)
#my @ll_size=("1kB","2kB","4kB","8kB","16kB", "32kB", "64kB");
my @ll_size=("64kB");#,"32kB","16kB", "4kB","2kB","1kB");

#my @ll_assoc = ('1’,'2’',

my @ll_assoc = ('4');#,'8");

my @ll_latency = ('1lns’);

my @ll_line = ('32");#,'64");

my @l2_size=("2GB","1GB","512MB", "256MB","128MB","64MB","32MB","16MB", "8MB",
"4MB", "2MB","1MB","512kB","256kB","128kB");

##EMERGENCY

#my @l2_assoc = (1,2,4,8);

my @l2_assoc = (8);

#my @l2_latency = ('1lns’,’2ns’,’4ns’,’8ns’,’12ns’,'16ns’,’18ns’,'20ns’',’100ns");
my @l2_latency = (’'1lns’,’8ns’,’'12ns’,’100ns");

#my @freg=("600MHz","800MHz","1GHz","1.66GHz","2GHz","2.53GHz", "4GHz");
my @freq=("1.5GHz");
my @mode=("timing");#,"detailed","inorder");

my $GEM5 = "build/ARM/gem5.opt";

foreach ...{

system("$GEM5 configs/lirmm/mram.py --cpu-type=$param_mode -n
$param_cpu --num-dirs=$param_cpu --caches --12cache
--11i_size=$param_l1lsize --1li_assoc=$param_llassoc
--11i_latency=$param_l1llatency --11ld_size=$param_l1lsize
--11d_assoc=$param_llassoc --11d_latency=$param_l1llatency
--12_size=$param_l2size --12_assoc=$param_l2assoc
--12_latency=$param_12latency --cacheline_size=$param_1l1lline
--clock=$param_freq -b $param_bench");

-}

Algorithm 1: Stretch of the automated script.
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3.7 SIMPLESCALAR

SimpleScalar [Austin and Burger, 1997; Burger and Austin, 1997] is an open source com-
puter architecture simulator developed at the University of Wisconsin Madison. It sim-
ulates a series of Instruction Set Architecture (ISA), its original purpose was to be used
to demonstrates how differences among architectures would affect the performance of a
specific application running on top of architecture A would be better than architecture
B without necessarily building architecture A or B.

SimpleScalar is a set of tools that model a virtual computer system with CPU and
Memory Hierarchy. Using the SimpleScalar tools, users can build modeling applications
that simulate real programs running on a range of modern processors architectures.
The tool set includes sample simulators ranging from a fast functional simulator to a
detailed, dynamically scheduled processor model that supports non-blocking caches,
speculative execution, and state-of-the-art branch prediction. In addition to simulators,
the SimpleScalar tool set includes performance visualization tools, statistical analysis
resources, and debug and verification infrastructure.

The SimpleScalar tools are used widely for research and instruction, according with
SimpleScalar site , since 2000 around one third of all papers published in top computer
architecture conferences used the SimpleScalar tools to evaluate their designs.

The tool set itself consists of a collection of architectural simulators that emulates mi-
croprocessor ISA at different levels of detail .The available tools in SimpleScalar toolset
are:

SIM-FAST: Fast instruction interpreter, optimized for speed. This simulator does not
account for the behavior of pipelines, caches, or any other part of the microar-
chitecture. It performs only functional simulation using in-order execution of the
instructions (i.e., they are executed in the order they appear in the program);

sIM-SAFE: Slightly slower instruction interpreter, as it checks for memory alignment
and memory access permission on all memory operations. This simulator can be
used if the simulated program causes sim-fast to crash without explanation;

SIM-PROFILE: Instruction interpreter and profiler. This simulator keeps track of and
reports dynamic instruction counts, instruction class counts, usage of address
modes, and profiles of the text and data segments;

SIM-CACHE: Memory system simulator. This simulator can emulate a system with mul-
tiple levels of instruction and data caches, each of which can be configured for
different sizes and organizations. This simulator is ideal for fast cache simulation
if the effect of cache performance on execution time is not needed;

SIM-BPRED: Branch predictor simulator. This tool can simulate difference branch pre-
diction schemes and reports results such as prediction hit and miss rates. Like
sim-cache, this does not simulate accurately the effect of branch prediction on
execution time;

SIM-OUTORDER: Detailed microarchitectural simulator. This tool models in detail and
out-of-order microprocessor with all of the bells and whistles, including branch
prediction, caches, and external memory. This simulator is highly parameterized
and can emulate machines of varying numbers of execution units.
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For our purposes we began our experiments, using the SimpleScalar, later switching
to the GEMs5, after had verified that we obtained similar results to the SimpleScalar with
GEMS5, this experiments was conducted by my colleague Raphael Brum, to evaluate
SimpleScalar and GEM5.

3.8 GEM5

The Gems [Binkert et al., 2006] is a simulator, resulting from the joining of simulators
M5 [Binkert et al., 2011] and GEMS [Martin et al., 2005]. Currently, Gems supports most
commercial ISAs (ARM, ALPHA, MIPS, Power, SPARC, and x86), including booting
Linux on three of them (ARM, ALPHA, and x86).

3.8.1  Simulation Capabilities

The Gems simulator has a wide range of simulation capabilities, ranging from the selec-
tion of ISA, CPU model and coherence protocol to the instantiation of interconnection
networks and devices. This section describes some of the different options available in
these categories.

3.8.2 ISAs

The Gems simulator currently supports ISAs including Alpha, ARM, MIPS, Power,
SPARC, and x86. However, not all combinations of ISAs and other components are
currently known to work.

3.8.3 Execution Modes

The Gems simulator can operate in two modes: System-call Emulation (SE) or FullSys-
tem (FS). In SE mode, Gem5 emulates most common system calls. When the program
executes a system call, Gems emulates it, often by passing it to the host operating sys-
tem. Currently, there is no thread scheduler in SE mode, so threads must be statically
mapped to cores, limiting its use with multi-threaded applications. In FS mode, Gems
simulates a bare-metal environment capable of running an OS. It includes support for
interrupts, exceptions, privilege levels and I/O devices. Compared to SE mode, FS mode
improves both the simulation accuracy and variety of workloads that Gems can execute.

3.8.4 CPU Models

The Gems simulator supports four different Central Processing Unit (CPU) models:
AtomicSimple, TimingSimple, In-Order, and O3. AtomicSimple and TimingSimple are
non-pipelined CPU models that attempt to fetch, decode, execute and commit a single
instruction on every cycle. The AtomicSimple CPU is a minimal, single IPC! (IPC!) CPU.

The InOrder model is an execute-in-execute CPU model emphasizing instruction
timing and simulation accuracy with an in-order pipeline. InOrder can be configured
to model different numbers of pipeline stages, issue width, and numbers of hardware
threads. Finally, the O3 CPU is a pipelined, out-of-order model that simulates depen-
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dencies between instructions, functional units, memory accesses, and pipeline stages.
Parameterizable pipeline resources, such as the load/store queue and reorder buffer,
allow O3 to simulate superscalar architectures and CPUs! (CPUs!) with multiple hard-
ware threads (Simultaneous Multi-Threading (SMT)).

3.8.5 Interconnection Networks

The Ruby memory model supports arrays of interconnections topologies and includes
two different network models. In essence, Ruby can create any arbitrary topology as
long as it is composed of point-to-point links. After Ruby creates the links and routing
tables, it can implement the resulting network in one of two ways.

3.8.6  Devices

The Gems simulator supports I/O devices, ranging from timers to complex network
interface controllers. Base classes are available that encapsulates common device inter-
faces such as PCI. Currently implemented models includes NICs, an IDE controller, a
frame buffer, DMA engines, UARTs, and interrupt controllers.

In this chapter, we presented the problematic dealt by this thesis, delineating in which
stages of the memory hierarchy we have worked. Also, we provide the analytical flow
we establish to evaluate different memory banks and their impact into the memory
hierarchy. Furthermore, we provided details about the tools we employed to make such
evaluations, and how do we combine these different tools, their strengths, to obtain the
conclusions and results presented here.
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Part IV

ANALYSES OF EMBEDDED MEMORY HIERARCHY

This chapter will provide results to the assertions we made as viable solu-
tions to employ MRAM into memory hierarchy. In addition, will demon-
strate how to use a simple technique to mitigate the MRAM delay, only
taking advantage of density. In addition, will be presented a more invasive
approach, proposing a change into the basic memory bank to address such
high latency of MRAM. Furthermore presents how the intrinsic analyses
are employed at the architectural analyses to calibrate it. Describes how, us-
ing standards EDA tools, we demonstrate a more precise method to extract
electrical results from a SoC based into the synthesis results combining a
characterized MRAM library in Liberty. For last, it will present the Compos-
ite banks as an alternative that has the best trade-of among all constraints
compared to memory banks to integrate MRAM into the memory hierarchy:.
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The idea is to try to give all the information to help others
to judge the value of your contribution;

not just the information that leads to judgment

in one particular direction or another.

— Richard Phillips Feynman

In this chapter will be presented the results regarding the methodology proposed in
Section 3.5 and Section 3.5.3. In the Section 4.2 is presented an evaluation at system
level, based on the results obtained in Section 3.5.3. Using these values, the latency of
the memory hierarchy is calibrated into the Gems, producing the results discussed in
Section 4.2.

Furthermore, three main approaches used to evaluate the memory banks will be de-
scribed. The approach described in Section 4.1 will demonstrate the initial experiments
performed comparing memory banks for cache with a relation of 4-to-1. Assuming that
MRAM has an area four times bigger than the area of the SRAM based on [Diao et al.,
2006; Huai et al., 2008; Torres et al., 2013; Zhao et al., 2011, 2012], we evaluated, using
the SimpleScalar, which would be the impacts on the memory hierarchy performance
replacing a SRAM of size S by a MRAM of size 45, with its particularities of latency
being accounted for. This was assumed as a microprocessor without L2 cache, only L1
and the memory banks replaced at L1 level. It is exactly as it is suggested in Section 2.6
of mechanisms for cache optimization: to compensate the MRAM delays, intrinsic to
the MT] technology, regarding the necessary current and period of the applied current
to modify the anisotropy, we take advantage of the higher density, to mitigate the cache
misses. The idea in this scenario is evaluate the Microcontrollers application space, it
describes the kind of microprocessor designed with these characteristics.

In the Section 3.5.3, we discuss and depict the results of the so called intrinsic analyses.
By intrinsic analyses, we mean the analysis of a 1-to-1 bank. In this case, we compare
memory banks of same capacity, for cache L2, using the proposed methodology in Sec-
tion 3.5 and Section 3.6. The key point here is: latency at the level L2 of the memory
hierarchy is less critical than at L1, so in theory we can keep the near same performance
as a microprocessor with SRAM, by just employing MRAM on L2 cache, but obtaining
advantage due to power leakage reduction, and paying for the high latency to write
into the MRAM. This particular scenario is also subdivided into two memory technol-
ogy approaches the High Performance (HP) and the Low Power Performance (LOP) for
the memory banks, so a system with HP and the same one with LOP memory banks.
The intention here is have a more detailed and feasible analysis, without helping the
case for MRAM, trying to place a fair comparison. Also, the data is relative to the data
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for 45nm and 28nm provided in Section 3.6. This scenario is more devoted to evaluate
embedded SoC, like embedded microprocessors with computing performance in mind.

In the Section 4.2, performed previously to the Section 3.5.3, the idea was explore
the possibility of having a gigantic cache L2 like 4GB, with same associativity. With
latency from utopic Tns, 6ns to the more realistic 12ns and the realistic and pessimistic
scenario of 100ns of latency into the L2 cache. The main observation in this case was that
latency at the L2 cache level doesn’t have a major role into the performance. The most
important conclusion was that the associativity and the line size play a predominant
role than latency at L2.

4.1 EMBEDDED MRAM FOR PROCESSOR APPLICATIONS

In this section is introduced, the space scenario of MRAM in memory hierarchy ap-
plied for microcontrollers. Specifically regarding the L1 cache aspects, and mainly the
influence of density versus latency are presented in Section 4.1.1.

4.1.1  MRAM applications for the processor memory hierarchy

MRAM can be used for building the processor memory hierarchy. As mentioned earlier,
even though the MRAM density is between two and four times higher than that of
SRAM’s, its access time is between three and ten times higher. When using the same
silicon area for implementing both variations, the former might compensate the latter.

In [Sun et al., 2009b], for example, a 2MB L2 SRAM Cache was replaced with an
8MB L2 MRAM Cache, using roughly the same silicon fingerprint. In their particular
case, the increase on the cache size was not enough to compensate the penalty due
to the cache access delay. By employing write buffers and a novel cache access policy,
they managed to achieve similar performance while reducing the power consumption
by almost 74%. They also present a hybrid MRAM/SRAM cache organization, having
31 sets implemented in MRAM and 1 set implemented in SRAM. The write-intensive
data is kept in the SRAM part, in order to mitigate the higher write delay. A method for
determining which data is suitable for being placed in the SRAM set is also discussed.

We propose here a preliminary study on the impact of cache delays on the processor’s
performance, based on the SimpleScalar simulator [Burger and Austin, 1997] and the
set of benchmarks Mediabench 1 [Lee et al., 1997]. This simulator implements a MIPS-
like architecture, and the memory hierarchy can be fully configured in terms of capacity,
access speed and access polices. Our goal was to determine whether replacing L1 SRAM
caches by L1 MRAM caches, while keeping the same silicon fingerprint, is worthwhile.

SimpleScalar was configured to mimic a processor designed for embedded applica-
tions, such as LEON3 [Gaisler, 2010]. The baseline configuration is described in Table 4.1.
It consists of a single processor having a single cache level and a large external memory,
assumption that can be considered for many systems.
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Table 4.1: SimpleScalar baseline configuration used in all experiments

Option Value

Meaning

Configuration

-cache:memlat 1st 1000

-cache:memlat burst 10

Ext. memory latency - 1%t word

Ext. memory - burst

1000 cycles

10 cycles per word

-cache:dl2 none L2 Data Cache Parameters No L2 Cache

-cache:il2 none L2 Instr. Cache Parameters No L2 Cache

-res:ialu 1 # of integer ALUs 1 integer ALU

-res:falu 1 # of floating-point ALUs 1 FP ALU

-res:imult 1 # of integer multipliers 1 Multiplier

-fetch:ifgsize 1 Instruction Fetch (IF) Queue Size 1 IF per cycle

-fetch:mplat 1 Branch misprediction latency 1 extra cycle

-cache:dl1 linesize 32 L1 Data Cache Line Size 32 bits per cache line

-cache:dl1 policy 1 L1 Data Cache Replacement Policy Least Recently Used (LRU)

-cache:il1 linesize 32 L1 Instr. Cache Line Size 32 bits per cache line

-cache:il1 policy 1 L1 Instr. Replacement Policy Least Recently Used (LRU)
Table 4.2: SimpleScalar configuration used in Figures 4.1-4.3

Option Value Meaning Configuration

-cache:dl1 assoc 2 L1 Data Cache Line Size 2-way associative

-cache:dl1lat 3 L1 Data Cache Access Latency SRAM: 1 cycle, MRAM: 3 cycles

-cache:il1 assoc 2 L1 Instr. Cache Line Size 2-way associative

-cacheililat 3 L1 Instr. Cache Access Latency SRAM: 1 cycle, MRAM: 3 cycles

Differently from our previous work in [Zhao et al., 2011], we assumed that the MRAM
density is four times the SRAM’s [Mackay, 2011]. We are then comparing, for instance,
a 4 KB SRAM-based cache with a T6KB MRAM-based cache.

For this set of experiments, we assumed a latency of 3 clock cycles during each cache
access. It means that the processor will stall upon each cache request, waiting for the
data to become available. We also assumed a latency of 1000 cycles for the external
memory to make the first word available, and 10 cycles for each subsequent word while
doing burst reading [JC-42.3, 2008].

In Figure 4.1, we compare a 1KB SRAM cache with a 4KB MRAM-based memory. We
can see that the increase in capacity can easily compensate for the delay in such a case.

In the same manner, as shown in Figure 4.2, where a 128 KB SRAM cache is compared
with its 512 KB MRAM counterpart, the latter shows comparable performance to the
smaller, yet faster SRAM.

In order to generalize this conclusion, let us then define the CPI penalty as the increase
in the CPI caused by replacing an SRAM cache with an MRAM cache using the same
silicon area, as follows:
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Figure 4.1: Overview of the processor performance using low-capacity L1 caches.
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Figure 4.2: Overview of the processor performance using high-capacity L1 caches.
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Based on the CPI,cnatty, in Figure 4.3, the best case, the worst-case and the average
performance over the benchmark set are shown as a function of the cache capacity.
Given our assumptions are valid, MRAM does present a CPI gain rather than a CPI
penalty for most cases. Once the cache capacity is large enough to contain the whole
benchmark data, the CPI gain turns into a penalty that can no longer be compensated
if no specific technique is employed.

4.1.2  In-Depth Analysis: Case Study CJPEG

The objective for this experiments were to focus in one of the benchmarks and extrap-
olate some of the possibilities tuning associativity and size with fixed latencies. Com-

paring the results and depicting it for analyses of memory banks with sizes up to 256
KB.
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Figure 4.3: Overview of CPI Penalty: best-case, worst-case and average of the Mediabench bench-
marks’ performance.

Based into the data analysis for the set of benchmarks, one was selected for a in-depth
analyses, the CJPEG. The choice for this particular algorithm is because it is a data-
driven benchmark performing a substantial number of accesses to the cache memories.

Also for this particular benchmark, we performed the tests for different associativities
1,2 and 4-way caches. We also adjusted the delays of the cache latency, focusing on
three and ten for the MRAM latency. Furthermore, in this particular case was assumed
as our reference that the SRAM has one cycle delay [Alvarez et al., 2004; Boschma et al.,
2004; Hennessy and Patterson, 2007a; Nambu et al., 1998; Patterson and Hennessy, 2005;
Powell et al., 2001].

The Figure 4.4 and Figure 4.5 are depicting the two cases regarding delay of 1000
clock cycles for the first word been retrieved from the external memory [Gharachorloo
et al., 4; JC-42.3, 2008] and one cycle between subsequent words in burst. A latency of
1000 cycles is assumed to be more conservative, regarding the external memory access
and the circuitry in the path to access it [Gutierrez et al., 2011].

This case study assumes that for the same silicon fingerprint the MRAM integration
density is x4 in comparison to SRAM (for instance for 1KB of SRAM, meaning it is possi-
ble to integrate in the same silicon area a 4KB MRAM memory), considering also as pa-
rameter the associativity available to access to the cache memory (1,2 and 4 way). All the
results are normalized by the baseline SRAM-L1 of 1KB, delay of 1 cycle. This way we
compare SRAM [1,2,4,8,16,32,64]KB with MRAM [4,16,32,64,128,256]KB. The com-
parisons are based into the CPI penalty, and CPI penalty is defined as specified in
Equation 4.1.

Observing the Figure 4.4a and Figure 4.4b, it is possible to notice that an increase
of seven cycles into the cache latency was necessary to affect the MRAM cache perfor-
mance for sizes larger than 16 KB. We also note that the 1-way cache kept steady for
sizes 16 and 32 KB despite the MRAM cache delays, this result is widely described into
[Hennessy and Patterson, 2007a] . Similar results are observed in Figure 4.5a and Fig-
ure 4.5b, for a different MRAM cache parameters, also in this case a delay of ten cycles
between subsequent words are assumed for read burst from the main memory.
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Figure 4.4: Simulation results for 1000 cycles and 1 cycle of delay for each subsequent word in
burst mode.

So the strategy of a n-way cache is interesting for caches larger than 16 KB. The
SRAM despite the density of 4 times smaller than the MRAM (for the same silicon area)
outperforms the MRAM for sizes larger than 32 KB.
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Figure 4.5: Simulation results for 1000 cycles and 10 cycles of delay for each subsequent word in
burst mode.

The cache sizes combined with the associativity have a relevant impact on the cache
miss ratio. For this reason, MRAM obtained a better result, despite the higher access de-
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lay. But for caches larger than 16KB we should use an additional mechanism to mitigate
the MRAM delay, assuming the worst case scenario of ten cycles of cache latency.

So, when using an MRAM L1 cache in a microprocessor, the higher density mitigates
the lower delay up to 64 KB in this particular experiment. For L1 caches beyond this
capacity, the MRAM density itself is not enough to mitigate the delay.

For these cases one possible solution could be the usage of write-buffers, or a MRAM
cache working in a higher frequency and phase-aligned. Another approach would be a
hybrid MSRAM cell, for L1 cache, for L2 caches the access delay of the current state of
the technology are not an issue, only adopting a L2 MRAM it already cuts the leakage
current in 70% for a SoC as described in [Sun et al., 2009b].

4.2 USING GEM5 TO EVALUATE THE IMPLICATIONS INTO MEMORY HIERARCHY
OF L2 CACHE BANKS OF SIGNIFICANT SIZES FROM 2GB DOWN TO 256KB.

In this specific experiment, the objective was evaluating the outcome of a system with a
high amount of embedded memory, in particular at CACHE L2 level. Given the limita-
tions with SimpleScalar and processing time to simulate, also the difficulty to simulate a
complete Operating System on top of the system using SimpleScalar we conducted the
experiments using the Gems, since it is easier and faster compared to SimpleScalar. A
system was evaluated assuming only the L2 variating, the remaining of the system was
kept unchanged. The parameters evaluated were size and the range was: 2GB, 1GB,
512MB, 256 MB, 128MB, 64MB, 32MB, 16 MB, 8MB, 4MB, 2MB, TMB, 512KB,
256KB and 128KB. For all the results, the cache L2 was configured assuming 8-way
associativity for all memory sizes in this experiment. We also played with the L2 latency,
as Ins, 8ns, 12ns (SRAM average) and worst case scenario 100ns. When this experiment
was performed, wasn’t knew that an 8MB STT-MRAM 8 — way has an average of 70ns
in latency, as later verified and discussed in Section 3.5.3.

The system had a CACHE L1-I/D of 64KB, DDR of 256MB, running a Linux OS
compiled for ARM v7 ISA, on top of the Gems.

Also, in this case, we used the MPEG2 encoder and decoder as Benchmark for the
measurements and evaluations depicted in Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9
and Figure 4.10.

Observing the Figure 4.6 and Figure 4.7 we can conclude that the influence of latency
in the Miss latency for both encoder and decoder. For this specific algorithm size of
CACHE is more critic than the latency, e.g., at IMB from Ins to 12ns the % Miss Rate
is nearly the same, increasing at 100ns. In both cases the percentage is lower than 1%.
It is visible that the size of CACHE L2 has much more influence on performance them
latency

Observing the Figure 4.8, the overall Miss rate is visible that the memory size has the
major role in performance regarding L2 CACHE, in fact the latency has not a major role
into the performance.
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Figure 4.6: % Miss Latency Encoder.
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Figure 4.7: % Miss Latency Decoder.
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The expected with this experiment, was to observe, mainly, how the cache L2 sizing
affects the overall performance of the system and how the latency combined with the
size, how the interaction of both affects the system performance.

At this point we have a rough idea that independently of the bank size in the L2-
CACHE, the latency does not have a major effect to the overall performance. But the
size plays an important role. Is known that more cache you have, better the performance
[Patterson and L Hennessy, 2012]. A new fact eluded was relied to the latency. It is sup-
posed, in general, that lower the latency, higher the performance. But in the experiments
demonstrated in Section 4.2 and Section 4.2.1, the obtained result was that: the latency
of the [2 CACHE memory banks has a minimal, not to say almost null, effect into the
overall performance of a system.

In this sense we evolved to the next stage of evaluations described in Section 4.2.1.

4.2.1  Recalibrating the Gems using the NV Sim bank details.

Initially, Gems was used based on empirical assumptions. By empirical, it means we
fully believed that the memory banks had a well-know pattern into the timeframe and
power. Instead, they had a well-unknown pattern. Minimal changes into the memory
bank like associativity and size of memory matrix-cell would affect other elements, like
the sense amplifiers, by consequence affecting the TAG array size. In the same chain, it
would affect the metal tracks for routing, affecting capacitance and resistance. Finally,
all of this would affect the overall performance, latency, area and power characteristics
of the memory bank.

So, based on observation, it was noticed that the best approach would be not make
the power analysis of the system based on a possible memory bank time frame. Instead
we generate the memory bank for a NVM specific technology, and re-calibrate the time
frame of the Gems simulator, constrained by the memory banks generation. This way
we obtained a precise unbiased model of a system performance, according with the
memory technology used to simulate the system, instead of empirical presumptions.

The results are contained in Table 4.3. The last column is the relation, in percentage,
of how much the MRAM technology impacts of each aspect of the system according
with the ISA simulation. These results were obtained with the Gems calibrated using
the details of the memory banks described in Table 4.4.
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Table 4.3: The Simulation Results of x264 encoder, for same system, only with different L2
CACHE memory bank, and Gems5 re-calibrated with NVSim latency details of the

memory banks.

Field SRAM MRAM | Impact(ratio)
sim_seconds 16.222047 17.133641 0.0561
sim_ticks 16222047298831  17133640621041 0.0561
final_tick 18853541587097 19984674238114 0.0599
sim_insts 8267542176 8267755985 | 2.5861E-005
sim_ops 8692429862 8692742955 0.00003
DDR bytes_read:total 812829600 856487704 0.0537
L2.replacements 1021451 1025877 0.0043
L2.tagsinuse 65123.176249 65108.818324 -0.0002
L2.total_refs 16436632 17312300 0.0532
L2.sampled_refs 1021451 1025877 0.0043
L2.ReadReq_hits:total 18992618 20173225 0.0621
L2.Writeback_hits::writebacks 5879046 5944740 0.0111
L2.Writeback_hits::total 5879046 5944740 0.0111
L2.ReadExReq_hits::total 1098766 1109432 0.0097
L2.demand_hits::total 20091384 21282657 0.0592
L2.overall_hits::total 20091384 21282657 0.0592
L2.ReadReq_misses::total 263136 267399 0.0162
L2.UpgradeReq_misses::total 3622 3651 0.0080
L2.ReadExReq_misses::total 759467 759565 0.0001
L2.overall_misses::total 1022603 1026964 0.0042
L2.ReadReq_miss_latency::total 13603298609 34466314518 1.533
L2.UpgradeReq_miss_latency::total 273591 990683 2.6210
L2.ReadExReq_miss_latency::total 40300754564 98074660663 1.433
L2.demand_miss_latency::total 53904053173 132540975181 1.458
L2.overall_miss_latency::total 53904053173 132540975181 1.458
L2.ReadReq_accesses::total 19255754 20440624 0.0615
L2.Writeback_accesses::writebacks 5879046 5944740 0.0111
L2.Writeback_accesses::total 5879046 5944740 0.0111
L2.UpgradeReq_accesses::total 3633 3662 0.0079
L2.ReadExReq_accesses::total 1858233 1868997 0.0057
L2.demand_accesses::total 21113987 22309621 0.0566
L2.overall_accesses::total 21113987 22309621 0.05662
L2.ReadReq_miss_rate::total 0.013665 0.013082 -0.0426
L2.UpgradeReq_miss_rate::total 0.996972 0.996996 | 2.4072E-005
L2.ReadExReq_miss_rate:total 0.408704 0.406402 -0.0056
L2.demand_miss_rate::total 0.048432 0.046032 -0.0495
L2.overall_miss_rate::total 0.048432 0.046032 -0.0495
L2.writebacks::writebacks 813623 812790 -0.0010
L2.writebacks::total 813623 812790 -0.0010
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Based on the results presented in Table 4.3, we can depict the following elements
to explain in fine grain, the important aspects of the MRAM impact into the memory
hierarchy:

Benchmark Execution time
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Figure 4.11: X.264 Execution time.

The simulations condition in this case, are similar to the conditions in Section 4.2, a
CACHE L1-1/D of 64KB, DDR of 256MB, running a Linux OS compiled for ARM v7
ISA, on top of the Gems. In addition to that the timing for the L1 is assumed as 2ns, the
details for the L2 can be found in Table 4.4.

In Figure 4.11 we can observe, as foremost importance, the exchange of the L2 memory
bank based on SRAM by the MRAM counterpart, with higher latency, 276% higher for
hit and 271% higher for response: the outcome was a increase of 0.05% on the total
execution time. We passed from total execution time of 16.22 to 17.13, so 0.911 seconds
of increase in total execution time. This is a significant impact in total performance for
a systems engineer, meanwhile, for a user of a embedded system like a smartphone, the
person will not even notice the increase in latency.



Table 4.4: Memory banks characteristics

4.2 USING GEM5 TO EVALUATE THE IMPLICATIONS INTO MEMORY HIERARCHY OF L2 CACHE BANKS OF SIGNIFI

tield SRAM MRAM
Technology 45nm 45nm
Size 2MB 2MB
Associativity 8 8
Area
Total Area 5.665mm? 2.262mm?
DATA Array Area (1352.235pm x 3724.638um)  (1470.019um x 1274.689pum)
5.037mm? 1.874mm?
TAG Array Area (5426.310pm x 115.898um)  (165.444um x 2349.076pum)
0.629mm? 0.389mm?
Timing
Cache Hit Latency 18.795ns 70.806ns
Cache Miss Latency 2.968ns 66.038ns
Cache Write Latency 10.115ns 75.153ns
Power
Hit Dynamic Energy* 1.076n] 0.213n]
Miss Dynamic Energy? 1.076n] 0.213n]
Write Dynamic Energy3 0.033n] 0.223n]
Total Leakage Power 1326.713mW 26.514mW
DATA Array Leakage Power 1180.597mW 24.283mW
TAG Array Leakage Power 146.116mW 2.231mW
hit(ns) 18.795 70.806
response (ns) 10.115 75.153
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In Figure 4.12 is depicted the clock cycles added to the total amount of the processing
for this benchmark.
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Figure 4.12: X.264 Clock cycles.

The latency is reflected as shown in Table 4.3, increasing the overall accesses to the L2
and the main memory, due to increase in latency of the memory banks. The reason for
the increase in main memory access is the ARM v7 architecture MMU, which contains
a policy of deadlines to avoid long periods of processor stalls. A deadline means that
the system can wait to fetch the data from the memory. If the memory fails to supply
the data in the specified time, it will fetch from main memory. This would explain the
increase on the main memory access, using the same application Ipsis litteris, changing
only the [2 CACHE memory bank.

The conclusion we obtain accessing all this data in this experiment is: even the in-
crease of 270% in latency at CACHE L2, does not create a significant bottleneck in
performance, so is safe to assert that is possible to replace a SRAM bank by an MRAM
memory bank of same memory size. The resulting system has a smaller silicon foot-
print, due to the higher density of the MRAM technology of 4 to 8 times higher com-
pared to the SRAM. The system has a smaller leakage using MRAM. The MRAM-LOP
also provides the same performance of the SRAM-HP as depicted in Figure 3.13. This
is important, since allow us built a memory bank adopting additional technology, for
Low-Power operation, decreasing the total power consumption and yet keeping the
performance of SRAM High-Performance found on server class systems.

In Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.16, and Figure 4.17 is depicted the
impacting factors of performance. These factors are also related with power. It's impor-
tant to notice that the behavior depicted previously at Figure 4.11 will repeat across all
over the parameters evaluations.
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Figure 4.13: L2 Replacements.
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Figure 4.14: L2 Overall Access Total.

As is possible to observe in Figure 4.15, the increases in miss latency more than
doubled, due to the difference in latency of the two memory banks. In the end the total
processing time, observe Figure 4.11, have increased in less than a second, despite the
average miss latency drastic increase.

So the conclusion is: the performance is not heavily affected by the increase in latency
in more than 270% comparing SRAM vs MRAM. But the important factor to evaluate is
the power consumption. The way the technology shift will affect the power consumption
is next topic to evaluate.
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4.2.2  Power Analysis based into the memory banks generated after the NV Sim.

Based on the assessments detailed on Table 4.4 and Table 4.3, we can now cross the data
from these two tables. This way, we can generate a profile of the power usage, having
the number of accesses and knowing the power dissipated for each access. The simple
manner is just multiplying the power for the number of accesses to obtain the total
power for each characteristic.

Assuming the demonstrated in Figure 4.11 is the total time of the execution of the
X.264 encoder. Now lets take the leakage current denoted for each technology in Ta-
ble 4.4.

Joining the values we obtain a simple table like Table 4.5. The Total energy presented
there is the worst possible case scenario, assuming the memory banks are leaking during
the entire process lifetime. This way we can obtain a rough idea of how much power
the same system will consume at L2 of the memory hierarchy.

Table 4.5: Power Consumption estimation regarding the Leakage current.
SRAM MRAM

Execution Time: 16.222047 17133641
Leakage Current: 3.386W  38.36mW
Total Static Energy (J): 54.927 0.657

Observing Table 4.5 is already quite clear the first advantage of using MRAM to
replace the SRAM at the L2 CACHE in the memory hierarchy. We can apply the same
principle for all access from the microprocessor to the L2, this way we can obtain the
total energetic cost for each operation into the memory. Lets repeat the process this time
for the total Write Access as described in Table 4.6.

Table 4.6: Power Consumption estimation number of WriteBack Total, and the data about the
memory bank technology Table 4.4.

SRAM MRAM
Write Back Total (Write): 5879046 5944740
Overall Access (Read): 21113987 22309621

Write Energy: 22.865n] 170.657n]
Read Energy: 957.780p]  150.454p]
Total Write Energy (n]): 0.1344 1.0145
Total Read Energy (n)): 0.0202 0.0033

Comparing both memory technologies for Write we can detail that the MRAM takes
7.54 times more energy than the SRAM for write operations, while on the read opera-
tions the SRAM takes 6.024 times more energy. The MRAM took a 1.25 or 25% more
energy than the SRAM for overall operation for this specific application, the X.264 en-
coder. Analyzing the MRAM, only taking into account the dynamic energy is a mistake,
especially because this is the biggest flaw of MRAM. Taking into account the leakage,
the MRAM has the advantage. Nevertheless, the clear usage where MRAM would total
excel is when executing algorithms Write Once Read Many (WORM) style, the kind of
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expected scenario even from storage devices [Sion and Chen, 2012; Wang and Zheng,
2004].

For the current state of the technology, MRAM will consume more energy than SRAM
for dynamic operation, as presented in Table 4.6 (at least for our particular case a X.264
encoder, available in all embedded devices of-the-shelf). The particular application that
could take real advantage of the leakage reduction and reduced read power of a MRAM
memory is the class WORM of applications and systems. Also, an architecture similar
to the Kepler from NVIDIA that has a read-only cache would take advantage of MRAM
memory cells [NVIDIA Corporation, a,b].

Embedded systems can benefit from the reduced leakage current, but the perfor-
mance impact over power consumption is unclear and only real test in silicon will
provide this answer. Is known that SRAM, at least in L3, is around 30% of the power
consumption. So, assuming that L2 is at least ten percent less, and so on, we could
extrapolate that the memory hierarchy roughly represents 40 ~ 50% of total power con-
sumption in a SoC [Monchiero et al., 2008; Thoziyoor et al., 2008a]. Nevertheless, as will
be seen in Section 4.4, the trend with MRAM is the power consumption shifts from the
memory hierarchy (the CACHES) to the logic and interconnections of the circuit.

For the present state of the technology, unless a L3 cache is adopted, replace the L2
by MRAM will not provide any real benefit, a except of the leakage current. Regarding
this is based on the X.264 Encoder only, for this kind of application in particular, the
L2 technology replacement makes no difference at all, considering that the only evident
benefits are the leakage current and reduced read power. Again, this reinforces the idea
for WORM systems.

4.3 BENCHMARKS USED FOR EVALUATIONS

The conjectures, results and analyses presented in Section 4.2.1, were based on one
specific benchmark. The chosen benchmark was the X.264. The X.264 is a free software
for encoding video streams in the H.264/MPEG-4 AVC format.

Also, the idea was stress the memory hierarchy, since it is a stream codec for high
resolution videos. The particular encoder used has the following features:

e 38x8 and 4x4 adaptive spatial transform

e Adaptive B-frame placement

e B-frames as references / arbitrary frame order

e CAVLC/CABAC entropy coding

e Custom quantization matrices

e Intra: all macroblock types (16x16, 8x8, 4x4, and PCM with all predictions)
e Inter P: all partitions (from 16x16 down to 4x4)

e Inter B: partitions from 16x16 down to 8x8 (including skip/direct)

¢ Interlacing (MBAFF)

e Multiple reference frames
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e Ratecontrol: constant quantizer, constant quality, single or multipass ABR, op-
tional VBV

e Scenecut detection

e Spatial and temporal direct mode in B-frames, adaptive mode selection

e Parallel encoding on multiple CPUs

e Predictive lossless mode

e Psy optimizations for detail retention (adaptive quantization, psy-RD, psy-trellis)
e Zones for arbitrarily adjusting bitrate distribution

For our particular case we, used it in a single core at 1.5 GHz, 64 KB of L11/D, 2ZMB
of L2, 256 MB of DDR2. It was launched on top of a Linux on a ARM ISA vy, with
8 parallel threads and 16 frames. It encodes a set of images that generates a 1 second
video of 720p.

This benchmark was chosen with the intention of totaly stress the CACHE L2 usage,
since it is a streaming algorithm. Also, it has SIMD optimizations for ARM v7 architec-
ture, the one implemented in Gems.

For the experiments depicted in Figure 4.6, Figure 4.6, Figure 4.8, Figure 4.9 and
Figure 4.10, the used benchmark was the MPEG-2 encoder and decoder. The same
experiment was performed using ADPCM, G721, G711, aLaw, pLaw, PCM, MPEG-2.
Considering that the results suffer variations comparing among the benchmarks, was
opted-out to keep the focus into the MPEG — 2, since it was stressing the L2 more than
the others. Also, the spent time performing the simulations seems useless, regarding
the other benchmarks.

The purpose of the experiments with the MPEG-2 was identify how the associativity
and cache-L2 size would be affected, given certain combinations of delays and sizes.

4.4 COMPARING A MICROPROCESSOR MEMORY HIERARCHY, SYNTHESIZED WITH
MRAM AND SRAM AT 28nm

The objective of this section is set in place all the conjectures already made, in a silicon
level: with current available EDA tools, how to put in place a library of MRAM memory
banks, and how to use it for physical analyses into synthesis level, bridging this way the
gap between physical models, simulated models and a physical implementation. There-
fore, it will be possible obtain more reliable information, instead of simply speculative
results. Simulation results are a quick way to provide a general overview of possible
scenarios and possible results. However, in the end, they are only simulative results.
Consequently, the objective here is close this gap between the simulative speculation
and the expected observed in circuit level, without the necessity of undergoing a circuit
implementation for every design. Of course no model will ever be accurate without a
integrated circuit implementation to close the final gap of an entire model.

For this particular experiment we adopted the technological library, a synthetic library
provided by Synopsys, for 28nm CMOS technology. It contains the Phase Locked Loop
(PLL), standard cells, SRAM memory banks, High-performance and Low-Power sets.
So, you can even perform the low-power stage of a Design For Manufacturing (DFM)
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flow. Based on this premisses, I modeled the MT] and generated the memory models
with NVSim. With the memory banks details provided by the NVSim, I generated a
Liberty file containing the data extracted from the NVSim, to synthesize the design
with my MRAM memory banks instead of the SRAM. The base for my liberty file
was the library for the SRAM, where I replaced the Composite Current Source (CCS)
matrices of the SRAM, when necessary. Of course this is not a simple task, and the
availability of better tools would be welcome. The result exposed here is not perfect yet,
there is plenty of room for improvements. Remember that this discussion is based in a
near twelve thousand lines file, that describes electrically and physically how this set of
memory banks will compose the time framing computation of the synthesis.

The best manner to characterize this library to be error prone, would be using a SPICE
model of the MTJ, which I did not had available for 28nm, neither through my research
network it was available in the moment I performed the experiment. The SPICE model
is loaded into a characterization system such as ALTOS (Cadence package) Liberate MX
from Cadence. With the SPICE model and the characterization tool, we provide a series
of configurations like the operation conditions:

set_operating_condition -voltage $vdd -temp $temp

, than we provide the CCS template matrices for power, timing, setup and hold times.
The ALTOS uses the SPICE model of a memory cell to characterize the electrical behav-
ior of a memory bank and its matrices of memory cells.

With all this information in place, the characterization tool plus a few hours, days or
weeks, according with the desired complexity and number of possible banks, into an
High Performance Computing (HPC) machine, will generate the liberty files with all
the CCS matrices embedded into it. The CCS is a troublesome feature to generate, but
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once you have it, your synthesis reports results will provide a near exact to the final
circuit results, at least for each IP block, regarding power and timing.
set pwd [exec pwd]

# Define operating conditions ##

set vdd 1.2

set gnd 0.0

set temp 25

set_operating_condition -voltage $vdd -temp $temp

# define templates

SRAM_delay_template

define_template -type constraint \

-index_1 { 0.010 0.050 0.200 0.400 1.000 } \
-index_2 { 0.010 0.050 0.200 0.400 1.000 } \

# define cell, pins, truth tables

set cell { sram }

set mxtables {}

lappend mxtables $pwd/tables/sram.tbl

# read spice

set spicein {}

lappend spicein $pwd/data/cl_models.sp
lappend spicein $pwd/data/sram.sp
read_spice $spicein

# clock prop
mx_set_clockprop {{ME enable CLK} {TME enable CLK}}

set characterization_simulator "hspice"

# specify models the memory should be characterized for
# partition (with fast spice) and characterize (with real spice)

# write models
write_library -overwrite sram.lib
foreach model $models {
write_library -overwrite $model sram.${model}.1lib

}

Algorithm 2: Fragment of a TCL file to demonstrate how to characterize a memory
library using Liberate MX.

The target microprocessor used was the OpenRISC architecture and the implementa-
tion is the OR1200. The RTL is freely available. Replacing the memory banks is quite
simple and add new memory technology is also a straight-forward process. This way
we provide a unbiased manner to demonstrate how using a of-the-shelf Electronic De-
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sign Automation (EDA) tool will a SoC built in 28nm with SRAM differentiates from
the same SoC with MRAM, regarding area, power and timing.

4.4.1  OpenRISC Architecture

The OpenRISC architecture is an open architecture. It defines the architecture of an open
source, Reduced Instruction Set Computing (RISC) microprocessor core. The OpenRISC
architecture allows a wide spectrum of SoC designs implementations. It is a 32/64-bit
load and store RISC architecture.

Performance features include a full 32/64-bit architecture, vector DSP and floating-
point instructions, virtual memory support, cache coherency, optional Symmetric Multi-
Processing (SMP) and SMT support and support for fast context switching. The archi-
tecture defines several features, such as several instruction extensions, a configurable
number of general-purpose registers, configurable cache and TLB sizes, dynamic power
management support, and space for user-provided instructions.

ORI1200 CPU
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Figure 4.18: The OR1200 is a 32-bit scalar RISC with Harvard microarchitecture, 5 stage integer
pipeline, virtual memory support (MMU) and basic DSP capabilities.

The full source for implementations of the OpenRISC architecture is available at
www.opencores.org and is supported with GNU software development tools. Most
OpenRISC implementations are designed to be modular and vendor-independent. They
can be interfaced with other open-source cores available at www.opencores.org.

The OpenRISC architecture includes the following principal features:

e A royalty free and open architecture;

e A linear, 32-bit or 64-bit logical address space with implementation-specific phys-
ical address space;

e Simple and uniform-length instruction formats featuring different instruction set
extensions;
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e OpenRISC Basic Instruction Set (ORBIS32/64) with 32-bit wide instructions aligned
on 32-bit boundaries in memory and operating on 32- and 64-bit DATA;

e OpenRISC Vector /DSP eXtension (ORVDX64) with 32-bit wide instructions aligned
on 32-bit boundaries in memory and operating on 8-, 16-, 32- and 64-bit DATA;

e OpenRISC Floating-Point eXtension (ORFPX32/64) with 32-bit wide instructions
aligned on 32-bit boundaries in memory and operating on 32- and 64-bit DATA;

e Two simple memory addressing modes, where memory address is calculated by
immediate or effective address;

e All operations are register based, including operands and results
e Shadowed or single 32-entry or 16-entry general purpose register file
e Optional branch delay slot for keeping the pipeline as full as possible

e Support for separate instruction and DATA caches/MMUs (Harvard architecture)
or for unified instruction and DATA caches/MMUs (Stanford architecture)

o A flexible architecture definition that allows certain functions to be performed
either in hardware or with the assistance of implementation-specific software

e Number of different, separated exceptions simplifying exception model

e Fast context switch support in register set, caches, and MMUs

4.4.1.1  Memory Model

Memory is byte-addressed with halfword accesses aligned on 2-byte boundaries, single-
word accesses aligned on 4-byte boundaries, and doubleword accesses aligned on 8-byte
boundaries.

The OpenRISC architecture specifies a weakly ordered memory model for unipro-
cessor and shared memory multiprocessor systems. This model has the advantage of
a higher-performance memory system but places the duty for access ordering on the
programmer.

The order in which the processor performs memory access, the order in which those
accesses complete in memory, and the order in which those accesses are viewed by
another processor may all be different. There are two mechanisms of enforcing memory
access ordering provided to allow programs in uniprocessor and multiprocessor system
to share memory.

An OpenRISC processor implementation can also implement a more restrictive, strongly
ordered memory model.

The important detail about memory ordering is, considering that the control is placed
into the program side as specified, the architecture implements a critical instruction
L.msync used to synchronize memory.
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4.4.1.2  Memory Synchronize Instruction

The l.msync instruction permits the program to control the order in which load and
store operations are performed. The memory sync instruction ensures that all mem-
ory accesses initiated by a program have been performed before the next instruction is
executed. OpenRISC processor implementations, that implement the strongly-ordered
memory model instead of the weakly-ordered one, can execute memory synchroniza-
tion instruction as a no-operation instruction.

4.4.1.3 Memory Management

This section describes the virtual memory and access protection mechanisms for mem-
ory management within the OpenRISC architecture. Also, it describes the structure of
the page tables, the MMU conditions that cause its related exceptions and the MMU
registers. The hardware implementation details that are invisible to the OpenRISC pro-
gramming model, such as MMU organization and TLB size, are not contained in the
architectural definition.

The OpenRISC memory management unit includes the following principal features:

e Support for effective address (EA) of 32 bits and 64 bits

e Support for implementation specific size of physical address spaces up to 35 ad-
dress bits (32 GByte)

e Three different page sizes:

1. Level 0 pages (32 Gbyte; only with 64-bit EA) translated with D/I Area Trans-
lation Buffer (ATB)

2. Level 1 pages (16 MByte) translated with D/I Area Translation Buffer (ATB)

3. Level 2 pages (8 KByte) translated with D/I Translation Lookaside Buffer
(TLB)

e Address translation using one-, two- or three-level page tables

e Powerful page based access protection with support for demand-paged virtual
memory

e Support for SMT

The primary functions of the MMU in an OpenRISC processor are to translate ef-
fective addresses to physical addresses for memory accesses. In addition, the MMU
provides various levels of access protection on a page-by-page basis. Note that this is
just an conceptual overview model of the OpenRISC MMU implementations can differ
in the specific hardware used to implement this model. Generally, the address trans-
lation mechanism is defined in terms of page tables used by OpenRISC processors to
locate the effective to physical address mapping for instruction and DATA accesses.

Translation Lookaside Buffer (TLB) are commonly implemented in OpenRISC pro-
cessors to keep recently-used page address translations on-chip. Although their exact
implementation is not specified, the general concepts regarding the system software are
described.
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Figure 4.19: Translation of Effective to Physical Address. Simplified block diagram for 32-bit
processor implementations

Large areas can be translated with optional facility called Area Translation Buffer
(ATB). ATBs translate 16MB and 32GB pages. xTLB is used if xXTLB and xATB have a
match on the same virtual address.

The MMU with the exception processing mechanism, provides the necessary sup-
port for the operating system to implement a paged virtual memory environment and
enforcing protection of designated memory areas.

4.4.2  MRAM Characterization using Liberty

The process to characterize a library using Liberty format is not a straight-forward
approach. Is necessary to take into account the information of [Linser, 2010; Synopsys
Inc., 2006, 2008, 2013a,b]. Sometimes, the information available seems not enough and
the process became a try-and-error. Still, this seems to be the best way to obtain results
about the final characteristics of a SoC that integrates no matter which technology. For
our case, the characterization was for memory banks, in order to perform a complete
Integrated Circuit (IC) synthesis flow. This way, we could obtain the SoC reports using
an EDA tool of-the-shelf, linking our library that characterizes MRAM with the 28nm
synthetic library, provided by Synopsys Inc..

The reason to use CCS coupled with Liberty was based in [TSMC and Synopsys
Inc., 2007] and [Bao et al., 2006]. In [Bao et al., 2006] they found that CCS modeling
delivered accuracy within 2% of difference compared to SPICE. This means that you can
obtain a highly accurate model tight with your circuit synthesis, near the final physical
implementation of your Integrated Circuit (IC). This way you will have a better insight
about your MRAM memory banks. In our case, the Liberty was enough to obtain the
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areas comparisons and leakage. For a more accurate and detailed series of reports, the
library needs to pass to a more detailed characterization process, checking all the CCS
matrices.

4.4.3 Synthesis Results

In this section, is presented and compared the results of two physical synthesis of the
OpenRISC targeting a 28nm technological node. The tables will expose the summary
data about the synthesis result for the 28nm technology library, with the add-on of
the characterization library for MRAM. The mram_28nm_ff1p16v2sc, for fast-fast case,
power supply of 1.6V and 25°C of operating temperature, assumes as base line for the
characterization the sram_28nm_ff1p16vi2sc, that is similar to the MRAM, fast-fast case,
power supply of 1.6V and 25°C of operating temperature. So, they are similar regarding
the electrical parameters of the technology, due to the fact that both carry the same
interconnection circuitry.

The difference between my characterization library to that of SRAM, is that I modified
removing the unnecessary cells, setting the area and leakage according with NVSim.
The transition curves, I kept similar to the SRAM, due to the fact that the MRAM banks
interconnections that I'm adopting are the same as the SRAM banks, regarding line and
column decoder as well as the sense amplifiers. Which means the access logic in the
CMOS level is the same in SRAM and MRAM, the biggest difference residing in the
data array matrix.

For this experiment the OpenRISC was configured with 32KB of data and Instruction
CACHE L1 and Instruction and data TLB, each one with 64 entries, with page size of
8KB, addressing up to 4GB of address space. The architecture is similar as presented in
Figure 4.20.
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Figure 4.20: Synthesized OpenRISC architecture organization.
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Specifically for the CACHEs, the RTL design is based on a composite of memory
banks chosen during synthesis, based on the address and word sizes to match the avail-
able SRAM banks into the tech library 28nm. For this reason, the MRAM banks were
built equally to the SRAM banks listed in Table 4.7 and Table 4.8. This way, was simple
to place conditional synthesis flags into the Verilog RTL of the microprocessor architec-
ture.

So, the purpose here is to use a standard state-of-the-art Integrated Circuit (IC) flow,
at the synthesis level, linking a STT-MRAM library, composed of memory banks of
different word sizes, and different lengths, integrating it into this flow. The purpose was,
also, demonstrate how to use this set of existing tools, characterizing a memory bank,
based into a MT] physical parameters, and how to evaluate a given circuit to analyze
the required performance, latencies and power dissipation in a way that would be less
speculative, or more precise and analytic, based onto the memory physical factors.

In Table 4.7 and Table 4.8, is presented the number of banks of intrinsic memories,
instantiate by the synthesizer, used for TLB, instruction and data CACHE, composing
the memory hierarchy of this particular OpenRISC implementation.

Table 4.7: Summary of instances and area for SRAM banks

Gate Instances Area (pm?)
SRAMIRW512x32 32 1621365.825
SRAMITRW512x8 8 123818.056
SRAMITRW64x32 4 34854.011
SRAM2RW128x16 16 190224.400
SRAM2RW32x32 2 18617.339

1988879.632

Table 4.8: Summary of instances and area for MRAM banks

Gate Instances Area (um?)
MRAMIRW512x32 32 160000.000
MRAMIRW512x8 8 24000.000
MRAMIRW64x32 4 16000.000
MRAM2RW128x16 16 48000.000
MRAM2RW32x32 2 8000.000

256000.000

4.4.4 MRAM and SRAM synthesis results

Herein are the synthesis results regarding the MRAM and SRAM. In Table 4.9 and
Table 4.11 are presented the results about number of cells and sum of the area for this
set of cells. So, with this two tables you will be able to understand the area relation
between SRAM and MRAM. To explain one minor detail, some tables shows Instances
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others Cells, they are the same thing, it is just how the tools calls a mapped element
like a NAND:2.
Table 4.10 Table 4.12

Table 4.9: MRAM area summary, regarding logic and memory:.

Library Cells Area (um?) Instances %
CMOS cells 28nm 23941 169 282.408 99.7
MRAM cells 62 256 000.000 0.3
total 24 003 425 282.408 100.0

Table 4.10: MRAM synthesis summary

Type Instances Area (pmz) Area %
memory hierarchy 62 256 000.000  60.0
logic core 24 572 170 322.555 40
total 24 634 426 322.555  100.0

Table 4.11: SRAM area summary, regarding logic and memory.

Library Cells Area (um?) Instances %
CMOS cells 28nm 28 976 96 911.715 99.8
SRAM cells 62 1988 879.632 0.2
total 29 038 2085 791.347 100.0

Table 4.12: SRAM synthesis summary

Type Instances Area (pmz) Area %
memory hierarchy 62 1988 879.632 9.4
logic core 23739 74 760.015 3.6
total 23 801 2063 639.647 100.0

4.4.5 Assessments comparing the synthesis results of the two technolgies

The relevant report in the gates report is shown in Table 4.12. This present the total area
regarding the final circuit as shown in Table 4.11. So, the first inference we can assert is
that the SRAM accounts for 1 988 879.632um? of 2 063 639.647, which represents 91.34%,
taking into account the total SoC area presented in Table 4.12, of the total area of the
final circuit, targeting SRAM based memory banks. While in same manner the MRAM
accounts for 256 OOO.OOOpm2 of 425 282.408, which represents ~ 60% of the surface.

So the first great aspect of MRAM in a memory hierarchy of a SoC is to reduce in
nearly ~ 30% the amount of area in the circuit. Also, in SRAM the power driver is
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the SRAM cells, adopting MRAM the power driver becomes the logic of the circuit,
and this means two things: 1) the power consumption is greatly reduced, since CMOS
consumes when it is switching. Basically, in the case of SRAM is always consuming, 2)
improvements into the low power technics on the core will have a much higher impact
in the total power consumption. Based in each memory technology, as well as each final
SoC power characteristics. So, essentially the power will be driven by the logic circuit,
and no the memory banks, in circuits that implements MRAM memories. This leads to
low power technics that can, further, reduce the power consumption without affecting
performance like spintronics circuits.

The result that was unexpected is the leakage Power for MRAM, that in fact was
increased. But the total SoC power remained below 50% of the power on same SoC
built in SRAM. A possibility could be the gate dimensioning to support the current
variation, due to the high write current for the MT] into the memory banks. Another
possibility, could be the fact that the 28nm library for SRAM memory banks do not have
the leakage of each memory bank cell, so the RTL compiler cannot calculate accurately
the leakage for them.

Another important aspect, more than just the areas of the banks, is that the SoC
based in MRAM has a decrease of 4.84 times in area. Which means it is possible to
place on the waffer near four dies based in MRAM in the area of one die based in
SRAM. Consequently, an increase of four times of the yielding per wafer, just switching
the memory technology.

So, a few points we observe in this section, once we characterized the MRAM memory
bank cells, performing a logical, physical synthesis using Cadence RTL compiler, also
we performed in before hand the same process using SRAM. Observing the results and
comparing them we can assess that:

1. The MRAM needs at least 4 times less substrate surface compared to the SRAM;

2. The leakage with MRAM increases, probably due to the sense amplifiers or access
gates, that are dimensionate to support write current of the MTJ into the memory
arrays;

3. we can increase in four times the number of silicon dies per wafer using MRAM,
to replace SRAM, with same sizes;

4. the final SoC, truly has a leakage in memory increased, but the total power con-
sumption is lower than the SRAM counterpart. Also the SRAM library does not
contain the leakage of the memory bank cells, so the synthesis tool has to extract
it as best as it can;

5. adopting MRAM, the power constraints shift from the memory back to the circuit
logic. The memory is not anymore the main drain of power;

6. low power techniques applied to logic produces better results. Currently, the low
power technics like clock-gating, multi voltage due to the physical aspects of the
SRAM cannot achieve better results, considering that the SRAM is always consum-
ing (volatile memory), so the low power technics can’t push further improvements;

To close this section, MRAM seems to produce smaller and energy-efficient circuits.
This is theoretically expected, but so far no one have demonstrated, in practice, how
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to physically obtain such results. The most important is the characterization library of
your memory banks. This is the crucial step needed, so the synthesizer will be able to
computate and make all necessary extrapolations, in order to achieve the desired time
frame for a given technological node, obtaining results that will match the technological
DFM.

4.5 THE COMPOSITE BANK

This is the closing experiment of my research. It occurs that observing the results in
Section 3.5.3, as well as analyzing the source code of the NVSim and CACTI, a few
things can be noticed. The first immediate observation is that the analyses of MRAM
were affected by the TAG memory array. The TAG memory array is the bottleneck of
the cache memory banks. They will define your throughput for reading. Also, since
they are replaced in every context-switch, the latency to write can affect the overall
system performance. The reason is, using MRAM memory cells that possess higher
write latency, will create a memory bank with higher latency, that can perform less
transactions in the same amount of time as SRAM, so lower bandwidth than SRAM.

The second factor observed was that, even with a higher leakage on SRAM, the TAG
array was a minimal slice of this power consumption compared to the DATA array
matrix in SRAM. Less than half of the leakage and the energy to access it. You can
confirm this looking into the results at Section 3.5.3. So, based on this results, the lead
conclusion was, instead of builtin a hybrid memory cell like in [BRUCHON, 2007b; Sun
et al., 2009a], the best trade-off would be a composite bank, with the TAG memory
array built-in in SRAM and the DATA array matrix in MRAM. Additional results can
be found in Appendix F. There it can be found the LOP-only for 45nm and the results
for 28nm.

Generally the TAG size is calculated, observing the Figure 2.11, generally the dimen-
sioning of address sizing depend on how you build your memory hierarchy architec-
ture. In general the index is defined as logz(cache rows), since the effective address
is in bytes the block offset is log, (bytes per block), leaving for the TAG dimensioning
as address_length —index_length — block offset this is well explained in [Hennessy
and patterson, 2006; Patterson and Hennessy, 2012].

The Figure 4.21 depicts the general idea, where the TAG is in SRAM, while the DATA
is in MRAM, offering a better trade-off for a CACHE memory bank as will be shown.

So, the composite bank is, literally, a bank composed by n memory technologies to
mitigate the MRAM delay, without losing the advantages of power consumption, trying
to obtain the best trade-off.

4.5.1 Composite Memory banks of 45nm

In Figure 4.22 we can observe that, despite the area usage is not as good as that of
MRAM only memory bank, but is better if compared to the SRAM-only bank. We
adopted a trade-off between the technologies obtaining this way better results in latency
and power, compromising some area.

127
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Figure 4.21: Composite CACHE set bank architecture, built with two heterogeneous memory
technologies. In the Figure the TAG(green matrix, left) is built using SRAM, while
the DATA (blue matrix, right) is built using STT-MRAM.
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Figure 4.22: Total Area.

Observing the depicting in Figure 4.22, generated from Table 4.13, we can observe
that is losen a little of surface, but managing to keep a great margin of advantage
compared to the SRAM-only banks in HP or LOP model. This is also a better deal than
the proposed MSRAM or RSRAM [BRUCHON, 2007b; Sun et al., 2009a], that uses a
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Table 4.13: Total Area (um?).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0474 0.0569 0.0476 0.0568 0.0422 0.0422
32KB  0.0528 0.1086 0.0529 0.1083 0.0588 0.0587
64KB  0.0637 0.2126 0.0638 0.2120 0.0901 0.0899
128KB  0.0863 0.4145 0.0861 0.4142 0.1522 0.1518
256KB  0.1085 0.8195 0.1086 0.8189 0.2500 0.2498
512KB  0.2757 1.4461 0.2779 1.4455 0.4029 0.4046
IMB  0.3904 2.8712 0.3921 2.8700 0.6646 0.6659
2MB  0.6178 5.6655 0.6183 5.6643 1.1736 1.1738
4AMB  0.9919 11.2698 0.9958 11.2673 2.0935 2.0964
8MB  1.8285 22.3432 1.8302 22.3407 3.9808 3.9818

SRAM latch as sense amplifiers for the MT]Js, in a hybrid cell fashion. Due to the fact
that, in a hybrid cell you have all the leakage of a SRAM cell, plus all the penalty for high
latency to write to the MT]Js. Also, any additional set of transistors to access the MTJs in
parallel without disturbing the latch content, will increase the amount of transistors per
cell, not forgetting the access MOS of the MT]J, that has to be dimensioned to support
the write current.

In Figure 4.23 we have depicted the Write Latency of the cache Bank. Since the DATA
array is in MRAM, it has a general impact into the total latency to write that cannot
be avoided. Either way, the final result is still better. Observing Table 4.14, we have a
slightly better result compared to MRAM-only, e.g., if we assume the values of SMB
LOP, MRAM and Composite we have a reduction of 50.053ns of latency. Not impressive
? Now, multiply it by a three million accesses. You would have in 5030760000ns of
total access time for the MRAM-only and 3529170000ns for the Composite bank, merely
1501590000ns of access time reduction, for only three million accesses. Which nowadays,
with demands of streaming processing like X.264, on embedded systems three million
or more accesses in burst, are not far from possible.
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Figure 4.23: Total Write Latency:.

Table 4.14: Cache Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOor HP LOP
16KB  109.3390 0.5315 109.4420 1.0987 100.2340 100.3730
32KB  109.0710 0.9391 118.7320 1.9773 100.2870 100.4140
64KB  108.8020 0.8787 118.2040 1.9596 100.4030 100.5380
128KB  108.5620 1.1819 117.7230 2.5528 100.6970 100.8680
256KB  108.2970 1.6796 117.1990 3.7679 100.7590 100.9420
512KB  118.1400 2.8795 135.8750 3.7399 101.7170 101.9540
IMB  117.5150 3.3515 1347310  4.8844 103.1950 103.5410
2MB  116.9060 9.6606 133.6090 11.2448 106.6340 107.1940

4MB  137.9750 10.9909 170.2960 13.1675 107.4050 108.0310
8MB  136.4120 34.7428 167.6920 38.3881 116.4490 117.6390

In Figure 4.24, Figure 4.25 we observe the leakage compared to the Composite. This
is one of the major breaks of this approach, since is much more simpler to build such
memory structure. Also, is easier to integrate into the DFM flow, and we have a really
fair trade-of.

In Figure 4.24 and Figure 4.25 is depicted the leakage power for all kinds of memory
banks and the LOP only, respectively. The leakage of the tag array increases proportion-
ally to the DATA array on HP memory banks.
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In Figure 4.24, we observe the total leakage power, so TAG+DATA arrays of a cache
memory bank. Adding up the TAG with the DATA does not help the SRAM case re-
garding leakage. Here in this case, the leakage is a great problem for HP memory banks.
The great observation is, MRAM despite its high latency, on power it is always better
regarding leakage. SRAM never overcome MRAM on leakage. Also, look into the nu-
merical results in Table 4.15 and will observe that, despite the Composite presenting
a worst leakage than the only MRAM banks, when verifying and comparing to the
SRAM, e.g., assume the 8MB memory bank on LOP, the MRAM 0.87, SRAM 52.5 and
the Composite 6.34, the leakage relation from Composite to MRAM is 7.25 worst, due
to the adoption of SRAM in the TAG array. But, compared to the SRAM, the SRAM
has 8.27 worst leakage than the Composite, which means the Composite is really in the
mean/average term of trade-off relation.
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Figure 4.24: Composite Leakage Power.
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Cache Total Leakage Power — LOP 45nm
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Figure 4.25: Low-Power (LOP) Total Leakage, magnification on the LOP banks observed in Fig-

ure 4.24.
Table 4.15: Cache Total Leakage Power (mW).
MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  2.2855 14.1126 0.0218 0.1414 4.8037 0.0480
32KB  3.6622 26.2267 0.0363 0.2627 8.7701 0.0872
64KB  6.4012 51.6340 0.0624 0.5174 16.7710 0.1661
128KB  11.8930 99.4210 0.1148 0.9978 31.8661 0.3152
256KB  12.4789 196.1430 0.1204 1.9691 51.3967 0.5115
512KB  13.0065 340.7700 0.1300 3.4262 51.6737 0.5181
IMB  23.9675 676.9460 0.2344 6.8072 98.7904 0.9868
2MB  45.8213 1326.8000  0.4427 13.3539 191.0998 1.9047
4MB  47.5148 2640.4800  0.4593 26.5774 327.8455 3.2821

8MB  91.1782 5218.4800  0.8754 52.5496 634.4444 6.3468
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Figure 4.26: Hit Dynamic Energy.
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Table 4.16: Cache Hit Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0411 0.0138 0.0335 0.0068 0.0411 0.0335
32KB  0.0405 0.0256 0.0345 0.0126 0.0405 0.0345
64KB  0.0400 0.0438 0.0340 0.0215 0.0400 0.0340
128KB  0.0394 0.0770 0.0335 0.0379 0.0394 0.0335
256KB  0.0436 0.1561 0.0354 0.0770 0.0436 0.0354
512KB  0.1675 0.2815 0.1504 0.1387 0.1675 0.1504
IMB  0.1665 0.5047 0.1494 0.2491 0.1665 0.1494
2MB  0.1654 1.0586 0.1485 0.5226 0.1654 0.1485
4AMB  0.1924 1.9511 0.1618 0.9638 0.1924 0.1618
SMB  0.1912 4.0991 0.1608 2.0252 0.1912 0.1608
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Cache Hit Latency
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Figure 4.27: Hit Latency.

One factor that is easily noticeable is: regarding Figure 4.28, it is the same as Fig-
ure 4.26. So, miss or hit, does not matter, the energetic cost will be the almost the same.
However, in the Composite memory bank, again is achieved a better trade-off in en-
ergetic cost compared to SRAM, narrowing the gaps between SRAM and MRAM and
obtaining the best advantages of each one in a composite approach.

Table 4.17: Cache Hit Latency (ns).
MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  10.2953 0.6533 10.4902 1.2926 10.2953 10.4902
32KB  10.0276 1.1525 19.7923 2.2867 10.0276 19.7923
64KB  9.7603 1.0939 19.2655 22712 9.7603 19.2655
128KB  9.5246 1.6477 18.7884 3.1341 9.5246 18.7884
256KB  9.3351 2.1476 18.3503 4.3523 9.3351 18.3503
512KB  19.3512 4.2859 37.2127 5.3230 19.3512 37.2127
IMB  18.7428 4.7618 36.0863 6.4738 18.7428 36.0863

2MB  18.2018 14.9050 35.0382 16.7024 18.2018 35.0382
4MB  40.0442 16.2397 72.5652 18.6320 40.0442 72.5652
8MB  38.7401 55.1709 70.2395 59.2280 38.7401 70.2395
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Figure 4.28: Miss Dynamic Energy.
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Table 4.18: Cache Miss Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0411 0.0138 0.0335 0.0068 0.0222 0.0176
32KB  0.0405 0.0256 0.0345 0.0126 0.0241 0.0186
64KB  0.0400 0.0438 0.0340 0.0215 0.0283 0.0207
128KB  0.0394 0.0770 0.0335 0.0379 0.0281 0.0206
256KB  0.0436 0.1561 0.0354 0.0770 0.0558 0.0343
512KB  0.1675 0.2815 0.1504 0.1387 0.1603 0.1326
IMB  0.1665 0.5047 0.1494 0.2491 0.1595 0.1322
2MB  0.1654 1.0586 0.1485 0.5226 0.2444 0.1741
4AMB  0.1924 1.9511 0.1618 0.9638 0.2598 0.1819
SMB  0.1912 4.0991 0.1608 2.0252 0.5740 0.3373
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On the other hand, the latencies depicted in Figure 4.29, if compared to Figure 4.27,
we can observe that for SRAM a miss costs more, while for the MRAM, it is the same
cost. So, when using the Composite approach, we obtain a better bargain in access
latency, due to misses. Since we are using only the TAG as SRAM and the access to the
MRAM DATA array to writeback between CACHE layers is faster, assuming it works
as modeled in Figure 2.11, once the DATA is found, the CPU does not have to wait it to
finishing uploading from L2 to L1. It has the value available immediately.
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Figure 4.29: Miss Latency.

As observed in Figure 4.29 and Figure 4.30, the Composite is keeping up with the
SRAM performance sustaining the MRAM energy footprint. The MT] will set the bank
speed at DATA array matrix and considering the SRAM aspects introduced in the TAG,
like leakage and so on. The Composite is a memory bank that obtains the best of both
technologies, inheriting the latency to write into the DATA array when is the case, as de-
picted in Figure 4.30, whose latency is similar to the MRAM for reading. Assuming, this
way, a linear pattern like MRAM. The SRAM, starting in 1MB it assumes a exponential
tendency as depicted.



Table 4.19: Cache Miss Latency (ns).

4.5 THE COMPOSITE BANK

MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB 10.1874 0.5605 10.3223 1.1577 0.5605 1.1577
32KB 9.9195 0.9681 19.6243 2.0363 0.9681 2.0363
64KB 9.6520 0.9077 19.0972 2.0186 0.9077 2.0186
128KB  9.4158 1.2102 18.6196 2.6101 1.2102 2.6101
256KB  9.1674 1.7079 18.1132 3.8252 1.7079 3.8252
512KB  18.9930 1.6960 36.7710 3.7973 1.6960 3.7973
1TMB 18.3854 2.2987 35.6448 49418 2.2987 49418
2MB 17.8419 3.4984 34.5929 7.6584 3.4984 7.6584
4MB 38.9224 4.7310 71.3032 9.8897 4.7310 9.8897
SMB 37.6153 8.0312 68.9729 16.6321 8.0312 16.6321
Data Read Latency(ns)
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In Figure 4.31 and Table 4.21, is just the TAG arrays latencies, that are the same for

Figure 4.30: Data Read Latency.

SRAM, so no changes here.
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Table 4.20: Data Read Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB 1.0553 0.3040 1.2077 0.5339 1.0553 1.2077
32KB 1.0621 0.4597 1.2178 0.7269 1.0621 1.2178
64KB 1.0803 0.5260 1.2382 0.8690 1.0803 1.2382
128KB 1.1762 1.0291 1.3590 1.4635 1.1762 1.3590
256KB  1.3564 1.2156 1.5860 1.8168 1.3564 1.5860
512KB  1.9328 2.8795 2.2071 3.6172 1.9328 2.2071
1TMB 2.2221 3.3515 2.5359 4.4008 2.2221 2.5359
2MB 3.2074 9.6606 3.6027 11.2448 3.2074 3.6027
4MB 5.5340 10.9909 6.0894 13.1675 5.5340 6.0894
8MB 9.1545 34.7428 10.0463 38.3881 9.1545 10.0463
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Figure 4.31: TAG Read Latency.

In the Figure 4.32 and Table 4.22, are exposed the details of the DATA array Write
latencies, the biggest drawback of MRAM memory banks. Once this issue of anisotropy
(see Appendix A) switching latency is solved, MRAM will present a great advantage
over SRAM memory banks.
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Table 4.21: TAG Read Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  10.1874 0.5605 10.3223 1.1577 0.5605 1.1577
32KB  9.9195 0.9681 19.6243 2.0363 0.9681 2.0363
64KB  9.6520 0.9077 19.0972 2.0186 0.9077 2.0186
128KB  9.4158 1.2102 18.6196 2.6101 1.2102 2.6101
256KB  9.1674 1.7079 18.1132 3.8252 1.7079 3.8252
512KB  18.9930 1.6960 36.7710 3.7973 1.6960 3.7973
IMB  18.3854 2.2987 35.6448 4.9418 2.2987 4.9418
2MB  17.8419 3.4984 34.5929 7.6584 3.4984 7.6584
4MB  38.9224 4.7310 71.3032 9.8897 4.7310 9.8897
8MB  37.6153 8.0312 68.9729 16.6321 8.0312 16.6321
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Figure 4.32: Data array matrix Write Latency.
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Table 4.22: DATA array matrix Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  100.2340  0.3040 100.3730  0.5339 100.2340 100.3730
32KB  100.2870  0.4597 1004140  0.7269 100.2870 100.4140
64KB  100.4030  0.5260 100.5380  0.8690 100.4030 100.5380
128KB  100.6970 1.0291 100.8680 1.4635 100.6970 100.8680
256KB  100.7590 1.2156 100.9420 1.8168 100.7590 100.9420
512KB  101.7170  2.8795 101.9540  3.6172 101.7170 101.9540
IMB  103.1950  3.3515 103.5410  4.4008 103.1950 103.5410
2MB  106.6340 9.6606 107.1940 11.2448 106.6340 107.1940

4MB  107.4050 10.9909 108.0310 13.1675 107.4050 108.0310
8MB  116.4490 34.7428 117.6390 38.3881 116.4490 117.6390
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We can observe in Figure 4.33, supported by Table 4.23, with CMB we solve the TAG
write latency problem. The TAG write latency is the pinnacle to obtain a better perfor-
mance in a CACHE set-associative. The reason is simple during context switches the
applications will dispute CACHE lines, the TAG are fully replaced during the context
switch, so is necessary that the TAG performance should be stable to avoid degradations
as we see in MRAM-only banks.
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Figure 4.33: TAG Write Latency.

Table 4.23: TAG Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  109.3390 0.5315 109.4420 1.0987 0.5315 1.0987
32KB  109.0710 0.9391 118.7320 1.9773 0.9391 1.9773
64KB  108.8020 0.8787 118.2040 1.9596 0.8787 1.95%6
128KB  108.5620 1.1819 117.7230 2.5528 1.1819 2.5528
256KB  108.2970 1.6796 117.1990 3.7679 1.6796 3.7679
512KB  118.1400 1.6677 135.8750 3.7399 1.6677 3.7399
IMB  117.5150 2.2704 134.7310 4.8844 2.2704 4.8844
2MB  116.9060 3.4701 133.6090 7.6010 3.4701 7.6010
4MB  137.9750 4.7034 170.2960 9.8340 4.7034 9.8340

S8MB  136.4120 8.0036 167.6920 16.5764 8.0036 16.5764
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Another achievement of the CMB is the reduction of write dynamic energy for the
TAG array. Since the TAG banks are modified so constantly, this energy reduction is
important to keep the total memory bank energy consumption low in the long-term.
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Figure 4.34: TAG Dynamic Energy

Table 4.24: TAG Write Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  113.8640 1.2262 78.6242 0.6093 1.2262 0.6093
32KB  111.3400 1.7284 77.2016 0.8576 1.7284 0.8576
64KB  109.2400 2.9948 75.5873 1.4812 2.9948 1.4812
128KB  107.9570 2.9350 74.3972 1.4513 2.9350 1.4513
256KB  108.2780 5.4298 74.0408 2.6533 5.4298 2.6533
512KB  107.6720 5.6278 73.7150 2.7846 5.6278 2.7846
IMB  107.8230 5.5258 73.2701 2.7341 5.5258 2.7341
2MB  110.9670 10.2586 74.3801 5.0145 10.2586 5.0145
4MB  111.5730 10.0250 74.2152 4.9001 10.0250 4.9001

S8MB  119.9700 18.3804 78.0532 9.0142 18.3804 9.0142
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In Figure 4.35 and Table 4.25, is the another great outcome of the Composite bank.
Checking the depicting Figure 4.36, you can observe that the MRAM-only has the worst
possible Dynamic Energy prospect, while the SRAM has the best, given the physical
factors of operation of each memory technology. The Composite reduces the HP in 1.43
times the energy, and LOP in 1.50 times the amount of energy. This is a considerable
factor given the fact that you are now 3.74 higher than SRAM instead of 5.37 in HP,
and 4.625 instead of 6.95 in LOP. This way, with our Composite approach we are short-
ening the gap in energy to write, between MRAM and SRAM, which puts MRAM in
advantage on long-term.
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Figure 4.35: CACHE Write Dynamic Energy
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Table 4.25: Cache Write Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.2111 0.0033 0.1459 0.0016 0.0985 0.0679
32KB  0.2102 0.0050 0.1453 0.0024 0.1006 0.0689
64KB  0.2113 0.0066 0.1453 0.0032 0.1050 0.0712
128KB 0.2164 0.0090 0.1475 0.0043 0.1114 0.0745
256KB  0.2188 0.0121 0.1482 0.0058 0.1160 0.0768
512KB  0.2239 0.0182 0.1508 0.0086 0.1219 0.0798
IMB  0.2369 0.0192 0.1570 0.0091 0.1346 0.0864
2MB  0.2656 0.0332 0.1714 0.0157 0.1649 0.1020
4MB  0.2743 0.0351 0.1755 0.0167 0.1728 0.1062

8MB  0.3339 0.0621 0.2059 0.0296 0.2323 0.1369




Regarding the DATA write dynamic energy, there is no solution, unless the MT] tech-
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nology is improved, as observed in Figure 4.36 and Table 4.26.
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Figure 4.36: Data Dynamic Energy

Table 4.26: Data Write Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  97.2497 2.0369 67.2541 0.9587 97.2497 67.2541
32KB  98.8485 3.3199 68.0847 1.5590 98.8485 68.0847
64KB  102.0460 3.5854 69.7460 1.6901 102.0460 69.7460
128KB  108.4440 6.1064 73.0693 2.8865 108.4440 73.0693
256KB  110.5420 6.6398 74.1747 3.1498 110.5420 74.1747
512KB  116.2280 12.6088 77.0569 5.8032 116.2280 77.0569
IMB  129.0310 13.6730 83.7073 6.3284 129.0310 83.7073
2MB  154.5920 22.9746 96.9860 10.7319 154.5920 96.9860
4MB  162.7660 25.1002 101.3290 11.7810 162.7660 101.3290
8MB  213.8860 43.6946 127.8870 20.5837 213.8860 127.8870
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Data Write Bandwidth
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Figure 4.37: Write Bandwidth.

Table 4.27: Write Bandwidth (GB/s)

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  1.488 65.38 0.1486 37.60 0.1488 0.1486
32KB  1.487 39.60 0.1486 25.83 0.1487 0.1486
64KB  1.485 33.96 0.1484 20.94 0.1485 0.1484
128KB  0.1481 16.05 0.1480 11.61 0.1481 0.1480
256KB  0.1480 13.77 0.1479 9.442 0.1480 0.1479
512KB  0.2933 10.82 0.2928 8.796 0.2933 0.2928
IMB  0.2891 9.347 0.2884 7.269 0.2891 0.2884
2MB  0.2798 3.149 0.2786 2.741 0.2798 0.2786
4MB  0.2778 2.767 0.2765 2.339 0.2778 0.2765

8MB  0.2563 0.8649 0.2540 0.7880 0.2563 0.2540
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Figure 4.38: Write Bandwidth.
Table 4.28: Write Bandwidth (GB/s)
MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  0.04049 10.29 0.04047 4.816 10.29 4.816
32KB  0.03952 5.204 0.03632 2421 5.204 2421
64KB  0.03855 5.656 0.03550 2.443 5.656 2.443
128KB  0.03757 3.904 0.03466 1.766 3.904 1.766
256KB  0.03658 2.613 0.03383 1.142 2.613 1.142
512KB  0.03354 2.634 0.02917 1.151 2.634 1.151
1MB 0.03272 1.825 0.02856 0.8387 1.825 0.8387
2MB 0.03190 1.144 0.02793 0.5179 1.144 0.5179
4MB 0.02618 0.8042 0.02122 0.3830 0.8042 0.3830
8MB 0.02563 0.4558 0.02086 0.2195 0.4558 0.2195

In this section we present our results for exploring the design space of microcon-
trollers and embedded microprocessors. For the microcontrollers we used a simulator
called SimpleSCALAR, that emulates scalar architectures with instruction accuracy. The
objective was demonstrate that using the advantage of density, even with write latencies
drawbacks, the system can obtain a better performance than a SRAM based system for
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some specific algorithms. We also evaluated CACHE L2 with sizes from 2GB decreas-
ing to 128KB, alternating the latency in each size, and we noticed two things: the first
latency in L2 is not the biggest impact factor, for each specific size the switching in la-
tencies did not create any great effect. The size in other hand played its role, but to a
certain extent. This observation about the latency effect is later confirmed by the exper-
iment calibrating the Gems with the Latencies of SRAM and MRAM and performing
the same algorithm in the same manner, with memory banks of same size.

We also, based into the intrinsic analyses results calibrate a Gems to operate its
CACHE L2 at the specific latencies for 2ZMB, and depicted the results, the conclusion
was switching a memory bank of ~ 20ns by one of ~ 75ns of latency, the effect in
total time execution was less than a second of processing time for an X.264 encoder
algorithm with 8 threads in parallel. Therefore, you could replace the CACHE L2 on
existing embedded systems without major problems, even with this great difference in
latency.

After we presented the initial results using a of-the-shelf EDA system to synthesize
a embedded microprocessor using both characterized memory technologies to observe
the area results. The power details were left behind, since the SRAM library provided
did not have the leakage for each cell, while the MRAM had all details, the resulting
synthesis in the reports than had power analyses that could not be well compared. Is
possible that new releases or a modified SRAM library solve the problem for future
works.

In this section we also presented the Composite Memory Bank (CMB). As stated
before the CMB was born of the necessity to achieve a certain trade-off, among per-
formance, latency and power, using MRAM, without losing the advantages of MRAM
like area and low leakage. The biggest drawback so far of MRAM is the high current
to switch the magnetic orientation of the free-layer. Besides a high current, some times
a pulse with high period is necessary to switch the FL orientation. Despite that, the
reading operation is faster than SRAM, also consumes much less energy. The leakage is
unbeatable, the only way to compete on leakage with MRAM is with another emerging
technology like PCRAM or ReRAM.



Part V
CONCLUSIONS & FUTURE INSIGHTS
Here in this chapter we discuss the conclusions of this thesis. Also, to point

the directions in the near, middle and long-term or the continuing research
related or based into this wok.






CONCLUSIONS & FUTURE INSIGHTS

We are at the very beginning of time for the human race.

It is not unreasonable that we grapple with problems.

But there are tens of thousands of years in the future.

Our responsibility is to do what we can,

learn what we can, improve the solutions, and pass them on.
— Richard Phillips Feynman

This thesis, as stated in Chapter 1, has the objective, to evaluate the adoption of
MRAM in memory hierarchy of computer architecture. For such purpose, a series of
tools where combined to create an analytical methodology. Such analytical methodol-
ogy was employed and its results presented in Section 3.6. Also, we performed a series
of architectural analyses demonstrated in Section 3.5.3,Section 4.1,Section 4.2 and Sec-
tion 4.2.1.

The first contribution of this thesis is to be one of the few focused on MRAM applied
to memory hierarchy. For this, we performed an in-depth study on the memory hierar-
chy, evaluating the effects on the overall performance of a SoC, based on pure MRAM
or combining it with SRAM, in different levels of memory hierarchy as demonstrated
in Section 3.6.

Second contribution, is the characterization process of power for a system based
on MRAM on CACHE L[2. In this contribution we evaluated all possible aspects that
L2 could influence, regarding power on a system adopting a L2 MRAM based. Also,
the performance aspects and how they compare to existing SRAM were evaluated, as
demonstrated in Section 3.5.3 .

The third contribution is the result on how to combine the devised methods employed
during the research, to create an analytical methodology with well defined algorithm,
in order to evaluate a system power consumption and performance. At the present
this methodology is based on three tools, but replacing these tools by similar ones and
keeping the flow would lead to similar results. It is demonstrated in Section 3.6.

The fourth contribution was the characterization of the memory banks to use in a
of-the-shelf EDA, IC flow. This is probably the right direction to expend the efforts
evaluating MRAM in memory hierarchy. It is demonstrated in Section 4.4

Finally, after several tests, observing how a cache memory bank timing, power and
area is defined, we devised the so called Composite Memory Bank (CMB). The idea is
combining the two technologies, but not in the way it has previously been proposed.
We obtained a memory bank, given some tradeoff, with a reasonable area and leakage
reduction as demonstrated in Section 4.5, where it was placed besides MRAM and
SRAM banks to denote its strengths.
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The first conclusion achieved is: economically, is better to have the same SoC, using
different memory (MRAM), with the same amount of memory, since we can decrease
the silicon die area, due to the fact that MRAM has four folding in density. Leading, this
way, to an increase in the number of dies per wafer, instead of keeping the same number
of dies in the wafer with four times more memory per die. This can lead, not to a cost
reduction of the final integrated circuit, but to a profit margin increase of, at least, four
folding, given manufacturing cost reduction, since we could add four times more SoC
dies in the same wafer. Regarding economical and industrial aspects, this is much more
relevant than increasing the amount of memory and keep the silicon die in the same
area of a SRAM circuit counterpart. The next generation of 450mm wafers, associated
with this possible outcome, can generate an outstanding profit margin in memory and
SoC industries. Also, is desirable to have additional logic blocks in every new release
of an integrated circuit. For every nano square we can harvest, to integrate additional
functionality, like integrated digital baseband radio, is welcome. In this sense, MRAM
could provide a great advantage to new circuits.

In the same sense, the increase in density can allow the improvement of embedded
system, given the four fold in embedded memory. As was demonstrated in Section 4.2,
despite of different latencies on CACHE L2, or higher, in the memory hierarchy, the
density plays a major role than latency. Also, highly embedded systems like microcon-
trollers (e. g., those used in automotive systems) will benefit of this increase in memory,
and power consumption reduction.

Also STT-MRAM, can be a great replacement to SRAM in memory hierarchy using
pMTJ. However, we can list two drawback regarding STT-MRAM: the pMT] manufactur-
ing process is still not mature. Also, integrate a magnetic fabrication on top of standard
CMOS is not an easy task, given contaminants and « particles generation. Only a few
companies have this manufacturing skill and expertise to assimilate this technology. As-
suming that this drawbacks are solved, MRAM can successfully replace SRAM. This
would lead to two great openings: the first, SoC with reduced leakage current, and the
second, memory hierarchy architecture could assume a totally new design to explore,
even further, the retention of MT]Js.

I truly believe that the expression Universal Memory could not be worse used. Dur-
ing the course of the research, what I noticed, in fact, is that SRAM seems to be replace-
able by MRAM. The ReRAM have a better chance to succeed in replacing the FLASH
technologies. For DRAM, I believe the market will fragment in order to replace it: in
extreme performance for MRAM and high density for RRAM.

Although MRAM is an outstanding technology, RRAM is proving to be as good as
MRAM or an even better technology. Also, it is easier to integrate into CMOS man-
ufacturing process compared to MRAM. MRAM has better performance, and infinite
endurance compared to RRAM. That is the reason I say there is not such thing as Uni-
versal Memory. I honestly believe that, after 2018, MRAM and RRAM will be the new
dominant and concurrent technologies.

Based on the present work I can have a better perspective in the short, medium and
long term of the memory field, regardless the emerging memory technology. In the
short-term, I believe that pMT] and MRAM will dominate the scenery for the next two
years. Most of the semiconductors companies involved with MRAM are exploring this
solution, specifically for performance and reduced power consumption. Specific sectors
in demand for memory are, currently, Big-Data and Cloud computing. Also this trend
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of "Cloud" is irreversible: the ubiquitous access to information is becoming every day
more prominent, and information will always be stored in some kind of memory. The
aspect of Big-Data, demands the ability to store and analyze huge amounts of data at
once, or continuously, like running Gaussian Mixture Models composed by mixtures of
more than a thousand Gaussians, which is pure HPC over extended amounts of data.
This demands lots of memory for processing and it seems that will keep evolving in the
coming years.

Also, the current state of SRAM, FLASH and DRAM are reaching its physical lim-
its: the president of Micron, Mark Adams, already said publicly that DRAM has only
another three years on the run. No company, neither research facility, is investing time
or resources into scaling down DRAM technology, since we reached the full potential
of this technology and its limits. For that reason, the industry is looking into a solu-
tion for mass production within three years window frame. MRAM so far has the more
mature manufacturing process and research available, exception for the pMT] that is
incipient and very few players has the knowledge to build it. I truly believe MRAM will
be first solution to reach the mass market. Some companies already have prototypes of
systems adopting L3 CACHES based in MRAM. Other companies are already employ-
ing MRAM as main memory into its products: Honeywell is commercializing MRAM
memory modules for aerospace applications, which is clearly in the same perspective
proposals of the ANR-MARS project. The adoption of STT-MRAM using pMT], will
increase the presence of MRAM, since MRAM is already used in some cases. The only
limiting factor for widespread adoption so far is the high write current and specially
the high period of the write pulse, that degrades the performance of the memory, issues
circumvented by the pMT]J.

I share the opinion diffused among researchers that the future of MRAM resides in
STT. Also, I believe that the future of STT applied to computer architecture is intrin-
sically linked to the success of the Perpendicular MT]. In my opinion, the state of the
art on pMT] research belongs to the research group lead by professor Hideo Ohno of
Tohoku University.

Scientifically and architecturally, I presume that the middle to long term research and
development of my thesis theory, not just for memories, will be extrapolated in two
tracks. The first is the Spintronics logic, to evaluate the creation of logic using the prin-
ciples of STT. Instead of having electrons flowing through the CMOS, we have a series
of magnetic devices implementing logic through the interactions of its anisotropy. The
second track would be to evaluate and build ReRAM banks. Is my understanding that
ReRAM will be the biggest contender to face MRAM. The reason for so much specu-
lation on ReRAM is that it is easier to integrate into the manufacturing flow, you do
not need magnetic process on top of CMOS, like MRAM. Also, anyone that masters the
technology and science behind ReRAM, will be able to build ReRAM cells. Regarding
my research work, it can be employed to ReRAM research development as it was for
MRAM.

There is also the concept of Memristor, enforced by Hewlett-Packard. This is another
trend where both MRAM and ReRAM can fit in. Furthermore, magnetic domain walls
associated with race-track architecture could help to create cross-point memories based
in MRAM. Another future consideration would be explore the concept of memory banks
architecture adopted by NVIDIA to build the L2 of Kepler architecture. Its basically L2
cache where the memory arrays, instead of been interconnect in a H-Tree, are intercon-
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nected using Network-on-Chip (NoC). This way you could, using the existing micropro-
cessors architecture state, interconnect more than four cores and keep the bandwidth
for each one, using a much less complex structure than the cross-point matrix used in
the OpenSPARC. I'm not saying a multiple cores architecture interconnect by a NoC, in-
stead I'm suggesting a sea of memory arrays interconnected using a NoC. In this sense
to improve a NoC based memory bank, would be interesting incorporate optoelectron-
ics to build the interconnection channels of the network like optic fibers on-chip. One
last idea I would like to pursuit is pMT] built in vertical transistors: I believe this could
lead to memory banks with an outstanding density in the near future. Also, I'm really
interested in how to use this technology associated with pMT]s.

Seeing that knowledge and technology shifts completely in every twenty four months,
this thesis, as I mentioned before, will be a forgotten milestone in some time in the
future. In the meantime I hope it can contribute to future research in the field. Using
the techniques and data provided in this thesis, researchers can compare the prospects
of MRAM with ReRAM in a seamless manner. Furthermore, the methods demonstrated
here can be applied for any new emerging memory technology.



Part VI
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MRAM TERMINOLOGY

A.1 ANISOTROPY

Anisotropy is the property of being directionally dependent, as opposed to isotropy,
which implies identical properties in all directions. It can be defined as a difference,
when measured along different axes, in a material’s physical or mechanical proper-
ties (absorbance, refractive index, conductivity, tensile strength, etc.) An example of
anisotropy is the light coming through a polarizer. An example of an anisotropic mate-
rial is wood, which is easier to split along its grain than across its grain [Kocks et al.,
2000].

A chemical anisotropic filter, as used to filter particles, is a filter with increasingly
smaller interstitial spaces in the direction of filtration so that the proximal regions filter
out larger particles and distal regions increasingly remove smaller pales, resulting in
greater flow-through and more efficient filtration [Kocks et al., 2000].

In NMR spectroscopy, the orientation of nuclei with respect to the applied magnetic
field determines their chemical shift. In this context, anisotropic systems refer to the
electron distribution of molecules with abnormally high electron density, like the 7
system of benzene. This abnormal electron density affects the applied magnetic field
and causes the observed chemical shift to change [Kocks et al., 2000].

Physicists use the term anisotropy to describe direction-dependent properties of ma-
terials. Magnetic anisotropy, for example, may occur in a plasma, so that its magnetic
field is oriented in a preferred direction. Plasmas may also show "filamentation" (such
as that seen in lightning or a plasma globe) that is directional [Kocks et al., 2000].

A.2 MAGNETIC ANISOTROPY

Magnetic anisotropy is the directional dependence of a material’s magnetic properties.
In the absence of an applied magnetic field, a magnetically isotropic material has no
preferential direction for its magnetic moment, while a magnetically anisotropic mate-
rial will align its moment with one of the easy axes. An easy axis is an energetically
favorable direction of spontaneous magnetization that is determined by the sources of
magnetic anisotropy listed below. The two opposite directions along an easy axis are
usually equivalent, and the actual direction of magnetization can be along either of
them (see spontaneous symmetry breaking).

Magnetic anisotropy is a prerequisite for hysteresis in ferromagnets: without it, a
ferromagnet is superparamagnetic [Aharoni, 2000].

There are several sources of magnetic anisotropy:
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e Magnetocrystalline anisotropy: the atomic structure of a crystal introduces prefer-
ential directions for the magnetisation.

e Shape anisotropy: when a particle is not perfectly spherical, the demagnetizing
tield will not be equal for all directions, creating one or more easy axes.

e Magnetoelastic anisotropy: tension may alter magnetic behaviour, leading to mag-
netic anisotropy.

e Exchange anisotropy: a relatively new type that occurs when antiferromagnetic
and ferromagnetic materials interact [Meiklejohn and Bean, 1957]

A.3 SUPERPARAMAGNETISM

Superparamagnetism is a form of magnetism, which appears in small ferromagnetic
or ferrimagnetic nanoparticles. In sufficiently small nanoparticles, magnetization can
randomly flip direction under the influence of temperature. The typical time between
two flips is called the Néel relaxation time. In the absence of external magnetic field,
when the time used to measure the magnetization of the nanoparticles is much longer
than the Néel relaxation time, their magnetization appears to be in average zero: they
are said to be in the superparamagnetic state. In this state, an external magnetic field is
able to magnetize the nanoparticles, similarly to a paramagnet. However, their magnetic
susceptibility is much larger than the one of paramagnets.

A.4 MAGNETIC PERMEABILITY

In electromagnetism, permeability is the measure of the ability of a material to support
the formation of a magnetic field within itself. In other words, it is the degree of mag-
netization that a material obtains in response to an applied magnetic field. Magnetic
permeability is typically represented by the Greek letter p. The term was coined in
September, 1885 by Oliver Heaviside. The reciprocal of magnetic permeability is mag-
netic reluctivity.

In SI units, permeability is measured in henries per meter (H - m~"), or newtons per
ampere squared (N - A=2). The permeability constant (u0), also known as the magnetic
constant or the permeability of free space, is a measure of the amount of resistance
encountered when forming a magnetic field in a classical vacuum. The magnetic con-
stant has the exact value of u0 = 4mx10~"H - m~" ~ 1.2566370614---x10"°H-m~"! or
N - A~2). A closely related property of materials is magnetic susceptibility, which is a
measure of the magnetization of a material in addition to the magnetization of the space
occupied by the material.

A.5 ISOTROPY

Isotropy is uniformity in all orientations; it is derived from the Greek isos (equal) and
tropos (way). Precise definitions depend on the subject area. Exceptions, or inequalities,
are frequently indicated by the prefix an, hence anisotropy. Anisotropy is also used to de-
scribe situations where properties vary systematically, dependent on direction. Isotropic
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radiation has the same intensity regardless of the direction of measurement, and an
isotropic field exerts the same action regardless of how the test particle is oriented.

In Electromagnetic, An isotropic medium is one such that the permittivity, €, and
permeability, 1, of the medium are uniform in all directions of the medium, the most
simple instance being free space.

A.66 MAGNETIC MOMENT

The magnetic moment of a magnet is a quantity that determines the force that the mag-
net can exert on electric currents and the torque that a magnetic field will exert on it.
A loop of electric current, a bar magnet, an electron, a molecule, and a planet all have
magnetic moments. Both the magnetic moment and magnetic field may be considered
to be vectors having a magnitude and direction. The direction of the magnetic moment
points from the south to north pole of a magnet. The magnetic field produced by a mag-
net is proportional to its magnetic moment as well. More precisely, the term magnetic
moment normally refers to a system’s magnetic dipole moment, which produces the
first term in the multipole expansion of a general magnetic field. The dipole component
of an object’s magnetic field is symmetric about the direction of its magnetic dipole
moment, and decreases as the inverse cube of the distance from the object.

A7 MAGNETIC MOMENT AND ANGULAR MOMENTUM

The magnetic moment has a close connection with angular momentum called the gyro-
magnetic effect. This effect is expressed on a macroscopic scale in the Einstein-de Haas
effect, or "rotation by magnetization," and its inverse, the Barnett effect, or "magnetiza-
tion by rotation [Cullity and Graham, 2011]. In particular, when a magnetic moment is
subject to a torque in a magnetic field that tends to align it with the applied magnetic
field, the moment precesses (rotates about the axis of the applied field). This is a con-
sequence of the angular momentum associated with the moment. Viewing a magnetic
dipole as a rotating charged sphere brings out the close connection between magnetic
moment and angular momentum. Both the magnetic moment and the angular momen-
tum increase with the rate of rotation of the sphere. The ratio of the two is called the
gyromagnetic ratio, usually denoted by the symbol y [Buxton, 2002; Krey and Owen,
2007].

For a spinning charged solid with a uniform charge density to mass density ratio, the
gyromagnetic ratio is equal to half the charge-to-mass ratio. This implies that a more
massive assembly of charges spinning with the same angular momentum will have a
proportionately weaker magnetic moment, compared to its lighter counterpart. Even
though atomic particles cannot be accurately described as spinning charge distributions
of uniform charge-to-mass ratio, this general trend can be observed in the atomic world,
where the intrinsic angular momentum (spin) of each type of particle is a constant: a
small half-integer times the reduced Planck constant h. This is the basis for defining
the magnetic moment units of Bohr magneton (assuming charge-to-mass ratio of the
electron) and nuclear magneton (assuming charge-to-mass ratio of the proton).
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A.8 EXCHANGE BIAS

Exchange bias or exchange anisotropy occurs in bilayers (or multilayers) of magnetic ma-
terials where the hard magnetization behavior of an antiferromagnetic thin film causes
a shift in the soft magnetization curve of a ferromagnetic film. The exchange bias phe-
nomenon is of tremendous utility in magnetic recording, where it is used to pin the state
of the readback heads of hard disk drives at exactly their point of maximum sensitivity;
hence the term "bias."

A.9 ANTIFERROMAGNETISM

In materials that exhibit antiferromagnetism, the magnetic moments of atoms or molecules,
usually related to the spins of electrons, align in a regular pattern with neighboring
spins (on different sublattices) pointing in opposite directions. This is, like ferromag-
netism and ferrimagnetism, a manifestation of ordered magnetism. Generally, antifer-
romagnetic order may exist at sufficiently low temperatures, vanishing at and above a
certain temperature, the Néel temperature (named after Louis Néel, who had first iden-
tified this type of magnetic ordering) [Nee]. Above the Néel temperature, the material

is typically paramagnetic.

A.9.1  Measurement

When no external field is applied, the antiferromagnetic structure corresponds to a
vanishing total magnetization. In an external magnetic field, a kind of ferrimagnetic
behavior may be displayed in the antiferromagnetic phase, with the absolute value of
one of the sublattice magnetizations differing from that of the other sublattice, result-
ing in a nonzero net magnetization. Although the net magnetization should be zero
at a temperature of absolute zero, the effect of spin canting often causes a small net
magnetization to develop.The magnetic susceptibility of an antiferromagnetic material
typically shows a maximum at the Néel temperature. In contrast, at the transition be-
tween the ferromagnetic to the paramagnetic phases the susceptibility will diverge. In
the antiferromagnetic case, a divergence is observed in the staggered susceptibility. Var-
ious microscopic (exchange) interactions between the magnetic moments or spins may
lead to antiferromagnetic structures. In the simplest case, one may consider an Ising
model on an bipartite lattice, e.g. the simple cubic lattice, with couplings between spins
at nearest neighbor sites. Depending on the sign of that interaction, ferromagnetic or
antiferromagnetic order will result. Geometrical frustration or competing ferromagnetic
and antiferromagnetic interactions may lead to different and, perhaps, more compli-
cated magnetic structures.

A.9.2  Antiferromagnetic materials

Antiferromagnetic materials occur commonly among transition metal compounds, es-
pecially oxides. Examples include hematite, metals such as chromium, alloys such as
iron manganese (FeMn), and oxides such as nickel oxide (NiO). There are also nu-
merous examples among high nuclearity metal clusters. Organic molecules can also
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exhibit antiferromagnetic coupling under rare circumstances, as seen in radicals such
as 5-dehydro-m-xylylene. Antiferromagnets can couple to ferromagnets, for instance,
through a mechanism known as exchange bias, in which the ferromagnetic film is ei-
ther grown upon the antiferromagnet or annealed in an aligning magnetic field, causing
the surface atoms of the ferromagnet to align with the surface atoms of the antiferro-
magnet. This provides the ability to "pin" the orientation of a ferromagnetic film, which
provides one of the main uses in so-called spin valves, which are the basis of magnetic
sensors including modern hard drive read heads. The temperature at or above which
an antiferromagnetic layer loses its ability to "pin" the magnetization direction of an ad-
jacent ferromagnetic layer is called the blocking temperature of that layer and is usually
lower than the Néel temperature.

A.9.3  Geometric frustration

Unlike ferromagnetism, anti-ferromagnetic interactions can lead to multiple optimal

states (ground states—states of minimal energy). In one dimension, the anti-ferromagnetic

ground state is an alternating series of spins: up, down, up, down, etc. Yet in two di-
mensions, multiple ground states can occur. Consider an equilateral triangle with three
spins, one on each vertex. If each spin can take on only two values (up or down), there
are 23 = 8possible states of the system, six of which are ground states. The two situa-
tions which are not ground states are when all three spins are up or are all down. In
any of the other six states, there will be two favorable interactions and one unfavorable
one. This illustrates frustration: the inability of the system to find a single ground state.
This type of magnetic behavior has been found in minerals that have a crystal stacking
structure such as a Kagome lattice or hexagonal lattice.

Synthetic antiferromagnets (often abbreviated by SAF) are artificial antiferromagnets
consisting of two or more thin ferromagnetic layers separated by a nonmagnetic layer.
Due to dipole coupling of the ferromagnetic layers which results in antiparallel align-
ment of the magnetization of the ferromagnets. Antiferromagnetism plays a crucial role
in giant magnetoresistance, as had been discovered in 1988 by the Nobel prize winners
Albert Fert and Peter Griinberg (awarded in 2007) using synthetic antiferromagnets.
There are also examples of disordered materials (such as iron phosphate glasses) that
become antiferromagnetic below their Néel temperature. These disordered networks
"frustrate” the antiparallelism of adjacent spins; i.e. it is not possible to construct a net-
work where each spin is surrounded by opposite neighbor spins. It can only be deter-
mined that the average correlation of neighbor spins is antiferromagnetic. This type of
magnetism is sometimes called speromagnetism.
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IMPROVING THE RELTABILITY OF A FPGA USING
FAULT-TOLERANCE MECHANISM BASED ON MRAM

This contribution is not directly linked to the thesis core, but this experiments performed
at the beginning of the thesis. It is interesting, the results are also elucidative, so we
decide to include it as a contribution into the manuscript.

The current SRAM based FPGA, are more and more susceptible to Single Event Up-
set (SEU) caused by Neutron particles interference. The problem is exasperated reducing
the CMOS submicronic scale in the manufacturing process, specially for the next genera-
tion of SRAM-based FPGAs. Nowadays is common practice for SRAM manufactures to
embed fault tolerant mechanisms like Error Correcting Code (ECC) schemes in SRAM
memory banks for CMOS technology below 90nm, to mitigate SEU. The present work
proposes an approach to improve the reliability of the FPGAs, regarding SEU events at
ground level for the future submicronic scale technologies proposing the adoption of
MRAMs cells into a simple fault-tolerant system for FPGAs manufactured below 65nm
submicronic scale.

The main problem addressed into this experiment, was investigate the reliability of
FPGA regarding SEU inducing a ‘bit-flip’, due to neutron particles crossing the devices.
SRAM based devices are facing this kind of problem at ground level, especially for
SRAM based FPGA.

Our base-line device is the Virtex-5 110LXT, that according with [Lesea, 2009] whose
configuration bits SRAM cells are designing using 90nm CMOS technology. For example
the Virtex-5 suffer of a fault-rate of 140-FIT (one FIT equals 1 failure per 1 billion device
hours) due to SEU on the configuration bits at ground level [Xilinx, 2010].

Errors due to SEU become an increase concern to manufacturers of FPGA. For in-
stance Xilinx developed a program called Rosetta [Lesea et al., 2005] in which the effect
of SEU is evaluated, measuring the neutron crossing particles on devices and observing
the SEU events at specific locations and altitudes [Xilinx, 2010], [Tallerico, 1995] [Shea
and Smart, 2010].

The objective presented in this work is to provide a mechanism permitting to the
next generation of FPGAs to achieve a reliability level regarding SEU events of less
than 40 FIT. We expect that our approach can help to achieve this goal, combining
new technology like MRAM with a mechanism for error detection. Our approach is
based in a mechanism using error detection coupled with scrubbing technique into the
configuration bits of the FPGA.
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B.1 RELIABILITY

The reliability of a semiconductor often relies in the following physical factors: oxide
defects; silicon defects (bulk); Corrosion (aging); Assembly defects; Electromigration;
Mask /Photoresist defects; contamination and charge injection.

Among the physical factors we are interested also in one specific transient fault, the
SEU events. SEU events are unavoidable, we only expect that the fault is not induced by
an energetic heavy ion striking the CMOS otherwise a transistor could locally transfer
enough ionizing dose to affect permanently its physical electrical characteristics [Dufour
et al., 1992].

Some companies are adding reliability mechanisms into the produced device to in-
crease its on-field reliability. We can mention [Carmichael, 2006], it presents a classic
example of fault-tolerance system, a device replicated based on a voter to decide the re-
sult. Also in [Brinkley and Carmichael, 2000], [Carmichael et al., 2000] and [Xilinx, 2005]
it presents the use of the read-back mechanism first introduced in [HOFLICH, 1999], but
the design had to explicitly verify if the configuration bits are still not affected by an
SEU event. In [Tam, 2006] is presented a bit system based on Error Correcting Codes
(ECC), the Hamming code for one and two errors detection and correction, but again it
remains a design level oriented solution.

Our work proposes a solution at the architectural level of the FPGA, to improve the
reliability of the device. We consider that if an SEU event occurs on the configuration
bits, this would trigger a catastrophic failure on design level, the proposal is fix this
error before the error propagates to the design level.

This work presents a combined technique based on MRAM technology and ECC
technique. Our reliability modeling is based on the set of equations for reliability found
in [Xilinx, 2010], [Speaks, 2005], [Vigrass, 2010], [DoD-USA, 1995], [Hybrid Memory
Products Ltd, 1999] and [SEMATECH, 2000], to construct our model.

Specifically we are adopting the same set of equations found in [DoD-USA, 1995], to
describe our reliability model.

The [DoD-USA, 1995] stated that the fault error rate is defined as in Equation B.1,
which demands the die complexity failure rate (C1), the package error rate (C2), the
read/write induced cycling failure rate (A¢yc) only used for EEPROM otherwise is zero,
also the environment factor (g ), quality factor (1), Learning factor (7 ) and the most
important the acceleration factor (7r1), that is the Arrhenius equation given on Equa-
tion B.2.

A = (Clmr + C2me + Acyce)TQ L (B.1)

Combining this parameters we calculate our A, the failure rate for a SRAM based
FPGA, considering the failure rate for SRAM cells.

Ea 1 1
F = = — - M
A o P { k <Tuse TStress> } (B 2)

In Equation B.2 the k value is the Boltzmann constant, E, is the thermal activation
energy. The C1 factor, is defined as xZ (o, 2f 4 2), where x? is a distribution, « is the
confidence level on the distribution, 2f 4- 2 is the free-parameters, that is the same as
number of errors, defining the die complexity failure rate, T,,s¢ is the room temperature
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and Tstress is the temperature that will be used to stress the circuit during test, the
other parameters are assumed as defined in [DoD-USA, 1995].
Equation B.3, provides the reliability according to time.

R(t) = e Mt (B.3)

To calculate the reliability for corrosion we assume as thermal activation energy value
found in [Vigrass, 2010] and [Hybrid Memory Products Ltd, 1999].

Our work is based on premises of [DoD-USA, 1995] [DoD-USA, 1999] and [DoD-USA,
1996], with data provided in [Xilinx, 2010] and [Lesea, 2009] [Hybrid Memory Products
Ltd, 1999] to construct our model of reliability for a FPGA-SRAM based device. Also,
we are using a x? distribution with 30% of confidence level to model the random errors.

To modelize the relations of different distributions, we adopted the joint distribution
to create the combined model. The joint distribution is defined by the Equation B.4.

Rjd(t) = Rseul(t) * Raging(t) (B4)

This way we obtained a joint reliability model distribution, combining the two models
with random variables.

Next we present how this reliability modeling will serve as guidance to propose a
mechanism to improve the reliability regarding SEU. That is achieved combining two
techniques.

B.2 MECHANISM TO IMPROVE RELIABILITY REGARDING SEU EVENTS

This section provides a description of our proposed method to improve the FPGA reli-
ability. Majority of FPGAs at present are SRAM based. Non-volatility is a feature that
opens several new opportunities for several devices including FPGAs by providing fea-
tures like instant on capability and completely shutting down the device in standby,
to save static power consumption. Flash is currently the most dominant Non-Volatile
Memory (NVM) for both mass storage and embedded NVM.

The use of non-volatile memories such as MRAMSs internally helps to overcome the
drawbacks of classical SRAM based FPGAs without speed penalty. The MRAM permits
new power consuming strategies, since there is no need to load the configuration data
from an external non-volatile memory (e.g., instant-on and instant-off). The structure
we use to achieve the restore operation is presented and detailed in [Guillemenet et al.,
2009].

The Thermally Assisted Switching MRAM (TAS-MRAM) already employed in previ-
ous works like [Guillemenet et al., 2010], [Guillemenet et al., 2009] and [Guillemenet
et al., 2008b], has shown improvements in term of required writing current and power
consumption during write operation. More advanced writing schemes in the MTJ like
Spin Transfer Torque (STT) allows further reduction of the required writing current and
the die area [BRUCHON, 2007a].

Thermally Assisted Switching approach combines a local heating of the junction and
a single low amplitude magnetic field. This writing method also requires several steps
that are depicted in Figure B.1. When the junction is heated above the blocking tem-
perature (~ 150°C) by a current (Ineqt ~ 340pA) flowing through the junction, the
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magnetization of the ferromagnetic layer is freed and can be reversed under the appli-
cation of a single low amplitude magnetic field, this entire operation is performed in
35ns [Guillemenet et al., 2010].

Pinned layer

Free layer

Write Field Line

"0" state Heat Switch Field cool "1" state

Figure B.1: MT] process to switch the electromagnetic thin-layer field and store the logic value
into the MT] passing from the electrical layer.

The structure of the non-volatile TAS-MRAM cell (Figure B.2) consists of cross-coupled
inverters (MN1 & MP1, MN2 & MP2), two MT]Js for a non-volatile storage with com-
plementary values to unbalance the latch during a read step. The writing line is imple-
mented in a U shape such as allowing writing the data and its complement in the two
MT]Js of each MRAM cell. Two transistors MP3 and MP4 are driven on their gates by a
signal sense, which act as isolation transistors (to preserve the data stored is the latch
during the write stage). Selection transistors MN3 and MNy are used to enable the heat

operation.

Write Field Line Ifield
G
Vdd
» Rmax Rmin
MT31 (i) MP1 MP2 (mae) BN
Vout Vout
MP3 MP4

r'-|: MNI MN2 ?
MN4 sense - sense U mﬂ—ﬂeat

Gnd

Heat

Figure B.2: TAS-MRAM non-volatile memory cell, with two complimentary MT]Js.

This structure operates during the restore mode as follows: When the signal sense is at
low logic level (0), transistors MP3 and MP4 are switched on allowing to pass a read cur-
rent across MTJs until the latch. The intensity of these current are both different (Irin
and I qx) because these MTJs are in opposite state (Rimax and Ryin). In consequence,
a differential potential is generated at the boundary of the latch (Vinin and Vinax) un-
balancing it. The restore operation phase takes less than Ins to be performed and the
necessary power for this operation is inferior to 0.1p] per bit [Torres et al., 2010].



B3 SCRUBBING MECHANISM - REFRESH THE CONFIGURATION BITS

The main interest of this structure is to employ the MRAM cell as the storage cell for
the configuration bits, directly storing the information in the memory cells, enhancing
the configuration reliability of the FPGA. Also, using the MRAM we can easily update
the configuration and implement the scrubbing mechanism [Guillemenet et al., 2010].

The main idea as described in [Guillemenet et al., 2010] is to design non-volatile FPGA
architecture based on this cell.

B.3 SCRUBBING MECHANISM - REFRESH THE CONFIGURATION BITS

Our proposal to improve the reliability regarding SEU events, is to incorporate a cor-
rection mechanism based on refresh of the configuration bits, scrubbing the configu-
ration bits from a non-volatile memory like MRAM [Guillemenet et al., 2010] to the
SRAM configuration bits. In the [Guillemenet et al., 2009], [Guillemenet et al., 2008b]
and [Guillemenet et al., 2008a] it is detailed how the MRAM can be employed to con-
struct MRAM based FPGAs.

One simple usage of correction through scrubbing is a temporal refresh in intervals
of time t (where t could be minutes, hours or even days). The configuration is refreshed
reading the configuration bits for each frame, from a non-volatile MRAM, for instance
the configuration bits for each frame.

As mentioned the base-line device for our work is a Virtex — 5TT0LXT, with 31.2Mb
configuration bits, this configuration bits are divided into 23 k frames of 1312 configu-
ration bits [Dutton and Stroud, 2009].

Figure B.3 depicts the refresh correction scheme in an interval of five days and how
reliability is affected. So every five days the SRAM configuration bits are scrubbed from
the MRAM non-volatile memory.

Applying a zoom in Figure B.3 we can observe the reliability behavior depicted in
Figure B.4, it is possible to observe that errors related to SEU, can be reduced scrubbing
the configuration bits. It denotes an improving by a factor of 2. We only adopted corro-
sion as a physical factor, but the SEU would be limited by the joint reliability of physical
factors, so the joint distribution of physical factors will determine the maximum limit
of reliability for SEU, we also assumed the Ground Fixed condition as described in
[DoD-USA, 1995].

Based on the constructed reliability model, for the base-line device, we are proposing
a more sophisticated method than only scrubbing with fixed intervals of time, aggre-
gating Error-Correcting Codes capabilities for error detection. A refresh of all configu-
rations bits in a FPGA in parallel seems an attractive solution, but very high consuming
power.

In the Section B.6 will present the results applying the error detection techniques. In
this way, it is not necessary to apply a refresh in fixed intervals of time, but instead in
every moment when the presence of an error into the configuration bits is detected.

B.4 GENERAL APPROACH

Our fault-tolerant FPGA is based on the first stage of a ECC, the Error-detection. The
proposal is to adopt the error-detection in the FPGA at the architectural level. A par-
ity code for each bit stream frame is generated. This parity is stored in a non-volatile
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Figure B.3: The joint reliability of corrosion and SEU in green (A) and in blue (B) the reliability
applying the scrubbing technique, improving the reliability regarding SEU in 2x.

memory, the MRAM. Remember that the structure of the FPGA is based on a matrix of
frames.

As depicted into Figure B.5, each frame will be composed of the configuration bit
frame plus the parity generated during synthesis. After the frame is configured with
the respective configuration bits, the parity will be stored in a small MRAM memory
bank in the frame. Now is possible to have at least two approaches, one will demand
the addition of an ECC block in each frame on CMOS level. The other would be add a
ECC block for each column or line in the FPGA architecture of frames. In this way it is
possible to sequentially sweep each column for the matrix of frames composition, until
the entire device is checked against SEU.

The ECC Block is composed by the input of the configuration bits and the parity, also
the parity check Matrix if the chosen code is an Bose-Chaudhuri-Hocquenghem (BCH)),
in this case the parity Matrix, can be the same for all frames, so only one matrix could
be stored in a MRAM memory bank.

So, after the ECC block received the input of configuration bits and parity, the system
calculates the Syndrome. Internally in the ECC block, a logical OR reduction is applied
over the Syndrome bit sequence. If the syndrome is zero no error is detected, otherwise
the presence of an SEU error is detected [Sklar, 2000]. The OR reduction is applied to
obtain only one signal as output. If the presence of an error is detected, the refresh
mechanism is activated to perform a scrubbing of the configuration bits and fixing the
SEU fault as depicted in Figure B.5.



B.5 ERROR DETECTION CODE
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Figure B.4: The joint reliability of corrosion and SEU in green and in blue the reliability ap-
plying the refresh technique, improving the reliability regarding SEU over the joint
reliability distribution in 2x.

B.5 ERROR DETECTION CODE

First approach is using the entire frame of 1312 bits, based on the C/C++ implementa-
tion available at [Zaragoza], we calculated the polynomial generator for the BCH codes.
The necessary code using BCH to encode 1312 bits would be BCH(2047,2024,5).

Since for the BCH(2047,2024,5) would demand too many interconnections and mem-
ory elements, we adopted the Hamming code [Hamming, 1950] for the entire bit frame.
We also partitioned the configuration bit frame using BCH code, for smaller BCH block
codes. That way we could test two different codes for our error detection system, and
compare the area and power consumption.

To the partitioning case the 1312 bits were divided into 5 groups of a BCH(255,247,1)
plus one BCH(127,78,1). The polynomial for both codes were obtained from [Sklar,
2000], which consist, in the following polynomials BCH(255,247,1), with polynomial
generator as defined in Equation B.s5.

gx) = xEHxt +x34x2+1 (B.5)

Finally for the code BCH(127,78,1) the generator polynomial is denoted in Equa-
tion B.6.
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Figure B.5: An overview of our general approach.

g(x) = x x84 xH x4 x4 x A0 %36
Sx24 4 x23 1521 4517 316 4311 4 10
4x8 x>+ x2 41 (B.6)

For both Hamming and BCH codes, the results are presented in Section B.6.

B.6 EXPERIMENTAL RESULTS

This section describes the results obtained after synthesizing the Hamming and BCH
code using a 65nm CMOS technology. The Table B.1 summarize the synthesis results
obtained for area, power of the ECC devices.

The resulting total area and power estimative in Table B.1 are based on standard
information provided by the library, without considering placement neither routing.

B.7 HAMMING RESULTS

The Hamming code achieve an area of 0.02mm?, which can be considered as a small
overhead per frame. One option is to implement only one Hamming code per column,
and to perform the verification in slices, since we have 23K frames in the architecture
they are pretty much spread in a matrix of 151x151 frames approximately, this will
took us to a 151 stages of verification. This solution is more realistic, than placing in all
frames one ECC block.



B.8 BCH RESULTS

Table B.1: Summary of the ECC synthesis results using CMOS ST 65nm standard cell library.

Code #Kcells Area Power Power Worst
(um?) Dynamic Leakage Delay
W) W) (ns)
Hamming(1312,11) 3499 23882 3.6mW 1.7mW 1.2
BCH(255,247) complete 4108 20542 2.7mW 1.3mW 13
BCH(255,247) simplified 2052 10385 1.3mW 0.714mW 0.9
BCH(127,78) complete 12494 62931 8.3mW 3.9mW 0.9
BCH(127,78) simplified 3819 18660 2.7mW 1.3mW 0.9

The Hamming block achieve a better area ratio compared the BCH blocks. The power
consumption compared among all ECCs is very similar, because the Hamming(1312,11)
has more input bits than the partitioned BCH codes. Probably smaller codes of Ham-
ming can achieve a better power relation than the BCH codes. The last important char-
acteristic to compare is the maximum delay that determines the maximum frequency of
the circuit, if we round the values they are all pretty similar, so the penalty in using the
Hamming is not significant.

B.8 BCH RESULTS

For the BCH codes we have four implementations. Two using the BCH(255,247) and
two using BCH(127,78). The main difference resides that in one implementation (the
simplified version) for the HT matrix we removed all the logical AND between input
data and the matrix in which positions of HT(1,¢) the value is zero. We reduced the
unnecessary connections and unnecessary logic.

As expected removing unnecessary connections reduced considerably the area, dy-
namic and leakage power, so would be interesting to adopt one specific code. The re-
duction in area and power are more evident, in the BCH(127,78) simplified version.

Since the power and area difference from the Hamming to the smallest code the
BCH(127,78) in simplified version is almost minimal. The best approach should be
employing a Hamming code to detect an error in the frame configuration bits, regarding
area and power usage. In the partitioned code we proposed to use five BCH(255,247)
and one BCH(127,78) per frame, so the total area and power is much higher than the
single Hamming code, only for error detection.

For a circuit that demands a high reliability like space or military grade applications,
we can assume a code like BCH should be more interesting, because it is capable to
detect more errors. For ground level we are pretty confident that a code like Hamming
can help to mitigate the problem of SEU.

B. ASSESSMENTS ON MRAM APPLIED TO FPGA TO IMPROVE RELIABILITY

A combined technique of error detection associated with MRAM could be used to en-
hance reliability of FPGA devices. We demonstrated that we can improve the reliability
by different methods. Such as scrubbing, using an ECC code or combined techniques
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as we implemented, or having a shadowing of the memory states in MRAM, providing
a rollback mechanism at the design level, restoring the context of the execution flow to
the state before the detection of the error.
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Table C.1: Details about SRAM and MRAM memory banks, generated using the NVSim, this table comprises the 45nm results of the memory banks for

HP

MRAM

Surface
Latency(ns)
Write (ns)
Hit (ns)
Miss (ns)
Power

Write (n])
Read (n])
leakage (mW)
Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)
Hit (ns)

Miss (ns)
Power

Write (n])
Read (n])
leakage (mW)
Associativity

line size bits

16K
0.047

109.339
10.295
10.187

(operation)
0.211

0.041

2.285

4

128

16K
0.057

0.531

0.653

0.560
(operation)
0.003

0.014
14.113

4

128

32K
0.053

109.071
10.028
9.920

0.210
0.041
3.662
4

128

32K
0.109

0.939
1.152
0.968

0.005
0.026
26.227
4

128

64K
0.064

108.802
9.760
9.652

0.211
0.040
6.401
4

128

64K
0.213

0.879
1.094
0.908

0.007
0.044
51.634
4

128

128K
0.086

108.562
9.525
92.416

0.216
0.039
11.893
4

128

128K
0.414

1.182
1.648
1.210

0.009
0.077
99.421
4

128

256K
0.108

108.297
9.335
9.167

0.219
0.044
12.479
4

128

256K
0.820

1.680
2.148
1.708

0.012
0.156
196.143
4

128

512K
0.276

118.140
19.351
18.993

0.224
0.168
13.007
8

256

512K
1.446

2.880
4.286
1.696

0.018
0.281
340.770
8

256

M
0.390

117.515
18.743
18.385

0.237
0.166
23.968
8

256

™
2.871

3.351
4.762
2.299

0.019
0.505
676.946
8

256

2M
0.618

116.906
18.202
17.842

0.266
0.165
45.821
8

256

M
5.665

9.661
14.905
3.498

0.033
1.059
1326.800
8

256

M
0.992

137.975
40.044
38.922

0.274
0.192
47.515
8

256

4M
11.270

10.991
16.240
4.731

0.035
1.951
2640.480
8

256

&M
1.828

136.412
38.740
37.615

0.334
0.191
921.178
8

256

&M
22.343

34.743
55.171
8.031

0.062
4.099
5218.480
8

256



Table C.2: Details about SRAM and MRAM memory banks, generated using the NVSim, this table comprises the 28nm results of the memory banks for

HP

MRAM

Surface
Latency(ns)
Write (ns)
Hit (ns)
Miss (ns)
Power

Write (n])
Read (n])
leakage (mW)
Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)

Hit (ns)

Miss (ns)
Power

Write (n])
Read (n])
leakage (mW)
Associativity

line size bits

16K
0.017

7.621

3.200

3.105
(operation)
0.008

0.046

2.605

4

128

16K
0.022

0.439

0.537

0.460
(operation)
0.002

0.007
20.674

4

128

32K
0.020

7.576
3.156
3.060

0.008
0.045
4.038
4

128

32K
0.042

0.791
0.980
0.812

0.002
0.013
38.950
4

128

64K
0.027

92.310
4.895
4.799

0.009
0.046
7.072
4

128

64K
0.083

0.777
0.967
0.798

0.003
0.022
76.655
4

128

128K
0.040

9222
4.809
4.712

0.009
0.045
12.750
4

128

128K
0.160

1.030
1.502
1.051

0.004
0.039
144.414
4

128

256K
0.062

9.117
4.796
4.610

0.010
0.046
17.343
4

128

256K
0.317

1.549
2.023
1.571

0.006
0.080
285.008
4

128

512K
0.140

2.118
5.114
4.606

0.013
0.206
17.688
8

256

512K
0.559

3.040
4.591
1.561

0.009
0.144
496.123
8

256

™
0.221

12.992
8.994
8.485

0.014
0.207
32.940
8

256

™
1.111

3.543
5.098
2.072

0.009
0.260
985.707
8

256

M
0.384

12.728
8.746
8.235

0.016
0.206
62.693

256

M
2193

10.481
16.401
3.407

0.0T6
0.547
1934.100
8

256

4M
0.678

22.534
19.850
18.051

0.020
0.216
65.001

256

4M
4.361

11.988
17.912
4.478

0.017
1.010
3849.340
8

256

&M
1.340

21.774
19.549
17.343

0.040
0.234
128.174
8

256

8M
8.655

38.266
61.529
8.393

0.030
2123
7627.120
8

256
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MRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity

line size bits

Table C.3: Details about SRAM and MRAM DATA memory arrays,this table comprises the 45nm HP

16K
29564.415

100.234
1.055
(operation)
97.250
18.950
1.909

0.149
15.529
4

128

16K
44224.273

0.304

0.304
(operation)
2.037
10.592
11.218

65.381
76.185
4

128

32K
34515.081

100.287
1.062

98.849
18.957
3.281

0.149
13.711
4

128

32K
84400.304

0.460
0.460

3.320
20.404
20.737

39.596
58.611
4

128

64K
44320.923

100.403
1.080

102.046
18.970
6.013

0.149
10.980
4

128

64K
166794.773

0.526
0.526

3.585
34.446
40.876

33.956
37.020
4

128

128K
64268.982

100.697
1.176

108.444
18.998
11.482

0.148
7.590
4

128

128K
326569.230

1.029
1.029

6.106
67.931
79.037

16.051
26.196
4

128

256K
80945.352

100.759
1.356

110.542
23.776
12.039

0.148
7.525
4

128

256K
650526.321

1.216
1.216

6.640
124.010
156.785

13.773
15.907
4

128

512K
233755.073

101.717
1.933

116.228
127.918
12.269

0.293
15.085
8

256

512K
1276872.723

2.880
2.880

12.609
249.059
301.365

10.816
22191
8

256

™
338221.081

103.195
2222

129.031
127.983
23.202

0.289
8.644
8

256

™
2544776.959

3.351
3.351

13.673
473.180
601.357

9.347
12.543
8

256

M
544738.877

106.634
3.207

t
154.592
128.066
44.984

0.280
4.029
8

256

2M
5036607.194

9.661
9.661

22.975
942.233
1180.680

3.149
8.169
8

256

4M
878804.297

107.405
5.534

162.766
146.955
46.148

0.278
4.020
8

256

4M
10055128.344

10.991
10.991

25.100
1838.330
2358.780

2.767
4.357
8

256

&M
1636940.364

116.449
9.154

213.886
147.122
89.710

0.256
1.559
8

256

8M
19999291.442

34.743
34.743

43.695
3672.200
4673.750

0.865
2.800
8

256



MRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity

line size bits

Table C.4: Details about SRAM and MRAM DATA memory arrays,this table comprises the 28nm HP

16K
9681.361

6.156

1.622
(operation)
4.092
21.548
2.240

2.442
9.984
4

128

16K
17132.560

0.254

0.254
(operation)
0.966

5.254
16.439

75.334
79.670
4

128

32K
12409.527

6.166
1.626

4.193
21.553
3.659

2.438
9.871
4

128

32K
32964.472

0411
0.411

1.561
10.144
30.918

42.498
60.816
4

128

64K
17841.633

6.186
1.631

4.395
21.563
6.481

2.431
9.640
4

128

64K
65137.826

0.477
0.477

1.699
17.441
61.007

36.089
37.234
4

128

128K
28793.209

6.251
1.667

4.797
21.579
12.119

2414
9.140
4

128

128K
126213.827

1.021
1.021

2.869
34.438
114.718

15.759
25.783
4

128

256K
46721.622

6.343
1.785

5.609
23.543
16.663

2.380
9.065
4

128

256K
251404.322

1.208
1.208

3.146
63.576
227.652

13.447
15.213
4

128

512K
119415.600

6.775
2.157

7.704
162.864
16.924

4.448
18.200
8

256

512K
493912.864

3.040
3.040

5.947
127.642
438.701

10.123
21.007
8

256

™
192518.511

7.027
2.233

8.506
162.895
31.767

4.300
16.029
8

256

™M
984332.308

3.543
3.543

6.501
244.092
875.476

8.718
11.534
8

256

M
338454.871

7.603
2.440

10.108
162.956
61.395

3.974
11.889
8

256

M
1949065.424

10.481
10.481

10.930
486.357
1720.980

2.886
7.528
8

256

aM
601743.182

8.902
3.978

13.070
170.525
63.039

3.392
11.829
8

256

4M
3891085.124

11.988
11.988

12.035
951.959
3438.340

2.523
3.881
8

256

8M
1203490.690

9.105
4.384

32.188
189.643
126.079

3.392
11.829
8

256

8M
7747309.771

38.266
38.266

20.909
1901.930
6832.300

0.784
2.511
8

256
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MRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity

line size bits

Table C.5: Details about SRAM and MRAM TAG memory arrays,this table comprises the 45nm HP

16K
17837.030

109.339
10.187
(operation)
113.864
22.143
0.376

0.040
5.056
4

128

16K
12649.157

0.531
0.560
(operation)
1.226
3.221
2.894

10.292
11.126
4

128

32K
18242.297

109.071
9.920

111.340
21.574
0.382

0.040
4.741
4

128

32K
24239.685

0.939
0.968

1.728
5.181
5.489

5.204
5.167
4

128

64K
19380.238

108.802
9.652

109.240
21.006
0.388

0.039
4.311
4

128

64K
45757.294

0.879
0.908

2.995
9.313
10.758

5.656
2.736
4

128

128K
22039.256

108.562
92.416

107.957
20.433
0.411

0.038
3.704
4

128

128K
87916.563

1.182
1.210

2.935
9.072
20.384

3.904
2.444
4

128

256K
27553.185

108.297
9.167

108.278
19.873
0.440

0.037
2.888
4

128

256K
169007.410

1.680
1.708

5430
32.072
39.358

2.613
0.982
4

128

512K
41991.333

118.140
18.993

107.672
39.627
0.737

0.034
3.565
8

256

512K
169187.532

1.668
1.696

5.628
32422
39.404

2.634
0.985
8

256

™
52224.984

117.515
18.385

107.823
38.497
0.765

0.033
2.781
8

256

™
326398.032

2270
2.299

5.526
31.515
75.588

1.825
0.894
8

256

M
73025.891

116.906
17.842

110.967
37.373
0.837

0.032
1.874
8

256

M
628898.476

3.470
3.498

10.259
116.364
146.116

1.144
0.311
8

256

4M
113138.102

137.975
38.922

111.573
45.481
1.367

0.026
1.791
8

256

4aM
1214677.996

4.703
4.731

10.025
112.796
281.698

0.804
0.287
8

256

8M
191532.853

136.412
37.615

119.970
44.070
1.468

0.026
1.002
8

256

8M
2343892.247

8.004
8.031

18.380
426.919
544.734

0.456
0.088
8

256



MRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity
line size bits
SRAM

Surface
Latency(ns)
Write (ns)
Read (ns)
Power

Write (n])
Read (n])
leakage (mW)
Bandwith
Write (GB/s)
Read (GB/s)
Associativity

line size bits

Table C.6: Details about SRAM and MRAM TAG memory arrays,this table comprises the 28nm HP

16K
7190.643

7.621

3.105
(operation)
4.295
24.334
0.365

0.585
2.988
4

128

16K
4904.042

0.439
0.460
(operation)
0.596
1.596
4.234

12.134
11.569
4

128

32K
7666.662

7.576
3.060

4.244
23.701
0.380

0.573
2.891
4

128

32K
9392.464

0.791
0.812

0.857
2.616
8.032

6.067
5.210
4

128

64K
8712.797

9.310
4.799

4.570
24.149
0.591

0.453
2.798
4

128

64K
17707.874

0.777
0.798

1.507
4.755
15.648

6.207
2.572
4

128

128K
10843.148

9222
4.712

4.553
23.484
0.631

0.446
2.687
4

128

128K
34023.371

1.030
1.051

1.477
4.632
29.695

4.390
2.329
4

128

256K
15131.301

2.117
4.610

4.639
22.824
0.679

0.438
2.548
4

128

256K
65416.029

1.549
1.571

2.754
16.545
57.356

2.779
0.883
4

128

512K
20776.765

92.118
4.606

4.884
43.549
0.765

0.438
2.557
8

256

512K
65485.354

1.539
1.561

2.840
16.697
57.422

2.798
0.884
8

256

™M
28919.689

12.992
8.485

5.553
44.269
1.173

0.298
2.465
8

256

™M
126334.881

2.051
2.072

2.787
16.229
110.231

1.996
0.813
8

256

2M
45090.620

12.728
8.235

5.792
42.950
1.298

0.295
2.265
8

256

M
243446.047

3.386
3.407

5.211
60.245
213.120

1.158
0.268
8

256

4M
76166.852

22.534
18.051

7.110
45.343
1.962

0.161
2.169
8

256

4M
470201.468

4.457
4.478

5.092
58.399
411.006

0.842
0.250
8

256

8M
136598.381

21.774
17.343

7.633
43.910
2.096

0.161
1.851
8

256

8M
907382.931

8.372
8.393

92.413
221.529
794.821

0.431
0.073
8

256
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CACTI ANALYTICAL MODELS - RELEVANT DETAILS

D.1 CACTI ANALYTICAL MODELS

The Appendix D discuss the analytical delay and power models for different wires. All
the process specific parameters required for calculating the transistor and wire parasitics
are obtained from ITRS [ITRS, a], we can also take into account the ITRS [ITRS, b] to
evolve the models.

D.2 WIRE PARASITICS

The resistance and capacitance per unit length of a wire is given by the following equa-
tions [Ho et al., 2001]:

p
d = (thickness — barrier) = (width — (2 = barrier))
where, d(< 1) is the loss in cross-sectional area due to dishing effect [ITRS, a] and p is
the resistivity of the metal.
To calculate the capacitance of the wire we use the following equation:

(D.1)

Rwire =

thickness width

Tvert

Cwire =To <2KThoriz ) + ﬁ'inge(’rhorim Tvert)

(D.2)
the first term corresponds to the side wall capacitance, the second term models the
capacitance due to wires in adjacent layers, and the last term corresponds to the fringing
capacitance between the sidewall and the substrate.

spacing layerspacing

D.3 GLOBAL WIRES

For a long repeated wire, the single pole time constant model for the interconnect frag-
ment is given by,

1 T
T= (lrs (co+ Cp) + fcwire + Ruwiresco + (0.5 # Ryyire * Cryire * L)) (D.3)

In Equation D.3 cg is the capacitance of the minimum sized repeater, c, is its output
parasitic capacitance, rs is its output resistance, 1 is the length of the interconnect seg-
ment between repeaters and s is the size of the repeater normalized to the minimum
value. The values of ¢, cp, and ¢ are constant for a given process technology. Wire par-
asitics Ryyire and C,yire are the resistance and capacitance per unit length. The optimal
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182 CACTI ANALYTICAL MODELS - RELEVANT DETAILS

repeater sizing and spacing values can be calculated by differentiating Equation D.3
with respect to s and 1.

2rs(co +cp)

I—optimal = RivireCovire (D-4)
T Cwi

Soptimal = H (DS)
wire

(D.6)

The delay value calculated using the Equation D.4 and Equation D.5 is guaranteed to
have minimum value. The total power dissipated is the sum of three main components
Equation D.7

Ptotal = Pswitching + Pshort—circuit + PLeakage (D-7)

The dynamic and leakage components of the interconnect are computed using Equa-
tion D.g and Equation D.1o0.

Soptimal
denamic :(XV]ZDchlock (L()ptmla(cp + Co) + C)) +
optimal
T
((XVDDWminISCfclock loge 3)Soptimal (D8)

I—optimal

%

Figure D.1: Low-swing transmitter (actual transmitter has two such circuits to feed the differen-
tial wires).

L

felock is the operating frequency, Wiy in is the minimum width of the transistor, Isc
is the short-circuit current, and the value (t/L)optimat can be calculated from Equa-

tion D.g.
(£) v o
= =2/rscorc | 1+4/05 14+ — (D.9)
L optimal Co

Pleakage = EVDDIleakWnSoptimal (D.lO)



D.4 LOW-SWING WIRES

[ieak is the leakage current and W, is the minimum width of the nMOS transistor.

With Equation D.g and Equation D.10, CACTI compute the delay and power for
global and semi-global wires. Wires faster than global wires can be obtained by in-
creasing the wire width and spacing between the wires. Wires whose repeater spacing
and sizing are different from ?? and ?? will incur a delay penalty. The actual calculation
involves solving a set of differential equations [Banerjee and Mehrotra, 2002].

D.4 LOW-SWING WIRES

A low-swing interconnect system consists of three main components:
1. a transmitter that generates and drives the low-swing signal;
2. twisted differential wires;

3. a receiver amplifier.

D.5 TRANSMITTER

For an RC tree with a time constant T, the delay of the circuit for an input with finite
rise time is given by Equation D.11

2
[log ¢+ 2trise (1- 32 )
1%

delay, = t¢ (D.11)
where, t¢ is the time constant of the tree, v¢y, is the threshold voltage of the transistor,
trise is the rise time of the input signal, and b is the fraction of the input swing in which
the output changes (CACTI assumes b to be 0.5).
For falling input, the equation changes to Equation D.12

vin \1?  2tranbvin
del =t 1 1 —— —ra b D.
elays f {og < Vdd>:| + tVaq (D.12)

where, tfq11 is the fall time of the input. For the falling input, CACTI uses a value of
0.4 for b based on [Wilton and Jouppi, 1993]. To get a reasonable estimate of the initial
input signal rise/fall time, we consider two inverters connected in series. Let d be the
delay of the second inverter. The t¢q11 and trise values for the initial input can derivate
as:

d
1 — Vth

d
trise = — (D14)
Vth

traul = (D.13)

For the transmitter circuit depicted in Figure D.1, CACTI employs the model pro-
posed by [Ho et al., 2004]. The total delay of the transmitter is given Equation D.15:

tdelay = Nandgelay +invertergetay + drivergetay (D.15)
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Each gate in the Equation D.15 (nand, inverter, and driver) can be reduced to a sim-
ple RC tree. Later a Horowitz approximation is applied to calculate the delay of each
gate. The power consumed in different gates can be derived from the input and output
parasitics of the transistors.

D.6 SENSE AMPLIFIER

The CACTI utilize a cross-coupled inverter sense amplifier circuit used at the receiver
depicted at Figure D.2. The delay and power values of the sense amplifier were directly
calculated from SPICE simulation.

'uut_- .

Figure D.2: Sense Amplifier model adopted by CACTL
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Total Area
28nm
9 | Il MRAM HP
I SRAM HP
B VRAM LOP
8t I SRAM LOP |
[ Composite HP
7L [ I Composite LOP |
6 _
51 _
N
€
€
4, _
3r i
2r _
1 _

L ! i, H_A I I-_
16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure E.1: Total Area.
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Table E.1: Total Area (um?).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0169 0.0220 0.0169 0.0220 0.0146 0.0146
32KB  0.0201 0.0424 0.0201 0.0424 0.0218 0.0219
64KB  0.0266 0.0828 0.0266 0.0829 0.0355 0.0356
128KB  0.0396 0.1602 0.0397 0.1604 0.0628 0.0629
256KB  0.0619 0.3168 0.0622 0.3171 0.1121 0.1124
512KB  0.1402 0.55%94 0.1411 0.5596 0.1849 0.1857
IMB  0.2214 1.1107 0.2225 1.1111 0.3189 0.3199
2MB  0.3835 2.1925 0.3850 2.1930 0.5819 0.5833
4AMB  0.6779 4.3613 0.6799 4.3623 1.0719 1.0738
SMB  1.3401 8.6547 1.2984 8.6549 1.5091 2.0691

Cache Write Latency

28nm B VRAM HP

‘ Bl SRAM HP
I VIRAM LOP
40t [ SRAM LOP R
[ Composite HP

351 [ Composite LOP |

45

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure E.2: Total Write Latency.
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Table E.2: Cache Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  7.6208 0.4385 9.1320 0.8893 6.1556 6.2446
32KB  7.5755 0.7907 9.0482 1.6204 6.1661 6.2592
64KB  9.3097 0.7766 12.1337 1.7068 6.1856 6.2846
128KB  9.2224 1.0300 11.9828 2.1748 6.2508 6.3747
256KB  9.1170 1.5494 11.8007 3.3801 6.3432 6.4801
512KB  9.1179 3.0395 11.8022 3.7236 6.7750 6.9570
IMB 129919 3.5433 18.1500 4.5230 7.0267 7.2825
2MB  12.7278 10.4809 17.7366 12.0243 7.6025 7.9810
4MB  22.5341 11.9878 32.1938 14.1231 8.9019 9.3365
8MB  21.7745 38.2659 31.1254 41.9588 9.1050 21.7534

Cache Write Dynamic Energy

B VRAM HP nm
Bl SRAM HP

B VRAM LOP
0.04+ B SRAM LOP

[ composite HP
[ Composite LOP

0.045

0.035[

0.03

0.025

nJ

0.02-

0.015

0.01-

0.005

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure E.3: Total Write Dynamic Energy.
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Table E.3: Cache Write Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0084 0.0016 0.0054 0.0007 0.0047 0.0029
32KB  0.0084 0.0024 0.0054 0.0011 0.0050 0.0030
64KB  0.0090 0.0032 0.0056 0.0015 0.0059 0.0034
128KB  0.0094 0.0043 0.0058 0.0020 0.0063 0.0036
256KB  0.0102 0.0059 0.0062 0.0028 0.0084 0.0046
512KB  0.0126 0.0088 0.0072 0.0040 0.0105 0.0056
IMB  0.0141 0.0093 0.0079 0.0043 0.0113 0.0060
2MB  0.0159 0.0161 0.0088 0.0074 0.0153 0.0079
4MB  0.0202 0.0171 0.0108 0.0079 0.0182 0.0093
8MB  0.0398 0.0303 0.0126 0.0141 0.0416 0.0129

Data Leakage

-000. EMRAM HP 28""“
Bl SRAM HP
I VRAM LOP
I SRAM LOP
60001 | @ Composite HP 7

[ composite LOP

5000 b

4000 b

mW

3000~ 1

2000 J

1000 1

I I m | Il IL IL L ol e oz ull ln
16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1M 2MB 4MB 8MB

Figure E.4: CACHE Data Array Leakage Power.
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Table E.4: Cache Data Array Leakage Power (nW).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  2.2398 16.4392 0.0804 0.4492 2.2398 0.0804
32KB  3.6587 30.9181 0.1197 0.8444 3.6587 0.1197
64KB  6.4806 61.0068 0.1978 1.6660 6.4806 0.1978
128KB  12.1186 114.7180 0.3538 3.1302 12.1186 0.3538
256KB  16.6635 227.6520 0.4794 6.2112 16.6635 0.4794
512KB  16.9235 438.7010 0.6165 11.9625 16.9235 0.6165
IMB  31.7669 875.4760 1.0271 23.8729 31.7669 1.0271
2MB  61.3949 1720.9800  1.8469 46.9174 61.3949 1.8469
4MB  63.0393 3438.3400  1.8920 93.7358 63.0393 1.8920
8MB  126.0790 6832.3000  3.5315 186.2450 126.0790 3.5315

TAG Leakage

800, | IIMRAM HP 28‘""'
Bl SRAM HP
I VRAM LOP
700 I SRAM LOP i
[ composite HP

[ composite LOP
600 *

5001 .
= 400- ,
Z 400

300+ .

200

i “ || |
0 I mlm | ILI I\I I\_I L mlle milm min

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure E.5: TAG Leakage Power.
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Table E.5: Cache Tag Array Leakage Power (nW).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.3647 4.2345 0.0321 0.1153 4.2345 0.1153
32KB  0.3795 8.0315 0.0319 0.2188 8.0315 0.2188
64KB  0.5910 15.6477 0.0371 0.4267 15.6477 0.4267
128KB  0.6313 29.6952 0.0377 0.8094 29.6952 0.8094
256KB  0.6794 57.3559 0.0384 1.5636 57.3559 1.5636
512KB  0.7647 57.4221 0.0605 1.5653 57.4221 1.5653
IMB  1.1735 110.2310 0.0705 3.0045 110.2310 3.0045
2MB  1.2980 213.1200 0.0728 5.8092 213.1200 5.8092
4AMB  1.9621 411.0060 0.0899 11.2024 411.0060 11.2024
8MB  2.0956 794.8210 0.0924 21.6640 794.8210 21.6640

Cache Total Leakage Power

8000, IMRAM HP 28""“
Bl SRAM HP
I VRAM LOP
70001 I SRAM LOP i
[ composite HP

[ composite LOP
6000 *

5000 .
= L ,
= 4000
3000} .
2000} .

1000 b

m | -l IL- IL- |l -\.I \II ll_l|

1
16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure E.6: Leakage Power.
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Table E.6: Cache Total Leakage Power (mW).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  2.6045 20.6737 0.1125 0.5645 6.4742 0.1958
32KB  4.0383 38.9497 0.1576 1.0632 11.6903 0.3385
64KB  7.0716 76.6546 0.2349 2.0926 22.1283 0.6244
128KB  12.7499 144.4140 0.3914 3.9396 41.8138 1.1632
256KB  17.3429 285.0080 0.5178 7.7749 74.0194 2.0431
512KB  17.6883 496.1230 0.6769 13.5279 74.3456 2.1818
IMB  32.9403 985.7070 1.0977 26.8773 141.9979 4.0316
2MB  62.6929 1934.1000  1.9197 52.7265 274.5149 7.6560
4MB  65.0014 3849.3400  1.9818 104.9380 474.0453 13.0944
8MB  128.1740 7627.1200  3.6239 207.9090 920.9000 25.1955

Cache Total Leakage Power — LOP 28nm
250 I VRAM LOP T T T T T T
B SRAM LOP
[ Composite LOP

200

150

mW

100

50

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure E.7: Low-Power (LOP) Total Leakage, zoom into it to observe only the LOP banks ob-
served in Figure E.6.
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nJ

25

1.5

Table E.7: LOP Cache Total Leakage Power (mW).

MRAM LOP SRAM LOP Composite LOP

16KB 0.1125 0.5645 0.1958
32KB 0.1516 1.0632 0.3385
64KB 0.2349 2.0926 0.6244
128KB 0.3914 3.9396 1.1632
256KB 0.5178 7.7749 2.0431
512KB 0.6769 13.5279 2.1818
1MB 1.0977 26.8773 4.0316
2MB 1.9197 52.7265 7.6560
4MB 1.9818 104.9380 13.0944
8MB 3.6239 207.9090 25.1955

Cache Miss Dynamic Energy
Il VRAM HP

B SRAM HP

I VRAM LOP
I SRAM LOP
[ composite HP
[ Composite LOP

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure E.8: Miss Dynamic Energy.
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Table E.8: Cache Miss Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0459 0.0068 0.0439 0.0033 0.0231 0.0211
32KB  0.0453 0.0128 0.0432 0.0061 0.0242 0.0276
64KB  0.0457 0.0222 0.0432 0.0106 0.0263 0.0226
128KB  0.0451 0.0391 0.0425 0.0187 0.0262 0.0226
256KB  0.0464 0.0801 0.0428 0.0383 0.0401 0.0292
512KB  0.2064 0.1443 0.2001 0.0689 0.1796 0.1660
IMB  0.2072 0.2603 0.1999 0.1244 0.1791 0.1658
2MB  0.2059 0.5466 0.1986 0.2613 0.2232 0.1869
4MB  0.2159 1.0104 0.2028 0.4832 0.2289 0.18%6
8MB  0.2336 2.1235 0.2015 1.0157 04112 0.2677
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Figure E.g: Hit Dynamic Energy.
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Table E.g: Cache Hit Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0459 0.0068 0.0439 0.0033 0.0459 0.0439
32KB  0.0453 0.0128 0.0432 0.0061 0.0453 0.0432
64KB  0.0457 0.0222 0.0432 0.0106 0.0457 0.0432
128KB  0.0451 0.03921 0.0425 0.0187 0.0451 0.0425
256KB  0.0464 0.0801 0.0428 0.0383 0.0464 0.0428
512KB  0.2064 0.1443 0.2001 0.0689 0.2064 0.2001
IMB  0.2072 0.2603 0.1999 0.1244 0.2072 0.1999
2MB  0.2059 0.5466 0.1986 0.2613 0.2059 0.1986
4MB  0.2159 1.0104 0.2028 0.4832 0.2159 0.2028
8MB  0.2336 2.1235 0.2015 1.0157 0.2336 0.2015
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Figure E.10: Hit Latency.
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Table E.10: Cache Hit Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  3.2005 0.5366 4.7837 1.0389 3.2005 4.7837
32KB  3.1556 0.9798 4.7004 1.8794 3.1556 4.7004
64KB  4.8952 0.9671 7.7962 1.9678 4.8952 7.7962
128KB  4.8092 1.5021 7.6462 2.7317 4.8092 7.6462
256KB  4.7959 2.0232 7.5658 3.9396 4.7959 7.5658
512KB  5.1139 4.5914 7.8917 5.3655 5.1139 7.8917
IMB  8.9944 5.0984 14.2518 6.1701 8.9944 14.2518
2MB  8.7464 16.4013 13.8563 18.1043 8.7464 13.8563

4MB  19.8497 17.9117 29.6634 20.2088 19.8497 29.6634
8MB  19.5485 61.5286 28.6538 65.5319 19.5485 28.6538

Cache Hit Latency

I VRAM HP
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I MRAM LOP
[ SRAM LOP
60 [ composite HP
[ Composite LOP
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Figure E.11: Hit Latency.
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Table E.11: Cache Hit Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  3.2005 0.5366 4.7837 1.0389 3.2005 4.7837
32KB  3.1556 0.9798 4.7004 1.8794 3.1556 4.7004
64KB  4.8952 0.9671 7.7962 1.9678 4.8952 7.7962
128KB  4.8092 1.5021 7.6462 2.7317 4.8092 7.6462
256KB  4.7959 2.0232 7.5658 3.93% 4.7959 7.5658
512KB  5.1139 4.5914 7.8917 5.3655 5.1139 7.8917
IMB  8.9944 5.0984 14.2518 6.1701 8.9944 14.2518
2MB  8.7464 16.4013 13.8563 18.1043 8.7464 13.8563

4MB  19.8497 17.9117 29.6634 20.2088 19.8497 29.6634
S8MB  19.5485 61.5286 28.6538 65.5319 19.5485 28.6538

Cache Miss Dynamic Energy
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Figure E.12: Miss Dynamic Energy.



INTRINSIC ANALYSES - MEMORY BANKS OF 28nm

Table E.12: Cache Miss Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  0.0459 0.0068 0.0439 0.0033 0.0231 0.0211
32KB  0.0453 0.0128 0.0432 0.0061 0.0242 0.0216
64KB  0.0457 0.0222 0.0432 0.0106 0.0263 0.0226
128KB  0.0451 0.0391 0.0425 0.0187 0.0262 0.0226
256KB  0.0464 0.0801 0.0428 0.0383 0.0401 0.0292
512KB  0.2064 0.1443 0.2001 0.0689 0.1796 0.1660
1MB 0.2072 0.2603 0.1999 0.1244 0.1791 0.1658
2MB 0.2059 0.5466 0.1986 0.2613 0.2232 0.1869
4MB 0.2159 1.0104 0.2028 0.4832 0.2289 0.1896
8MB 0.2336 2.1235 0.2015 1.0157 0.4112 0.2677
Cache I\fl‘lnss Latency
30 | I MRAM HP
Il SRAM HP
I MRAM LOP
I SRAM LOP
o5l [ composite HP
[ Composite LOP
20+
2 151

Figure E.13: Miss Latency .
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Table E.13: Cache Miss Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  3.1050 0.4603 4.6437 0.9315 0.4603 0.9315
32KB  3.0600 0.8125 4.5602 1.6627 0.8125 1.6627
64KB  4.7994 0.7984 7.6557 1.7491 0.7984 1.7491
128KB  4.7123 1.0512 7.5046 2.2159 1.0512 2.2159
256KB  4.6104 1.5706 7.3259 3.4212 1.5706 34212
512KB  4.6061 1.5607 7.3173 3.3992 1.5607 3.3992
IMB  8.4852 2.0722 13.6752 4.3105 2.0722 4.3105
2MB  8.2346 3.4069 13.2756 7.1559 3.4069 7.1559
4MB  18.0507 44777 27.7518 8.95%6 4.4777 8.9596
SMB  17.3433 8.3928 26.7375 16.5125 8.3928 16.5125

Data Read Latency(ns)
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Figure E.14: Data Read Latency.
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Table E.14: Read Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  1.6223 0.2537 1.7222 0.4389 1.6223 1.7222
32KB  1.6256 04114 1.7274 0.6305 1.6256 1.7274
64KB  1.6306 0.4769 1.7337 0.7661 1.6306 1.7337
128KB  1.6666 1.0206 1.7856 1.3957 1.6666 1.7856
256KB  1.7851 1.2076 1.9284 1.7345 1.7851 1.9284
512KB  2.1568 3.0395 2.3064 3.7236 2.1568 2.3064
TMB  2.2325 3.5433 24014 4.5230 2.2325 24014
2MB 24403 10.4809 2.6256 12.0243 2.4403 2.6256
4MB  3.9779 11.9878 4.2264 14.1231 3.9779 4.2264
S8MB  4.3840 38.2659 5.0413 41.9588 4.3840 5.0413
TAG ReaflnLatency(ns)
30 | I MRAM HP
Il SRAM HP
I MRAM LOP
I SRAM LOP
o5l [ composite HP |
[ Composite LOP
20+ .
2 151 1

Figure E.15: TAG Read Latency.
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Table E.15: Read Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  3.1050 0.4603 4.6437 0.9315 0.4603 0.9315
32KB  3.0600 0.8125 4.5602 1.6627 0.8125 1.6627
64KB  4.7994 0.7984 7.6557 1.7491 0.7984 1.7491
128KB  4.7123 1.0512 7.5046 2.2159 1.0512 2.2159
256KB  4.6104 1.5706 7.3259 3.4212 1.5706 34212
512KB  4.6061 1.5607 7.3173 3.3992 1.5607 3.3992
IMB  8.4852 2.0722 13.6752 4.3105 2.0722 4.3105
2MB  8.2346 3.4069 13.2756 7.1559 3.4069 7.1559
4MB  18.0507 4.4777 27.7518 8.9596 4.4777 8.95%6

8MB  17.3433 8.3928 26.7375 16.5125 8.3928 16.5125
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Cache Write Dynamic Energy
nm
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Figure E.16: Write Dynamic Energy
Table E.16: Cache Write Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0084 0.0016 0.0054 0.0007 0.0047 0.0029
32KB  0.0084 0.0024 0.0054 0.0011 0.0050 0.0030
64KB  0.0090 0.0032 0.0056 0.0015 0.0059 0.0034
128KB  0.0094 0.0043 0.0058 0.0020 0.0063 0.0036
256KB  0.0102 0.0059 0.0062 0.0028 0.0084 0.0046
512KB  0.0126 0.0088 0.0072 0.0040 0.0105 0.0056
IMB  0.0141 0.0093 0.0079 0.0043 0.0113 0.0060
2MB  0.0159 0.0161 0.0088 0.0074 0.0153 0.0079
4MB  0.0202 0.0171 0.0108 0.0079 0.0182 0.0093

8MB  0.0398 0.0303 0.0126 0.0141 0.0416 0.0129
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Data Write Bandwidth
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Figure E.17: Write Bandwidth.
Table E.17: Write Bandwidth (B/s)
MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  2.442 75.33 2423 44.04 2.442 2423
32KB 2438 42.50 2419 28.61 2.438 2419
64KB  2.431 36.09 2410 22.90 2.431 2410
128KB  2.414 15.76 2.389 11.81 2414 2.389
256KB  2.380 13.45 2.352 9.572 2.380 2.352
512KB 4.448 10.12 4.367 8.399 4.448 4.367
IMB  4.300 8.718 4191 6.941 4.300 4191
2MB 3.974 2.886 3.823 2.539 3.974 3.823
4MB 3.392 2.523 3.266 2.161 3.392 3.266

8MB  3.392 0.7836 2.723 0.7180 3.392 2.723
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TAG Write Bandwidth
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Figure E.18: Write Bandwidth.
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Table E.18: Write Bandwidth (B/s)

MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP

16KB  5.845e 1.213e  + 4.8%e — 5.837e + 1213e + 5837e¢ +
01 01 01 00 01 00

32KB  5.726e 6.067e + 4.81le — 29l6e + 6.067e + 2.916e +
01 00 01 00 00 00

64KB  4.530e 6.207e + 3484e — 2.746e + 6.207e + 2.746e +
01 00 01 00 00 00

128KB  4.455e 4390e + 3440e — 2.044e + 4390e + 2.044e +
01 00 01 00 00 00

256KB  4.379% 2779%¢ + 3.3%e — 1255e + 2.779¢ + 1.255e +
01 00 01 00 00 00

512KB  4.379% 2798¢ + 3.3%e — 1264e + 2.798e + 1.264e +
01 00 01 00 00 00

IMB  2.977e 1.996e + 2.135e — 9.50%¢ — 1.99%e + 9509¢ —
01 00 01 01 00 01

2MB  2.949%¢ 1.158¢ + 2.120e — 5479%¢ — 1.158e + 5479 —
01 00 01 01 00 01

4MB  1.60%e 8418¢ — 1.128¢ — 4.19%e — 8418¢e — 4.19%e —
01 01 01 01 01 01

SMB  1.612e 4313e — 1.129¢ — 2190e — 4313e — 2.190e -—
01 01 01 01 01 01




THE COMPOSITE BANK - ADDITIONAL RESULTS

F1 LOP 45nm

Total Area - LOP 45nm

B VRAM LOP
Bl SRAM LOP
[ Composite LOP

25 \

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure F.1: Total Area.
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Table F.1: Total Area (um?).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0476 0.0568 0.0422
32KB  0.0529 0.1083 0.0587
64KB  0.0638 0.2120 0.0899
128KB  0.0861 0.4142 0.1518
256KB  0.1086 0.8189 0.2498
512KB  0.2779 1.4455 0.4046
1TMB 0.3921 2.8700 0.6659
2MB 0.6183 5.6643 1.1738
4MB 0.9958 11.2673 2.0964
8MB 1.8302 22.3407 3.9818
Cache Write Latency — LOP 45nm
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Figure F.2: Total Write Latency.
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Table F.2: Cache Write Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  109.4420 1.0987 100.3730
32KB  118.7320 1.9773 100.4140
64KB  118.2040 1.9596 100.5380
128KB  117.7230 2.5528 100.8680
256KB  117.1990 3.7679 100.9420
512KB  135.8750 3.7399 101.9540
IMB  134.7310 4.8844 103.5410
2MB  133.6090 11.2448 107.1940
4MB  170.2960 13.1675 108.0310
8MB  167.6920 38.3881 117.6390

Data Leakage — LOP 45nm

50 B MRAM LOP ‘ ‘ ‘
Bl SRAM LOP
451 [ Composite LOP E
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Figure F.3: CACHE Data Array Leakage Power.
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Table F.3: Cache Data Array Leakage Power (nW).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0189 0.1123 0.0189
32KB  0.0320 0.2075 0.0320
64KB  0.0580 0.4093 0.0580
128KB  0.1101 0.7928 0.1101
256KB  0.1155 1.5731 0.1155
512KB  0.1216 3.0298 0.1216
IMB  0.2258 6.0462 0.2258
2MB  0.4334 11.8826 0.4334
4MB  0.4448 23.7402 0.4448
8MB  0.8601 47.0629 0.8601

TAG Leakage — LOP 45nm
6 I VRAM LOP
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Figure F.4: TAG Leakage Power.
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Table F.4: Cache Tag Array Leakage Power (nW).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0029 0.0291 0.0291
32KB  0.0044 0.0552 0.0552
64KB  0.0044 0.1081 0.1081
128KB  0.0046 0.2050 0.2050
256KB  0.0049 0.3960 0.3960
512KB  0.0084 0.3965 0.3965
IMB  0.0086 0.7610 0.7610
2MB  0.0093 1.4713 1.4713
4MB  0.0144 2.8372 2.8372
8MB  0.0154 5.4868 5.4868

Cache Total Leakage Power — LOP 45nm

60 B VRAMLOP [T ‘ ‘ ‘
[ SRAM LOP
[ Composite LOP

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure F.5: Leakage Power.
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Table F.5: Cache Total Leakage Power (mW).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0218 0.1414 0.0480
32KB  0.0363 0.2627 0.0872
64KB  0.0624 0.5174 0.1661
128KB  0.1148 0.9978 0.3152
256KB  0.1204 1.9691 0.5115
512KB  0.1300 3.4262 0.5181
IMB  0.2344 6.8072 0.9868
2MB  0.4427 13.3539 1.9047
4MB  0.4593 26.5774 3.2821
8MB  0.8754 52.5496 6.3468

Cache Total Leakage Power — LOP 45nm

60 B MRAM LOP
Bl SRAM LOP
[ Composite LOP

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure F.6: Low-Power (LOP) Total Leakage, zoom into it to observe only the LOP banks ob-
served in Figure F.5.



F1 Lor 45nm 211

Cache Hit Dynamic Energy - LOP 45nm
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Figure F.7: Hit Dynamic Energy.

Table F.6: Cache Hit Dynamic Energy (n]).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0335 0.0068 0.0335
32KB  0.0345 0.0126 0.0345
64KB  0.0340 0.0215 0.0340
128KB  0.0335 0.0379 0.0335
256KB  0.0354 0.0770 0.0354
512KB  0.1504 0.1387 0.1504
TMB  0.1494 0.2491 0.1494
2MB  0.1485 0.5226 0.1485
4AMB  0.1618 0.9638 0.1618

8MB  0.1608 2.0252 0.1608
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Cache Hit Latency - LOP 45nm
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Figure F.8: Hit Latency.
Table F.7: Cache Hit Latency (ns).
MRAM LOP SRAM LOP Composite LOP
16KB 10.4902 1.2926 10.4902
32KB 19.7923 2.2867 19.7923
64KB 19.2655 2.2712 19.2655
128KB 18.7884 3.1341 18.7884
256KB  18.3503 4.3523 18.3503
512KB  37.2127 5.3230 37.2127
1MB 36.0863 6.4738 36.0863
2MB 35.0382 16.7024 35.0382
4MB 72.5652 18.6320 72.5652

8MB  70.2395 59.2280 70.2395
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Cache Miss Latency — LOP 45nm
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Figure F.9: Miss Latency.

Table F.8: Cache Miss Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  10.3223 1.1577 1.1577
32KB  19.6243 2.0363 2.0363
64KB  19.0972 2.0186 2.0186
128KB  18.6196 2.6101 2.6101
256KB  18.1132 3.8252 3.8252
512KB  36.7710 3.7973 3.7973
IMB  35.6448 4.9418 4.9418
2MB  34.5929 7.6584 7.6584
4AMB  71.3032 9.8897 9.8897

8MB  68.9729 16.6321 16.6321
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Data Read Latency(ns) - LOP 45nm
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Figure F.10: DATA Read Latency.

Table F.9: DATA Read Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  1.2077 0.5339 1.2077
32KB 12178 0.7269 1.2178
64KB  1.2382 0.8690 1.2382
128KB  1.3590 1.4635 1.3590
256KB  1.5860 1.8168 1.5860
512KB  2.2071 3.6172 2.2071
IMB  2.5359 4.4008 2.5359
2MB  3.6027 11.2448 3.6027
4AMB  6.0894 13.1675 6.0894

8MB  10.0463 38.3881 10.0463
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Figure F.11: TAG Read Latency.

Table F.10: TAG Read Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  10.3223 1.1577 1.1577
32KB  19.6243 2.0363 2.0363
64KB  19.0972 2.0186 2.0186
128KB  18.6196 2.6101 2.6101
256KB  18.1132 3.8252 3.8252
512KB  36.7710 3.7973 3.7973
IMB  35.6448 4.9418 4.9418
2MB  34.5929 7.6584 7.6584
4AMB  71.3032 9.8897 9.8897
8MB  68.9729 16.6321 16.6321
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Data Write Latency(ns) - LOP 45nm
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Figure F.12: DATA Write Latency.
Table F.11: Write Latency (ns).
MRAM LOP SRAM LOP Composite LOP
16KB 100.3730 0.5339 100.3730
32KB 100.4140 0.7269 100.4140
64KB 100.5380 0.8690 100.5380
128KB  100.8680 1.4635 100.8680
256KB  100.9420 1.8168 100.9420
512KB  101.9540 3.6172 101.9540
1TMB 103.5410 4.4008 103.5410
2MB 107.1940 11.2448 107.1940
4MB 108.0310 13.1675 108.0310

8MB  117.6390 38.3881 117.6390
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TAG Write Latency(ns) - LOP 45nm
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Figure F.13: TAG Write Latency.

Table F.12: Read Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  109.4420 1.0987 1.0987
32KB  118.7320 1.9773 1.9773
64KB  118.2040 1.95%6 1.95%6
128KB  117.7230 2.5528 2.5528
256KB  117.1990 3.7679 3.7679
512KB  135.8750 3.7399 3.7399
IMB  134.7310 4.8844 4.8844
2MB  133.6090 7.6010 7.6010
4AMB  170.2960 9.8340 9.8340

S8MB  167.6920 16.5764 16.5764
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Cache Write Dynamic Energy - LOP 45nm
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Figure F.14: Write Dynamic Energy
Table F.13: Cache Write Dynamic Energy (n]).
MRAM LOP SRAM LOP Composite LOP
16KB  0.1459 0.0016 0.0679
32KB  0.1453 0.0024 0.0689
64KB  0.1453 0.0032 0.0712
128KB  0.1475 0.0043 0.0745
256KB  0.1482 0.0058 0.0768
512KB  0.1508 0.0086 0.0798
IMB  0.1570 0.0091 0.0864
2MB  0.1714 0.0157 0.1020
4MB  0.1755 0.0167 0.1062

8MB  0.2059 0.0296 0.1369
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Data Write Dynamic Energy — LOP 45nm
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Figure F.15: DATA Dynamic Energy

Table F.14: DATA Write Dynamic Energy (n]).

MRAM LOP SRAM LOP Composite LOP
16KB  67.2541 0.9587 67.2541
32KB  68.0847 1.5590 68.0847
64KB  69.7460 1.6901 69.7460
128KB  73.0693 2.8865 73.0693
256KB  74.1747 3.1498 741747
512KB  77.0569 5.8032 77.0569
IMB  83.7073 6.3284 83.7073
2MB  96.9860 10.7319 96.9860
4MB  101.3290 11.7810 101.3290

8MB  127.8870 20.5837 127.8870
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TAG Write Dynamic Energy - LOP 45nm
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Figure F.16: TAG Dynamic Energy
Table F.15: TAG Write Dynamic Energy (n]).
MRAM LOP SRAM LOP Composite LOP
16KB 78.6242 0.6093 0.6093
32KB 77.2016 0.8576 0.8576
64KB 75.5873 1.4812 1.4812
128KB  74.3972 1.4513 1.4513
256KB  74.0408 2.6533 2.6533
512KB  73.7150 2.7846 2.7846
1TMB 73.2701 2.7341 2.7341
2MB 74.3801 5.0145 5.0145
4MB 74.2152 4.9001 4.9001

8MB  78.0532 9.0142 9.0142
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TAG Write Latency(ns) - LOP 45nm
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Figure F.17: TAG Dynamic Energy

Table F.16: TAG Write Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  109.4420 1.0987 1.0987
32KB  118.7320 1.9773 1.9773
64KB  118.2040 1.9596 1.9596
128KB  117.7230 2.5528 2.5528
256KB  117.1990 3.7679 3.7679
512KB  135.8750 3.7399 3.7399
IMB  134.7310 4.8844 4.8844
2MB  133.6090 7.6010 7.6010
4MB  170.2960 9.8340 9.8340

8MB  167.6920 16.5764 16.5764
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Data Write Latency(ns) - LOP 45nm
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Figure F.18: DATA Write Latency

Table F.17: DATA Write Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  100.3730 0.5339 100.3730
32KB  100.4140 0.7269 100.4140
64KB  100.5380 0.8690 100.5380
128KB  100.8680 1.4635 100.8680
256KB  100.9420 1.8168 100.9420
512KB  101.9540 3.6172 101.9540
IMB  103.5410 4.4008 103.5410
2MB  107.1940 11.2448 107.1940
4MB  108.0310 13.1675 108.0310

8MB  117.6390 38.3881 117.6390
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10 Data Write Bandwidth — LOP 45nm
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Figure F.19: Write Bandwidth.

Table F.18: Write Bandwidth (B/s)

MRAM LOP SRAM LOP Composite LOP
16KB  1.486e — 01 3.760e + 01 1.486e — 01
32KB  1.486e — 01 2.583e + 01 1.486e — 01
64KB  1.484e — 01 2.094e 401 1.484e — 01
128KB  1.480e — 01 1.161e + 01 1.480e — 01
256KB  1.479e —01 9.442e 400 1.479e — 01
512KB  2.928e — 01 8.796e 400 2.928e — 01
IMB  2.884e — 01 7.26%¢ + 00 2.884e — 01
2MB  2.786e — 01 2.741e + 00 2.786e — 01
4MB  2.765e — 01 2.339e +00 2.765e — 01
SMB  2.540e — 01 7.880e — 01 2.540e — 01
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9 TAG Write Bandwidth - LOP 45nm
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Figure F.20: Write Bandwidth.

Table F.19: Write Bandwidth (GB/s)

MRAM LOP SRAM LOP Composite LOP
16KB  4.047e — 02 4.816e + 00 4.816e + 00
32KB  3.632e — 02 2.421e+00 2421e+00
64KB  3.550e — 02 2.443e + 00 2.443e +00
128KB  3.466e — 02 1.766e + 00 1.766e + 00
256KB  3.383e — 02 1.142e 400 1.142e 400
512KB  2.917e — 02 1.151e + 00 1.15Te + 00
IMB  2.856e — 02 8.387e — 01 8.387e — 01
2MB  2.793e - 02 5.179e — 01 5.179e — 01
4AMB  2.122e — 02 3.830e — 01 3.830e — 01
8MB  2.086e — 02 2.195e — 01 2.195e — 01
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Figure F.21: Total Area.
Table F.20: Total Area (um?).
MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  0.0169 0.0220 0.0169 0.0220 0.0146 0.0146
32KB  0.0201 0.0424 0.0201 0.0424 0.0218 0.0219
64KB  0.0266 0.0828 0.0266 0.0829 0.0355 0.0356
128KB  0.03%6 0.1602 0.0397 0.1604 0.0628 0.0629
256KB  0.0619 0.3168 0.0622 0.3171 0.1121 0.1124
512KB  0.1402 0.5594 0.1411 0.55%96 0.1849 0.1857
1MB 0.2214 1.1107 0.2225 1.1111 0.3189 0.3199
2MB 0.3835 2.1925 0.3850 2.1930 0.5819 0.5833
4MB 0.6779 4.3613 0.6799 4.3623 1.0719 1.0738
8MB 1.3401 8.6547 1.2984 8.6549 1.5091 2.0691
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Cache Write Latency
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Figure F.22: Total Write Latency.

Table F.21: Cache Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  7.6208 0.4385 9.1320 0.8893 6.1556 6.2446
32KB  7.5755 0.7907 9.0482 1.6204 6.1661 6.2592
64KB  9.3097 0.7766 12.1337 1.7068 6.1856 6.2846
128KB  9.2224 1.0300 11.9828 2.1748 6.2508 6.3747
256KB  9.1170 1.5494 11.8007 3.3801 6.3432 6.4801
512KB  9.1179 3.0395 11.8022 3.7236 6.7750 6.9570
IMB 129919 3.5433 18.1500 4.5230 7.0267 7.2825
2MB  12.7278 10.4809 17.7366 12.0243 7.6025 7.9810
4MB  22.5341 11.9878 32.1938 14.1231 8.9019 9.3365

8MB  21.7745 38.2659 31.1254 41.9588 9.1050 21.7534
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Figure F.23: Leakage Power.
Table F.22: Cache Total Leakage Power (mW).
MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  2.6045 20.6737 0.1125 0.5645 6.4742 0.1958
32KB  4.0383 38.9497 0.1516 1.0632 11.6903 0.3385
64KB  7.0716 76.6546 0.2349 2.0926 22.1283 0.6244
128KB  12.7499 144.4140 0.3914 3.9396 41.8138 1.1632
256KB  17.3429 285.0080 0.5178 7.7749 74.0194 2.0431
512KB  17.6883 496.1230 0.6769 13.5279 74.3456 2.1818
IMB  32.9403 985.7070 1.0977 26.8773 141.9979 4.0316
2MB 62.6929 1934.1000  1.9197 52.7265 274.5149 7.6560
4MB 65.0014 3849.3400  1.9818 104.9380 474.0453 13.0944
8MB 128.1740 76271200  3.6239 207.9090 920.9000 25.1955
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Cache Total Leakage Power - LOP 28nm
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Figure F.24: Low-Power (LOP) Total Leakage, close-up into only the LOP banks observed in
Figure F.23.
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Figure F.25: Hit Dynamic Energy.

Table F.23: Cache Hit Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0459 0.0068 0.0439 0.0033 0.0459 0.0439
32KB  0.0453 0.0128 0.0432 0.0061 0.0453 0.0432
64KB  0.0457 0.0222 0.0432 0.0106 0.0457 0.0432
128KB  0.0451 0.0391 0.0425 0.0187 0.0451 0.0425
256KB  0.0464 0.0801 0.0428 0.0383 0.0464 0.0428
512KB  0.2064 0.1443 0.2001 0.0689 0.2064 0.2001
IMB  0.2072 0.2603 0.1999 0.1244 0.2072 0.1999
2MB  0.2059 0.5466 0.1986 0.2613 0.2059 0.1986
4MB  0.2159 1.0104 0.2028 0.4832 0.2159 0.2028
8MB  0.2336 2.1235 0.2015 1.0157 0.2336 0.2015
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Cache Hit Latency
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Figure F.26: Hit Latency.

Table F.24: Cache Hit Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  3.2005 0.5366 4.7837 1.0389 3.2005 4.7837
32KB  3.1556 0.9798 4.7004 1.8794 3.1556 4.7004
64KB  4.8952 0.9671 7.7962 1.9678 4.8952 7.7962
128KB  4.8092 1.5021 7.6462 2.7317 4.8092 7.6462
256KB  4.7959 2.0232 7.5658 3.9396 4.7959 7.5658
512KB  5.1139 4.5914 7.8917 5.3655 5.1139 7.8917
IMB  8.9944 5.0984 14.2518 6.1701 8.9944 14.2518
2MB  8.7464 16.4013 13.8563 18.1043 8.7464 13.8563

4MB  19.8497 17.9117 29.6634 20.2088 19.8497 29.6634
8MB  19.5485 61.5286 28.6538 65.5319 19.5485 28.6538
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Figure F.27: Miss Dynamic Energy.

Table F.25: Cache Miss Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  0.0459 0.0068 0.0439 0.0033 0.0231 0.0211
32KB  0.0453 0.0128 0.0432 0.0061 0.0242 0.0216
64KB  0.0457 0.0222 0.0432 0.0106 0.0263 0.0226
128KB  0.0451 0.0391 0.0425 0.0187 0.0262 0.0226
256KB  0.0464 0.0801 0.0428 0.0383 0.0401 0.0292
512KB  0.2064 0.1443 0.2001 0.0689 0.1796 0.1660
IMB  0.2072 0.2603 0.1999 0.1244 0.1791 0.1658
2MB  0.2059 0.5466 0.1986 0.2613 0.2232 0.1869
4MB  0.2159 1.0104 0.2028 0.4832 0.2289 0.18%6
8MB  0.2336 2.1235 0.2015 1.0157 04112 0.2677
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Cache Miss Latency
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Figure F.28: Miss Latency.

Table F.26: Cache Miss Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  3.1050 0.4603 4.6437 0.9315 0.4603 0.9315
32KB  3.0600 0.8125 4.5602 1.6627 0.8125 1.6627
64KB  4.7994 0.7984 7.6557 1.7491 0.7984 1.7491
128KB  4.7123 1.0512 7.5046 2.2159 1.0512 2.2159
256KB  4.6104 1.5706 7.3259 3.4212 1.5706 3.4212
512KB  4.6061 1.5607 7.3173 3.3992 1.5607 3.3992
IMB 84852 2.0722 13.6752 4.3105 2.0722 4.3105
2MB  8.2346 3.4069 13.2756 7.1559 3.4069 7.1559
4MB  18.0507 4.4777 27.7518 8.9596 4.4777 8.95%6

8MB  17.3433 8.3928 26.7375 16.5125 8.3928 16.5125
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Figure F.29: DATA Read Latency.

Table F.27: DATA Read Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  1.6223 0.2537 1.7222 0.4389 1.6223 1.7222
32KB  1.6256 04114 1.7274 0.6305 1.6256 1.7274
64KB  1.6306 0.4769 1.7337 0.7661 1.6306 1.7337
128KB  1.6666 1.0206 1.7856 1.3957 1.6666 1.7856
256KB  1.7851 1.2076 1.9284 1.7345 1.7851 1.9284
512KB  2.1568 3.0395 2.3064 3.7236 2.1568 2.3064
IMB  2.2325 3.5433 24014 4.5230 2.2325 24014
2MB  2.4403 10.4809 2.6256 12.0243 2.4403 2.6256
4AMB  3.9779 11.9878 4.2264 14.1231 3.9779 4.2264
SMB  4.3840 38.2659 5.0413 41.9588 4.3840 5.0413
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Figure F.30: TAG Read Latency.

Table F.28: TAG Read Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  3.1050 0.4603 4.6437 0.9315 0.4603 0.9315
32KB  3.0600 0.8125 4.5602 1.6627 0.8125 1.6627
64KB  4.7994 0.7984 7.6557 1.7491 0.7984 1.7491
128KB  4.7123 1.0512 7.5046 2.2159 1.0512 2.2159
256KB  4.6104 1.5706 7.3259 3.4212 1.5706 3.4212
512KB  4.6061 1.5607 7.3173 3.3992 1.5607 3.3992
IMB 84852 2.0722 13.6752 4.3105 2.0722 4.3105
2MB  8.2346 3.4069 13.2756 7.1559 3.4069 7.1559
4MB  18.0507 4.4777 27.7518 8.9596 4.4777 8.95%6

8MB  17.3433 8.3928 26.7375 16.5125 8.3928 16.5125
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Figure F.31: DATA array matrix Write Latency.

Table F.29: DATA array matrix Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  6.1556 0.2537 6.2446 0.4389 6.1556 6.2446
32KB  6.1661 04114 6.2592 0.6305 6.1661 6.2592
64KB  6.1856 0.4769 6.2846 0.7661 6.1856 6.2846
128KB  6.2508 1.0206 6.3747 1.3957 6.2508 6.3747
256KB  6.3432 1.2076 6.4801 1.7345 6.3432 6.4801
512KB  6.7750 3.0395 6.9570 3.7236 6.7750 6.9570
IMB  7.0267 3.5433 7.2825 4.5230 7.0267 7.2825
2MB  7.6025 10.4809 7.9810 12.0243 7.6025 7.9810
4MB  8.9019 11.9878 9.3365 14.1231 8.9019 9.3365

8MB  9.1050 38.2659 11.1918 41.9588 9.1050 11.1918




236 THE COMPOSITE BANK - ADDITIONAL RESULTS

TAG Write Latency(ns)

I VIRAM HP

I SRAM HP

I VRAM LOP
[ SRAM LOP
30 [ Composite HP
[ Composite LOP

35 \

251

ns

15

10

16Kb 32Kb 64Kb 128Kb 256Kb 512Kb 1MB 2MB 4MB 8MB

Figure F.32: TAG Write Latency.

Table F.30: TAG Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  7.6208 0.4385 9.1320 0.8893 0.4385 0.8893
32KB  7.5755 0.7907 9.0482 1.6204 0.7907 1.6204
64KB  9.3097 0.7766 12.1337 1.7068 0.7766 1.7068
128KB  9.2224 1.0300 11.9828 2.1748 1.0300 2.1748
256KB  9.1170 1.5494 11.8007 3.3801 1.5494 3.3801
512KB  9.1179 1.5395 11.8022 3.3582 1.5395 3.3582
IMB 129919 2.0509 18.1500 4.2694 2.0509 4.2694
2MB  12.7278 3.3857 17.7366 7.1148 3.3857 7.1148
4AMB  22.5341 4.4570 32.1938 8.9197 4.4570 8.9197

S8MB  21.7745 8.3721 31.1254 16.4726 8.3721 16.4726
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Figure F.33: CACHE Write Dynamic Energy
Table F.31: Cache Write Dynamic Energy (nJ).
MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  0.0084 0.0016 0.0054 0.0007 0.0047 0.0029
32KB  0.0084 0.0024 0.0054 0.0011 0.0050 0.0030
64KB  0.0090 0.0032 0.0056 0.0015 0.0059 0.0034
128KB  0.0094 0.0043 0.0058 0.0020 0.0063 0.0036
256KB  0.0102 0.0059 0.0062 0.0028 0.0084 0.0046
512KB  0.0126 0.0088 0.0072 0.0040 0.0105 0.0056
1MB 0.0141 0.0093 0.0079 0.0043 0.0113 0.0060
2MB 0.0159 0.0761 0.0088 0.0074 0.0153 0.0079
4MB 0.0202 0.0171 0.0108 0.0079 0.0182 0.0093
8MB 0.0398 0.0303 0.0126 0.0141 0.0416 0.0129
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Figure F.34: DATA Dynamic Energy

Table F.32: DATA Write Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  4.0915 0.9664 2.5719 0.4442 4.0915 2.5719
32KB 4.1928 1.5611 2.6210 0.7195 4.1928 2.6210
64KB  4.3949 1.6992 2.7190 0.7855 4.3949 2.7190
128KB  4.7970 2.8691 2.9141 1.3248 4.7970 2.9141
256KB  5.6094 3.1463 3.3050 1.4572 5.6094 3.3050
512KB  7.7041 5.9473 4.2506 2.6743 7.7041 4.2506
IMB  8.5057 6.5006 4.6393 2.9387 8.5057 4.6393
2MB  10.1079 10.9298 5.4161 4.9736 10.1079 5.4161
4MB  13.0702 12.0353 6.8393 5.5018 13.0702 6.8393

8MB  32.1876 20.9087 8.3928 9.5791 32.1876 8.3928
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TAG Write Dynamic Energy
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Figure F.35: TAG Dynamic Energy

Table F.33: TAG Write Dynamic Energy (n]).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  4.2948 0.5962 2.7823 0.2868 0.5962 0.2868
32KB  4.2440 0.8568 2.7392 04114 0.8568 04114
64KB  4.5703 1.5070 2.8772 0.7224 1.5070 0.7224
128KB  4.5535 1.4767 2.8507 0.7077 1.4767 0.7077
256KB  4.6390 2.7541 2.8738 1.3061 2.7541 1.3061
512KB  4.8844 2.8399 2.9834 1.3608 2.8399 1.3608
IMB  5.5534 2.7874 3.2861 1.3356 2.7874 1.3356
2MB  5.7920 5.2110 3.3839 24711 5.2110 24711
4AMB  7.1098 5.0923 3.9978 2.4147 5.0923 24147

8MB  7.6326 9.4130 4.2337 4.4750 9.4130 4.4750
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TAG Write Latency(ns)
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Figure F.36: TAG Dynamic Energy

Table F.34: TAG Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  7.6208 0.4385 9.1320 0.8893 0.4385 0.8893
32KB  7.5755 0.7907 9.0482 1.6204 0.7907 1.6204
64KB  9.3097 0.7766 12.1337 1.7068 0.7766 1.7068
128KB  9.2224 1.0300 11.9828 2.1748 1.0300 2.1748
256KB  9.1170 1.5494 11.8007 3.3801 1.5494 3.3801
512KB  9.1179 1.5395 11.8022 3.3582 1.5395 3.3582
IMB 129919 2.0509 18.1500 4.2694 2.0509 4.2694
2MB  12.7278 3.3857 17.7366 7.1148 3.3857 7.1148
4AMB  22.5341 4.4570 32.1938 8.9197 4.4570 8.9197

S8MB  21.7745 8.3721 31.1254 16.4726 8.3721 16.4726
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Data Write Latency(ns)
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Figure F.37: DATA Write Latency

Table F.35: DATA Write Latency (ns).

MRAM SRAM HP MRAM SRAM Composite Composite

HP LOP LOP HP LOP
16KB  6.1556 0.2537 6.2446 0.4389 6.1556 6.2446
32KB  6.1661 04114 6.2592 0.6305 6.1661 6.2592
64KB  6.1856 0.4769 6.2846 0.7661 6.1856 6.2846
128KB  6.2508 1.0206 6.3747 1.3957 6.2508 6.3747
256KB  6.3432 1.2076 6.4801 1.7345 6.3432 6.4801
512KB  6.7750 3.0395 6.9570 3.7236 6.7750 6.9570
IMB  7.0267 3.5433 7.2825 4.5230 7.0267 7.2825
2MB  7.6025 10.4809 7.9810 12.0243 7.6025 7.9810
4MB  8.9019 11.9878 9.3365 14.1231 8.9019 9.3365

8MB  9.1050 38.2659 11.1918 41.9588 9.1050 11.1918
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Data Write Bandwidth
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Figure F.38: Write Bandwidth.
Table F.36: Write Bandwidth (GB/s)
MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP
16KB  2.442 75.33 2423 44.04 2442 2423
32KB 2438 42.50 2419 28.61 2.438 2419
64KB  2.431 36.09 2410 22.90 2.431 2410
128KB  2.414 15.76 2.389 11.81 2414 2.389
256KB  2.380 13.45 2.352 9.572 2.380 2.352
512KB 4.448 10.12 4.367 8.399 4.448 4.367
IMB  4.300 8.718 4191 6.941 4.300 4191
2MB 3.974 2.886 3.823 2.539 3.974 3.823
4MB 3.392 2.523 3.266 2.161 3.392 3.266

8MB  3.392 0.7836 2.723 0.7180 3.392 2.723
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Figure F.39: Write Bandwidth.
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Table F.37: Write Bandwidth (GB/s)

MRAM SRAM HP MRAM SRAM Composite Composite
HP LOP LOP HP LOP

16KB  5.845e 1.213e  + 4.8%e — 5.837e + 1213e + 5837e¢ +
01 01 01 00 01 00

32KB  5.726e 6.067e + 4.81le — 29l6e + 6.067e + 2.916e +
01 00 01 00 00 00

64KB  4.530e 6.207e + 3484e — 2.746e + 6.207e + 2.746e +
01 00 01 00 00 00

128KB  4.455e 4390e + 3440e — 2.044e + 4390e + 2.044e +
01 00 01 00 00 00

256KB  4.379% 2779%¢ + 3.3%e — 1255e + 2.779¢ + 1.255e +
01 00 01 00 00 00

512KB  4.379% 2798¢ + 3.3%e — 1264e + 2.798e + 1.264e +
01 00 01 00 00 00

IMB  2.977e 1.996e + 2.135e — 9.50%¢ — 1.99%e + 9509¢ —
01 00 01 01 00 01

2MB  2.949%¢ 1.158¢ + 2.120e — 5479%¢ — 1.158e + 5479 —
01 00 01 01 00 01

4MB  1.60%e 8418¢ — 1.128¢ — 4.19%e — 8418¢e — 4.19%e —
01 01 01 01 01 01

SMB  1.612e 4313e — 1.129¢ — 2190e — 4313e — 2.190e -—
01 01 01 01 01 01
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Figure F.40: Total Area.

Table F.38: Total Area (um?).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0169 0.0220 0.0146
32KB  0.0201 0.0424 0.0219
64KB  0.0266 0.0829 0.0356
128KB  0.0397 0.1604 0.0629
256KB  0.0622 0.3171 0.1124
512KB  0.1411 0.5596 0.1857
IMB  0.2225 1.1111 0.3199
2MB  0.3850 2.1930 0.5833
4MB  0.6799 4.3623 1.0738
SMB  1.2984 8.6549 2.0691
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Cache Write Latency -
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Figure F41: Total Write Latency.

Table F.39: Cache Write Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  9.1320 0.8893 6.2446
32KB  9.0482 1.6204 6.2592
64KB  12.1337 1.7068 6.2846
128KB  11.9828 2.1748 6.3747
256KB  11.8007 3.3801 6.4801
512KB  11.8022 3.7236 6.9570
IMB  18.1500 4.5230 7.2825
2MB  17.7366 12.0243 7.9810
4MB  32.1938 14.1231 9.3365
SMB  31.1254 41.9588 21.7534
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Figure F.42: CACHE Data Array Leakage Power.

Table F.40: Cache Data Array Leakage Power (nW).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0804 0.4492 0.0804
32KB  0.1197 0.8444 0.1197
64KB  0.1978 1.6660 0.1978
128KB  0.3538 3.1302 0.3538
256KB  0.4794 6.2112 0.4794
512KB  0.6165 11.9625 0.6165
IMB  1.0271 23.8729 1.0271
2MB  1.8469 46.9174 1.8469
4AMB  1.8920 93.7358 1.8920
8MB  3.5315 186.2450 3.5315
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TAG Leakage - LOP 28nm
25 I MRAM LOP
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Figure F.43: TAG Leakage Power.

Table F.41: Cache Tag Array Leakage Power (nW).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0321 0.1153 0.1153
32KB  0.0319 0.2188 0.2188
64KB  0.0371 0.4267 0.4267
128KB  0.0377 0.8094 0.8094
256KB  0.0384 1.5636 1.5636
512KB  0.0605 1.5653 1.5653
IMB  0.0705 3.0045 3.0045
2MB  0.0728 5.8092 5.8092
4MB  0.0899 11.2024 11.2024

8MB  0.0924 21.6640 21.6640
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Figure F.44: Leakage Power.
Table F.42: Cache Total Leakage Power (mW).
MRAM LOP SRAM LOP Composite LOP
16KB  0.1125 0.5645 0.1958
32KB  0.1516 1.0632 0.3385
64KB  0.2349 2.0926 0.6244
128KB  0.3914 3.93%6 1.1632
256KB  0.5178 7.7749 2.0431
512KB  0.6769 13.5279 2.1818
1MB 1.0977 26.8773 4.0316
2MB 1.9197 52.7265 7.6560
4MB 1.9818 104.9380 13.0944
8MB  3.6239 207.9090 25.1955
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Cache Total Leakage Power - LOP 28nm
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Figure F45: Low-Power (LOP) Total Leakage, zoom into it to observe only the LOP banks ob-
served in Figure F.44.

Table F.43: Cache Hit Dynamic Energy (n)).

MRAM LOP SRAM LOP Composite LOP
16KB  0.0439 0.0033 0.0439
32KB  0.0432 0.0061 0.0432
64KB  0.0432 0.0106 0.0432
128KB  0.0425 0.0187 0.0425
256KB  0.0428 0.0383 0.0428
512KB  0.2001 0.0689 0.2001
IMB  0.1999 0.1244 0.1999
2MB  0.1986 0.2613 0.1986
4MB  0.2028 0.4832 0.2028

8MB  0.2015 1.0157 0.2015
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Figure F.46: CACHE Hit Dynamic Energy.
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Cache Hit Latency - LOP 28nm
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Figure F.47: CACHE LOP Hit Latency.

Table F.44: Cache Hit Latency - LOP (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  4.7837 1.0389 4.7837
32KB  4.7004 1.8794 4.7004
64KB  7.7962 1.9678 7.7962
128KB  7.6462 2.7317 7.6462
256KB  7.5658 3.9396 7.5658
512KB  7.8917 5.3655 7.8917
IMB  14.2518 6.1701 14.2518
2MB  13.8563 18.1043 13.8563
4AMB  29.6634 20.2088 29.6634

8MB  28.6538 65.5319 28.6538
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Figure F.48: CACHE LOP Miss Latency.
Table F.45: Cache Miss Latency LOP (ns).
MRAM LOP SRAM LOP Composite LOP
16KB  4.6437 0.9315 0.9315
32KB  4.5602 1.6627 1.6627
64KB  7.6557 1.7491 1.7491
128KB  7.5046 2.2159 2.2159
256KB  7.3259 3.4212 3.4212
512KB  7.3173 3.3992 3.3992
1MB 13.6752 4.3105 4.3105
2MB 13.2756 7.1559 7.1559
4MB  27.7518 8.95%6 8.95%96
8MB  26.7375 16.5125 16.5125
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Data Read Latency(ns) — LOP 28nm
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Figure F.49: DATA Read Latency.

Table F.46: DATA Read Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  1.7222 0.4389 1.7222
32KB  1.7274 0.6305 1.7274
64KB  1.7337 0.7661 1.7337
128KB  1.7856 1.3957 1.7856
256KB  1.9284 1.7345 1.9284
512KB  2.3064 3.7236 2.3064
IMB 24014 4.5230 2.4014
2MB  2.6256 12.0243 2.6256
4AMB  4.2264 14.1231 4.2264

8MB  5.0413 41.9588 5.0413
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Figure F.50: TAG Read Latency.
Table F.47: TAG Read Latency (ns).
MRAM LOP SRAM LOP Composite LOP
16KB  4.6437 0.9315 0.9315
32KB  4.5602 1.6627 1.6627
64KB  7.6557 1.7491 1.7491
128KB  7.5046 2.2159 2.2159
256KB  7.3259 3.4212 3.4212
512KB  7.3173 3.3992 3.3992
1MB 13.6752 4.3105 4.3105
2MB 13.2756 7.1559 7.1559
4MB  27.7518 8.95%6 8.95%96
8MB  26.7375 16.5125 16.5125
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Data Write Latency(ns) - LOP 28nm
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Figure F.51: DATA Write Latency.

Table F.48: DATA Write Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  6.2446 0.4389 6.2446
32KB  6.2592 0.6305 6.2592
64KB  6.2846 0.7661 6.2846
128KB  6.3747 1.3957 6.3747
256KB  6.4801 1.7345 6.4801
512KB  6.9570 3.7236 6.9570
IMB  7.2825 4.5230 7.2825
2MB  7.9810 12.0243 7.9810
4MB  9.3365 14.1231 9.3365

S8MB  11.1918 41.9588 11.1918
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Figure F.52: TAG Write Latency.

Table F.49: TAG Read Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  9.1320 0.8893 0.8893
32KB  9.0482 1.6204 1.6204
64KB  12.1337 1.7068 1.7068
128KB  11.9828 2.1748 2.1748
256KB  11.8007 3.3801 3.3801
512KB  11.8022 3.3582 3.3582
IMB  18.1500 4.2694 4.2694
2MB  17.7366 7.1148 7.1148
4MB  32.1938 8.9197 8.9197
SMB  31.1254 16.4726 16.4726
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Cache Write Dynamic Energy — LOP 28nm
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Figure F.53: CACHE Write Dynamic Energy
Table F.50: Cache Write Dynamic Energy - LOP (n]).
MRAM LOP SRAM LOP Composite LOP
16KB 0.0054 0.0007 0.0029
32KB 0.0054 0.0011 0.0030
64KB 0.0056 0.0015 0.0034
128KB  0.0058 0.0020 0.0036
256KB  0.0062 0.0028 0.0046
512KB  0.0072 0.0040 0.0056
1TMB 0.0079 0.0043 0.0060
2MB 0.0088 0.0074 0.0079
4MB 0.0108 0.0079 0.0093
8MB 0.0126 0.0141 0.0129
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Figure F.54: DATA Write Dynamic Energy
Table F.51: DATA Write Dynamic Energy (n]).
MRAM LOP SRAM LOP Composite LOP
16KB  2.5719 0.4442 2.5719
32KB  2.6210 0.7195 2.6210
64KB  2.7190 0.7855 2.7190
128KB  2.9141 1.3248 2.9141
256KB  3.3050 1.4572 3.3050
512KB  4.2506 2.6743 4.2506
1MB 4.6393 2.9387 4.6393
2MB 5.4161 4.9736 5.4161
4MB 6.8393 5.5018 6.8393

S8MB  8.3928 9.5791 8.3928
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TAG Write Dynamic Energy - LOP 28nm
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Figure F.55: TAG Write Dynamic Energy
Table F.52: TAG Write Dynamic Energy (n]).
MRAM LOP SRAM LOP Composite LOP
16KB  2.7823 0.2868 0.2868
32KB  2.7392 04114 04114
64KB  2.8772 0.7224 0.7224
128KB  2.8507 0.7077 0.7077
256KB  2.8738 1.3061 1.3061
512KB  2.9834 1.3608 1.3608
1TMB 3.2861 1.3356 1.3356
2MB 3.3839 24711 24711
4MB 3.9978 24147 24147
8MB 4.2337 4.4750 4.4750
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Figure F.56: TAG Write Latency

Table F.53: TAG Write Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  9.1320 0.8893 0.8893
32KB  9.0482 1.6204 1.6204
64KB  12.1337 1.7068 1.7068
128KB  11.9828 2.1748 2.1748
256KB  11.8007 3.3801 3.3801
512KB  11.8022 3.3582 3.3582
IMB  18.1500 4.2694 4.2694
2MB  17.7366 7.1148 7.1148
4MB  32.1938 8.9197 8.9197
SMB  31.1254 16.4726 16.4726

261



262 THE COMPOSITE BANK - ADDITIONAL RESULTS

Data Write Latency(ns) - LOP 28nm
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Figure F.57: DATA Write Latency

Table F.54: DATA Write Latency (ns).

MRAM LOP SRAM LOP Composite LOP
16KB  6.2446 0.4389 6.2446
32KB  6.2592 0.6305 6.2592
64KB  6.2846 0.7661 6.2846
128KB  6.3747 1.3957 6.3747
256KB  6.4801 1.7345 6.4801
512KB  6.9570 3.7236 6.9570
IMB  7.2825 4.5230 7.2825
2MB  7.9810 12.0243 7.9810
4MB  9.3365 14.1231 9.3365

S8MB  11.1918 41.9588 11.1918
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Figure F.58: DATA Write Bandwidth.

Table F.55: DATA Write Bandwidth (B/s)

MRAM LOP SRAM LOP Composite LOP
16KB  2.423e+ 00 4.404e + 01 2.423e + 00
32KB  2.419e +00 2.861e+01 2.419e+00
64KB  2.410e+ 00 2.290e + 01 2.410e +00
128KB  2.38%e + 00 1.181e + 01 2.38%¢ + 00
256KB  2.352e + 00 9.572e + 00 2.352e +00
512KB  4.367e + 00 8.399¢ + 00 4.367¢ + 00
IMB  4.19Te +00 6.941e + 00 4.19Te + 00
2MB  3.823e+00 2.53%e + 00 3.823e + 00
4MB  3.266e + 00 2.16Te+00 3.266e + 00
8MB  2.723e+00 7.180e — 01 2.723e + 00
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Figure F.59: TAG Write Bandwidth.

Table F.56: TAG Write Bandwidth (GB/s)

MRAM LOP SRAM LOP Composite LOP
16KB  4.895e — 01 5.837e + 00 5.837e+ 00
32KB  4.81Te —01 2.916e + 00 2.916e + 00
64KB  3.484e — 01 2.746e + 00 2.746e + 00
128KB  3.440e — 01 2.044e + 00 2.044e + 00
256KB  3.394e — 01 1.255e + 00 1.255e + 00
512KB  3.394e — 01 1.264e + 00 1.264e + 00
IMB  2.135e — 01 9.50%e — 01 9.509e — 01
2MB  2.120e —01 5.47%e — 01 5.479¢ — 01
4MB  1.128e — 01 4.196e — 01 4.196e — 01
SMB  1.129¢ — 01 2.190e — 01 2.190e — 01
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